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Ca?* signaling in neurons is characterized by highly restricted and dynamic gradients called Ca**
waves, spikes, transients and puffs depending upon their corresponding spatial and temporal
features. Based on this strict segmentation the Ca** ion provides a versatile basis for complex
signaling in neuronal subcompartments with a spatial resolution of micro- and nanodomains.
The multitude of Ca**-regulated processes requires specialized downstream processing machin-
ery, translating the Ca** signal into alterations of cellular processes. The broad range of different
Ca?*-triggered phenomena in neurons, ranging from neurotransmission to gene expression, is
reflected by the existence of a multitude of different Ca**-binding proteins (CaBPs) from which
numerous belong to the EF-hand super-family. EF-hand proteins can be subdivided into Ca**
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buffer and Ca?* sensor proteins. Whereas the first group has a very high affinity for Ca**, exhibits
little conformational change in the Ca**-bound state and is thought to mainly chelate Ca?*, the
second group has a lower affinity for Ca** and shows considerable conformational changes upon
Ca**-binding, which usually triggers a target interaction. Neuronal calcium sensor (NCS) proteins
and the related Caldendrin/CaBP/Calneuron (nCaBPs) proteins are members of this latter group.
They resemble the structure of their common ancestor Calmodulin (CaM) with four EF-hand
Ca**-binding motifs, of which not all are functional. However, despite their structural homology
with CaM, NCS as well as nCaBPs are quite diverse in amino acid sequence. It is therefore surprising
that relatively few binding partners have been identified that are not CaM targets and this raises
the question of the specificity and function of these interactions. In terms of function, binding of
NCS and nCaBP has frequently different consequences than binding of CaM, which substantially
increases the versatility of the Ca** tool kit. The general idea of this special issue is to provide an
overview on the function of neuronal EF-hand calcium-binding proteins in health and disease.
But we will not just provide a mere collection of articles to stress the function of each protein. The
issue will mainly deal with emerging concepts on Ca**-signaling/buffering mediated by EF-hand
Ca**-binding proteins. This includes questions like features that define the functional role of a
EF-hand calcium sensor in neurons, the conditions that make physiological relevance of a given
interaction of a CaBP with its target plausible, the emerging synaptic role of these proteins, and
mounting evidence for their role in the regulation of protein trafficking. Structural aspects and
biophysical studies will be covered. Another aspect will be the role of CaBPs in brain disease states.
This aspect includes studies showing that CaBPs are targets of drugs in clinical use, studies showing
that expression levels of calcium-binding proteins are frequently altered in brain disease states as
well as reports on mutations in EF-hand calcium sensors linked to human disease.
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Neuronal Ca* signaling exhibits highly restricted and dynamic
gradients called Ca** waves, spikes, transients, and puffs depend-
ing upon their corresponding spatial and temporal features. The
central role of Ca®* in cellular physiology of neurons is based on
a Ca**-signaling toolkit that assembles intracellular signaling sys-
tems with different spatial and temporal dynamics (Berridge, 2000).
The cytosolic Ca** concentration is tightly regulated by binding
and chelation of the ion by various Ca?*-binding proteins (CaBPs)
and by transport of the ion across plasma and intracellular mem-
branes. The complex regulation of cytosolic Ca** concentrations is
the subject of an increasing number of investigations, because this
regulation is intimately linked to the function of Ca** in neurotrans-
mitter release, synaptic plasticity, neurosensory signaling, activity-
dependent gene transcription, intracellular trafficking, and many
other cellular processes. The multitude of Ca?*-regulated processes
requires specialized downstream processing machinery, translating
the Ca®* signal into alterations of cellular functions. It is generally
believed that the versatile basis for the complex signaling in micro-
and nanodomains of neuronal subcompartments is provided by the
existence of a multitude of different CaBPs from which numerous
belong to the EF-hand super-family. EF-hand proteins are tradi-
tionally subdivided into Ca** buffer and Ca** sensor proteins. This
distinction is however not really valid, because Ca?*-binding to
EF-hand proteins can serve both functions, even at the same time.
Nonetheless, whereas the first group is characterized by a rather
high affinity for Ca*, exhibits little conformational change upon
Ca*-binding and is thought to mainly chelate Ca**, the second
group has a somewhat lower affinity for Ca** (often in the 1-10 pM
range) and shows considerable conformational changes upon Ca**-
binding, which usually triggers a target interaction.

Members of the latter group belong either to the Neuronal
calcium sensor (NCS) proteins or the related Caldendrin/CaBP/
Calneuron (nCaBPs) family. All of these proteins resemble to a var-
ying degree to the structure of their common ancestor Calmodulin
(CaM), but they are quite diverse in amino acid sequence in
comparison to CaM. It is therefore surprising that relatively few
binding partners for NCS/nCaBP proteins have been identified

that are not also CaM targets and this raises the question on the
specificity and function of these interactions. Interestingly, bind-
ing of target proteins to NCS proteins and nCaBP has frequently
different consequences than binding to CaM, which substantially
increases the versatility of the Ca** signaling toolkit. The general
idea of this special issue was to provide an overview on the func-
tion of neuronal EF-hand CaBPs in health and disease. The issue
contains reviews that summarize the state-of-the-art in the field,
as well as experimental and theoretical papers dealing with emerg-
ing concepts on Ca**-signaling/buffering mediated by EF-hand
CaBPs. Questions like which features define the functional role of
a EF-hand Ca*" sensor in neurons, the conditions under which a
given interaction of a CaBP with its target is of physiological rel-
evance, the emerging synaptic role of these proteins, and mounting
evidence for their role in the regulation of protein trafficking are
covered. Structural aspects and biophysical studies are included
and provocative new ideas based on numerical modeling are part
of this issue. Another interesting aspect covered in the research
topic is the emerging role of CaBPs in brain disease states. Several
papers have shown that CaBPs are targets of drugs in clinical use,
that expression levels of CaBPs are frequently altered in brain dis-
ease states, and more recently reports on mutations in EF-hand
Ca** sensors linked to human disease were published. We want
to thank all authors for the high quality of the papers that they
have submitted and the efforts that they have made to provide an
excellent overview of this interesting field. It was a pleasure to edit
this research topic.
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A commentary on

Molecular structure and target recognition
of neuronal calcium sensor proteins

by Ames, J. B., Lim, S., and Ikura, M. (2012).
Front. Mol. Neurosci. 5:10. doi: 10.3389/
fnmol.2012.00010

Ames, Lin,and Ikurain “Molecular structures
and target recognition of neuronal calcium
sensor proteins” describe the wide range of
functions performed by the neuronal cal-
cium sensor proteins in various nervous tis-
sues. These NCS proteins are closely related
in amino acid sequence and comprise 1 of
over 70 subfamilies of proteins that contain
2-12 EF-hands. The N-termini of the NCS’s

are myristoylated and in their apo-forms
this hydrophobic tail is discretely tucked
into a cavity that differs among recoverin,
NCS1, and GCAP1 — all of whose solutions
structures have been determined by nuclear
magnetic resonance spectroscopy. Ames et al.
conclude that “Ca* induced extrusion of the
myristoyl group exposes unique hydropho-
bic binding sites in each protein that in turn
interact with distinct target proteins.”

The calci-structures of seven NCS’s, two
with peptides from their respective targets
bound, clearly revealed that the calci-struc-
tures differ significantly from one another
and from their respective apo-structures.
Therein lie their specificities for diverse
targets within various cells of the nervous

system. The EF-hands 1, 2 and EF-hands 3,
4 retain their approximate canonical shapes
and relationships; however, the binding
cavities between the two pairs of EF-hands
vary to suit their chosen targets. These NCS
structures reveal how small differences in
amino sequences of close homologs can be
amplified to major changes in cell function.
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The mammalian central nervous system (CNS) exhibits a remarkable ability to process,
store, and transfer information. Key to these activities is the use of highly regulated and
unique patterns of calcium signals encoded by calcium channels and decoded by families
of specific calcium-sensing proteins. The largest family of eukaryotic calcium sensors
is those related to the small EF-hand containing protein calmodulin (CaM). In order to
maximize the usefulness of calcium as a signaling species and to permit the evolution and
fine tuning of the mammalian CNS, families of related proteins have arisen that exhibit
characteristic calcium binding properties and tissue-, cellular, and sub-cellular distribution
profiles. The Calcium Binding Proteins (CaBPs) represent one such family of vertebrate
specific CaM like proteins that have emerged in recent years as important regulators of
essential neuronal target proteins. Bioinformatic analyses indicate that the CaBPs consist
of two subfamilies and that the ancestral members of these are CaBP1 and CaBP8. The
CaBPs have distinct intracellular localizations based on different targeting mechanisms
including a novel type-Il transmembrane domain in CaBPs 7 and 8 (otherwise known as
calneuron Il and calneuron |, respectively). Recent work has led to the identification of
new target interactions and possible functions for the CaBPs suggesting that they have
multiple physiological roles with relevance for the normal functioning of the CNS.

Keywords: calcium, Calcium Binding Protein, bioinformatics, protein evolution, protein targeting, protein-protein

interaction

INTRODUCTION

Communication between neurons lies at the heart of abstract
higher level cognitive processes including memory acquisition,
learning, and complex reasoning. Fundamental to the mechanism
by which all mammalian neurons communicate is intracellular
calcium signaling (Berridge, 1998; Lohmann, 2009). Complex
patterns of spatial and temporal calcium signals drive alterations
in synaptic plasticity and neuronal gene expression which in turn
affect neuronal architecture and connectivity to influence higher
brain function (Catterall and Few, 2008; Greer and Greenberg,
2008). At the single neuron level, unique pre- and post-synaptic
calcium signals generated by the opening of plasma membrane
(PM) voltage sensitive- or ligand gated-ion channels are initially
decoded by families of small calcium sensing proteins that exhibit
distinct calcium binding characteristics in combination with spe-
cific patterns of cellular expression and sub-cellular localization
(Haeseleer et al., 2000; Burgoyne and Weiss, 2001; Burgoyne et al.,
2004; Burgoyne, 2007). Calcium binding typically elicits a confor-
mational switch in the sensor (Haynes and Burgoyne, 2008; Ames
and Lim, 2011) which in turn permits association with specific
downstream effectors to modulate intracellular signaling cascades
and ultimately neuronal activity and local synaptic structure.

In mammals, the largest class of calcium sensing proteins are
those belonging to the calmodulin (CaM) superfamily that is
defined by the EF-hand calcium binding motif (Kawasaki et al.,
1998). CaM is expressed in all plants and animals and exerts
essential functions in many aspects of normal cellular physiology

(Klee et al., 1980). One CaM-related sub-family of calcium sen-
sors, the Calcium Binding Proteins or CaBPs, has recently been
shown to have co-evolved with vertebrate animals (McCue et al.,
2010a). The CaBPs share a similar domain organization with CaM
and have four EF-hand motifs (Haeseleer et al., 2000; Mikhaylova
et al., 2006) however, they exhibit significant sequence divergence
from their common ancestor and this is reflected in unique struc-
tural and functional properties (McCue et al., 2010b; Mikhaylova
et al., 2011). The CaBPs are enriched in neuronal tissues where
they have been shown to act as important regulators of key
calcium influx channels. Coupled to their vertebrate specific
expression profile the available evidence implicates CaBPs specif-
ically as mediators of central nervous system (CNS) behavior in
higher animals. Perhaps not unexpectedly members of the CaBP
family regulate target effectors in common with CaM however,
in every instance thus far examined there has been no detectable
redundancy and CaBP target regulation appears distinct to that
exerted by CaM (Lee et al., 2002; Haynes et al., 2004; Kinoshita-
Kawada et al., 2005; Zhou et al., 2005; Tang et al., 2007; Li et al.,
2009; Findeisen and Minor, 2010; Minor and Findeisen, 2010;
Fewetal.,2011; Ozetal., 2011). The importance and specificity of
CaBP function is further highlighted by the distinct phenotypes
exhibited by CaBP4 and CaBP5 knock-out mice and the visual
impairment observed in human patients carrying mutations in
the CaBP4 gene (Jeziorski et al., 2000; Williams, 2006; Zeitz et al.,
2006; Rieke et al., 2008; Littink et al., 2009; Aldahmesh et al.,
2010). It has also been discovered that the CaBPs exhibit specific
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Haynes et al.

Evolution and function of CaBPs

target interactions independent of CaM and intriguingly some of
these appear to have co-evolved with the CaBP family during the
emergence of vertebrates (McCue et al., 2010a).

A picture is now emerging whereby the CaBP family can be
viewed as providing an expansion in CaM functionality by exert-
ing additional levels of target regulation for shared effectors in
addition to executing novel functions through unique effector
interactions. This increase in signaling complexity maximizes the
range of physiological calcium signals that can be utilized and
may have been instrumental in the evolution of complex verte-
brate nervous systems that we observe today (Williams, 2006).
This paper will focus on the evolution, mechanisms of target-
ing, and emerging roles of the CaBP protein family and discuss
the importance of recent experimental findings in the context of
mammalian CNS function.

METHODS

Hela cells were cultured in 75cm? flasks at 37°C in a humid-
ified atmosphere of 5% CO;,/95% air. Cells for transfection
were seeded onto coverslips in a 24-well tray at a density of
~4 x 10° cells/well. 1Lg of mCherry-TM7 [residues 188-215
of human CaBP7 (transmembrane domain: residues 189-205)]
or mCherry-CaBP7 plasmid was transfected per well using
Genejuice transfection reagent (Novagen) according to man-
ufacturer’s instructions. Cells were maintained for 24h post-
transfection before fixation. Cells were washed three times in
phosphate buffered saline (PBS; 137 mM NaCl, 2.7mM KCl,
10mM Na,POy, 2mM NaH,PO4 pH 7.4) then fixed in 4%
formaldehyde in PBS at room temperature for 10min. Cells
were then washed a further three times in PBS then perme-
abilized using 0.2% triton X-100 in PBS for 6 min at room
temperature. Cells were washed three times in PBS to remove
detergent then twice in PBS containing 5% (w/v) BSA (PBSB).
Cells were incubated with anti-TOM?20 (1:1000, BD Biosciences)
or anti-Calnexin (1:200, Sigma) primary antibodies for 1h at
room temperature in PBSB. Cells were washed three times in
PBS and twice in PBSB prior to incubation with the relevant
species specific fluorophore conjugated secondary antibody for
1h at room temperature. Cells were washed again three times
in PBS, rinsed with deionized H,O, dried, and mounted onto
glass slides using ProLong Gold antifade reagent (Invitrogen).
Imaging of transfected and immunostained cells was carried
out using a Leica AOBS SP2 microscope (Leica microsystems,
Heidelberg, Germany) using a 63x oil immersion objective
with a 1.4 numerical aperture. In most cases the pinhole was
set to Airyl to give the optimum signal to noise ratio and
hence minimum thickness confocal section for the excitation
laser used.

CaBP EVOLUTION

The CaBP family in humans comprises six proteins:
Caldendrin/CaBP1, 2, 4, 5, 7, and 8 (Haeseleer et al., 2000;
Wu et al., 2001; Mikhaylova et al., 2006). The CaBP3 that was
originally identified is likely to be a pseudogene and no CaBP6
gene exists. CaBP7 and CaBP8 have been referred to by the
alternative names calneuron II and calneuron I, respectively, in
other studies (Wu et al., 2001; Mikhaylova et al., 2006, 2009;

Hradsky et al., 2011) but will henceforth be referred to as CaBP7
and CaBP8 in this paper. We have taken this approach for
self-consistency (our previously published work has used these
protein identifiers) and also because bioinformatics analyses
links CaBP 7 and 8 to CaBPs 1-5 more than to any other small
EF-hand Ca?*-sensors (McCue et al., 2010a). Alternative splicing
of the CaBP1 and 2 genes generates additional novel transcripts
so that the final complement of CaBPs numbers nine distinct
proteins in humans (McCue et al., 2010a). These proteins share
a core domain comprised of four EF-hand motifs but differ in
unique regions located at the extreme N- or C-termini (McCue
et al, 2010b). The EF-hand core represents the region with
greatest similarity to CaM however, the most closely related
family member, CaBP2-Short, only shares 37.8% total sequence
identity with its primordial ancestor suggesting that the unique
N- and C-terminal domains of the CaBPs are highly divergent
and likely confer specific cellular functions and target regulation
distinct from that exerted by CaM (McCue et al., 2010a). The
EF-hand core additionally exhibits divergence within the CaBP
family and there are unique patterns of EF-hand inactivation
coupled to sequence substitutions conferring binding specificity
preferentially toward either Ca>* or Mg?* ions (McCue et al.,
2010a). The unique cation binding properties of individual
CaBP proteins will further influence their biological activity and
increase the specificity of cellular Ca?*-signals to which they are
able to respond.

How these proteins evolved from their CaM ancestor was
unclear until a recent bioinformatic analyses examined available
invertebrate and vertebrate genome sequence databases in an
effort to locate CaBP-related transcripts (McCue et al., 2010a).
From these analyses it was determined that the oldest species har-
boring CaBP-related genomic DNA sequences was the cartilagi-
nous fish, the elephant shark (Callorhincus milli). No invertebrate
genomes analyzed, including the widely used experimental model
organisms Drosophila melanogaster and Caenorhabditis elegans,
where genome coverage is >10X, contained CaBP like sequences
(C.elegans, 1998; Adams et al., 2000; McCue et al., 2010a). The
elephant shark genome sequencing project currently stands at
1.4X coverage however, sequences with homology to CaBPs 1, 2,
5, 7, and 8 are clearly present based on BLAST searches against
the human coding sequences [(McCue et al., 2010a) and Table 1].

Further detailed analysis of protein alignment data showed
that the elephant shark genome contains a CaBP1 like sequence
having 46% sequence coverage of the human orthologue and
90% identity (Figure 1A). The coverage for elephant shark CaBP7
and CaBP8 sequences was found to be significantly greater and
these again shared considerable identity with the correspond-
ing human sequences (Figure 1B). In the study of McCue et al.
(McCue et al., 2010a) no CaBP like sequences were discovered
in the jawless fish, lamprey which is thought to represent the
oldest living organism related to the human vertebrate ancestor.
Coverage of the Lamprey genome has since improved and a new
series of specific BLAT and BLAST searches performed here has
uncovered two partial CaBP like sequences with highest homol-
ogy to human CaBP1 and CaBP8 (Figures 1A,B). It would appear,
therefore, that there were two ancestral members of the CaBP
family, CaBP1 and CaBP8. This observation is consistent with the
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Table 1 | Protein sequence fragments identified in BLAST searches against the elephant shark genome (left column) along with the sequence

of the corresponding CaBP exon in the human genome (right column) and the percentage identity between the two sequences.

Contig Sequence Homology Exon Human exon sequence %Identity

AAVX01573327.1 FDRDRDGLISCRDLGNLMRTMG CaBP5 3 ELREAFLEFDKDRDGFISCKDL 87
YMPTEMELIELSQQINMN GNLMRTMGYMPTEMELI ELGQQIRMN

AAVX01478821.1 VGGHVDFDDFVELMGPKLLAETADM CaBP1 4 LGGHVDFDDFVELMGPKLLAETADMIGVK 94
IGVKELRDAFKE ELRDAFRE

AAV01407556.1 VGGRVNFEDFVE*MAPKLLAETADMIGIK CaBP2 5 SGGKVDFEDFVELMGPKLLAETADM 78

IGVRELRDAFRE

AAVX01108357.1 EIRKAFKVFDRDGNGFISKQELG CaBP7 2 EIREAFKVFDRDGNGFISKQE 95
MAMRSLGYMPNEVELEVIIQRLDMD LGTAM'RSLGYMPN EVELEVIIQRLDMD

AAVX01059912.1 GDGQVDFEEFVSLLGPRLSSAA CaBP7 3 GDGQVDFEEFVTLLGPKLSTSGIPEKFHGT 81
IPEKFHGTEFDNVFWK DFDTVFWK

AAVX01059912.1 CDMQRMTVEELKRLLYEAFCEHLSMKDEI CaBP7 4 CDMQKLTVDELKRLLYDT FCEHL 71
NIIMTEEEGHVDNPDECPVDIDSK SMKDIENIIMTEEESHLGTAEECPVDVET

AAVX01124961.1 STQQIKQTCLRKSLICAFAIAFIIS CaBP7 5 CSNQQIRQTCVRKSLICAFAIAFII 80
VMLIAANQVLRSGMK SVMLIAANQVRSGMK

AAVX01563725.1 MPFHPVHGSLLYKGSFLSESLSDTSET CaBP8 1 MPFHHVTAGLLYKGNYLNRSLSA 66
EQLANISEEELD GSDSEQLANISVEELD

AAVX01190659.1 EIREAFRVLDRDGNGFISKQELGMAMRSL CaBP8 2 EIREAFRVLDRDGNGFISKQELGMA 98
GYMPSEVELAIIMQRLDMDG MRSLGY MPSEVELAIIMQRLDMDG

AAVX01097552.1 DGQVDFEEFMTILGPKLLTSEV CaBP8 3 DGQVDFDEFMTILGPKLVSSEGR 77
REGFHGSAIDSIFW DGFLGNTIDSIFWQ

AAVX01062942.1 QFDMOQRITLEELKHILFHAFRDHLTMKD CaBP8 4 FDMQRITLEELKHILYHAFRDHLT 90
IENIIINEEESLNENSNSCQTEFEG MKDIENIIINEEESLNETSGNCQTEFEG

AAVX01282372.1 VHSQKQNRQTCVRKSLICAFGVA CaBP8 5 VHSQKQNRQTCVRKSLICAFAMAFIIS 92

FIISVMLIAANQILRNGME

VMLIAA NQILRSGME

CaBP family forming two distinct sub-families based on unique
sequence characteristics, the first comprising CaBPs1-5 and the
second consisting of CaBP7 and CaBP8 (McCue et al., 2010a).
Collectively, these results suggest that the CaBP protein family
arose specifically with the emergence of vertebrate species and
that whole genome duplication event, acting initially on CaBP1-
and CaBP8-like genes present in the jawless fish, likely gave rise to
the full complement of CaBP proteins found from the bony fish
onwards through vertebrate evolution (McCue et al., 2010a).

In addition to examining the evolution of CaBP proteins
by performing searches based on the full-length human coding
sequences (McCue et al., 2010a), domains unique to individual
CaBPs were also analyzed to examine if there was evolutionary
conservation or divergence which might indicate correspondingly
conserved or unique cellular functions. It was determined that
the novel N-terminal domain of CaBP1-Long (residues 16-75)
was relatively well conserved from amphibians to humans which
may correlate with an important vertebrate specific activity in
the inhibition of Ca?T-release from ER resident inositol 1, 4,
5-trisphosphate (IP3) receptors (IP3Rs) (Haynes et al., 2004;
Kasri et al., 2004; Li et al., 2009; McCue et al., 2010a). In con-
trast, the variable N-terminal regions of CaBP2 and CaBP4 both
exhibited a progressive increase in sequence similarity from the
bony fish to humans. As both of these proteins are expressed
in sensory neurons these observations may correspond to an
increase in the complexity of the audio-visual sensory system
during vertebrate evolution. Specific domains of CaBP7 and

CaBP8 were not included in this analysis but recent evidence
characterizing the unique functional properties of the hydropho-
bic C-termini of both of these family members (McCue et al.,
2011) led us to evaluate the evolutionary conservation of these
regions (Figure 1B). The hydrophobic C-terminal 38 residues
of both CaBP7 (residues 177-215) and CaBP8 (residues 181—
219) exhibit significant sequence conservation across vertebrate
evolution. There is 92% sequence similarity between lamprey
and human CaBP8 sequences in the C-terminal region and 94%
similarity between elephant shark and human CaBP7 in the cor-
responding region. This high degree of domain conservation is
indicative of a conserved function and is consistent with this
region of CaBP7 and CaBP8 controlling the normal sub-cellular
targeting of both proteins to the trans-Golgi network (TGN) and
post-TGN vesicles (McCue et al., 2009; Mikhaylova et al., 2009;
Hradsky et al., 2011).

The conservation of CaBP family members throughout ver-
tebrate evolution raised a further interesting question regarding
the potential co-evolution of specific interacting proteins (McCue
et al., 2010a) which might shed light on vertebrate specific func-
tions for this protein family. There are numerous documented
interactions between CaBPs and various classes of cellular cal-
cium channels including IP3Rs (Haynes et al., 2004; Kasri et al.,
2004) and voltage gated calcium channels (VGCCs) (Lee et al,,
2002; Haeseleer et al., 2004; Zhou et al., 2004, 2005; Cui et al.,
2007; Lee et al., 2007b; Tippens and Lee, 2007; Few et al., 2011).
These channels are also targets of CaM, however, in mammalian
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FIGURE 1 | Bioinformatic analysis of CaBP1, 7, and 8 proteins during
vertebrate evolution. (A) Protein sequence alignment for human
CaBP1-Short (Genbank accession: NM_004276) with related protein
sequences identified from BLAT/BLAST searches of Lamprey and Elephant
Shark (E. Shark) genomes. Identical residues between = 50% aligned
sequences are highlighted in blue, similar residues are highlighted in green.
Lamprey CaBP1 shares 80% coverage and 76% identity with human
CaBP1-Short. Elephant Shark CaBP1 shares 46% coverage and 90% identity
with human CaBP1-Short. (B) Protein sequence alignment for human CaBP7

NLsRKDRsSLR PEE | EANEE) EEEKEKEE YONCEEENETE 50
--------------- ELREARFREFDRD[(]DG CRDLGC 25
-------------------- B - D RD[IDGIEN 1 Elc RD L G N[TEEEEY
MELIELSQQI S GGHVDFEDDFVELMGPKELLAETADMIG 100
MELME L saR 1 X X{IIRVDIA EDLAZANIAY [NWNRISGlIv(] 75
MEL I ELSQQI \/GGHVDFEDDFVELMGPKELLAETADMI G 67
FDTNGDG|S T S[HNAFVIMRK [HL[c]H[eRYG H|:{»] E IARDV D[N 150
FDTNGDG| SASNEFIVGQA [SM[c]E[eRYS AL D VAT 125
---------------------------------------- 77
FVRMMSR 167
------- 134
------- 77
LMKIEINYLNRS LSAGSDSEQL ANJiSVE[Z8D | REAF[i{V|RDR 50
MMR[c]- - -1 YT VPNLLSEQRP VDIIPEDIASE | REAF[{VIdDR 47
........................................ 1
----------------------------- IRAF 11
LMKEsFLSES LspTseTEQL ANDseEEMDE IEEVNARVILEIA 50
LGMAMRSLGY SIAASRA | '/QRLDMDGDG 100
LGIWAMRSLGY NISAAIREV FQRLDMDGDG 97
--------------------------- 13
LGMAMRSLGY NISAASNE V "QRLDMDGDG 61
LGMAMRSLGY tJEVE LY '//QRLDMDGDG 100
RD[EAIL{EINT 1 3] SERGAV NN ] 150
P E[AF HG»IF DAYIF W[IdD ma4 147
HAD[ANEL SSE[@ TINATCEEN viela 63
HEKEGIET EFD] N 111
[HEGF HGLILNEDEE:-]1| FWQF DMQR 150
LNETHGN [EaTEF H 200
HLGTAEE [¢gPVDV|3-TC 196
NM EN YCAQVD YP 113
GHVDIPDE [HPVDID-SK 160
LN NS [HaTEeEFENIH 200
NQ | L RS GM|[3mwil]
elV[REEYAK 215
NQ | L RS GM{~uKy]
NQIL R S G M{ qE¥{:]
NEeRNSAN[E 219
AY007302) with BLAT/BLAST identified related sequences from
Lamprey (CaBP8) and Elephant Shark (CaBP7 and CaBP8). Identical
residues between = 50% aligned sequences are highlighted in blue,
similar residues are highlighted in green. Lamprey CaBP8 exhibited 61%
and 60% coverage and 56% and 65% identity with human CaBP7 and
human CaBP8, respectively. Elephant Shark CaBP7 exhibited 83% and
82% coverage and 84% and 66% identity with human CaBP7 and human
CaBP8, respectively. Elephant Shark CaBP8 exhibited 102% and 100%
coverage and 63% and 87% identity with human CaBP7 and human CaBP8,
respectively.

(Genbank accession: NM_182527) and CaBP8 (Genbank accession:

systems it would appear that the CaBPs and CaM have the capac-
ity to differentially regulate common channel targets (Lee et al.,
2002; Haynes et al., 2004; Kasri et al., 2006; Minor and Findeisen,
2010). Within the CaBP family further examples of regulatory
diversity exist and both Caldendrin and CaBP1-Short modu-
late L-type VGCCs in distinct ways even though they share a
common C-terminal EF-hand domain (Tippens and Lee, 2007).
VGCCs and IP3Rs are present in invertebrates, however, the

number of specific isoforms has increased with the appearance
of vertebrates (Jeziorski et al., 2000; Iwasaki et al., 2002; Zhang
et al.,, 2007; McCue et al., 2010a). It seems likely that the co-
evolution of key calcium channels tailored to discrete functions
within the mammalian CNS in conjunction with new types of
calcium sensor proteins including the CaBPs has been instrumen-
tal in permitting vertebrates to generate and utilize an extended
repertoire of spatio-temporal calcium signals. This in turn has
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likely influenced the evolution of increasingly complex modes of
neuronal communication and enhanced CNS processing power.

CaBP TARGETING
CaM is a cytosolic protein that lacks primary sequence informa-
tion or post-translational modifications which would mediate its
specific localization to subcellular organelles (Mikhaylova et al.,
2006). This feature of CaM perhaps underlies its versatility as a
Ca**-sensor and helps explain its ability to interact with a wide
spectrum of cellular effectors, only becoming recruited to spe-
cific cellular domains at specific time points through formation of
multiple distinct complexes. The cellular activity of CaM conse-
quently often relies on Ca’>* increases that are generated globally
throughout the cytoplasm (Parekh, 2011). In order to maximize
the usefulness of Ca** as a second messenger, mechanisms have
evolved for the generation Ca®*-signals that are highly restricted
in both space and time to ensure that only specific cell signal-
ing pathways are activated or inhibited without perturbing other
Ca’T-sensitive events within the cell. For Ca?* to be used in this
manner it follows that calcium sensing proteins dedicated to the
detection of such specific signals must be similarly localized or
harbor the ability to become localized in response to the signal. A
variety of mechanisms are employed by the CaBPs to restrict their
localization to particular cellular organelles and domains. Like
CaM, a number of the CaBP proteins (Caldendrin, CaBP4 and
CaBP5) contain no inherent primary sequence targeting informa-
tion or consensus sequences for post translational modification
that might influence their retention at specific subcellular loca-
tions (Haeseleer et al., 2000). The strategy employed in these
instances relies on interactions with target effectors that in turn
are specifically localized (Haeseleer et al., 2004; Rieke et al., 2008).
Caldendrin is enriched in post-synaptic density protein frac-
tions (Seidenbecher et al., 1998) and specifically interacts with
a light chain of the microtubule associated protein MAP1A/B
(Seidenbecher et al., 2004). More recently a novel interaction
between Caldendrin and a retinal specific small EF-hand contain-
ing calcium sensor, recoverin, was reported (Fries et al., 2010).
Recoverin is a photoreceptor-enriched, myristoylated protein that
exhibits a so called Ca?*-myristoyl switch mechanism (Tanaka
etal,, 1995; Ames et al., 1997; Ames and Ikura, 2002) whereby the
acyl group is sequestered within the protein core in the absence
of Ca?* and, on Ca?*-binding and a conformational rearrange-
ment (Yap et al., 1999), is extruded to permit dynamic association
with cellular membranes. Caldendrin interacted with recoverin in
a calcium dependent manner and this was reported to traffic the
normally cytosolic Caldendrin protein to Golgi membranes (Fries
etal,, 2010). This mechanism of targeting is potentially interesting
since many neuronal populations often express multiple different
Ca’*-sensing proteins. Further investigations will be required to
validate this targeting mechanism for the endogenous proteins, in
particular it would be of interest to examine what effect depletion
of recoverin has on the ability of Caldendrin to redistribute in
response to elevations in cytoplasmic Ca>* concentration. Since
the C-terminal EF-hand containing domain of Caldendrin and
not its variable N-terminal region was able to bind to recov-
erin (Fries et al., 2010) and because this domain is identical in
the other CaBP1 splice isoforms, CaBP1-Long and CaBP1-Short,

it would also be of interest to test the promiscuity of recoverin
binding with respect to other CaBP1 interactions.

Shorter splice variants of the Caldendrin/CaBP1 gene, CaBP1-
Long, and CaBP1-Short (Landwehr et al., 2003; Haynes et al.,
2004; Kasri et al., 2004) incorporate a distinct exon, not present in
the Caldendrin transcript, that encodes for an N-terminal myris-
toylation consensus site (Landwehr et al., 2003). N-myristoylation
of both proteins has been proven essential for localization to the
PM and membranes of the Golgi apparatus and for functional
inhibition of IP3Rs (Haynes et al., 2004; Kasri et al., 2004).

The remaining two members of the CaBP family, CaBP7 and
CaBP8, like CaM, Caldendrin, CaBP4 and CaBP5 contain no con-
sensus motifs for post-translational modifications that are known
to mediate association with cellular membranes (Wu et al., 2001;
Mikhaylova et al., 2006). Surprisingly, when the localization of
these proteins was examined in mammalian cell lines, they were
found to specifically localize to membranes of the TGN and vesic-
ular compartments of the constitutive secretory pathway (McCue
et al.,, 2009; Mikhaylova et al., 2009). Closer inspection of the
CaBP7 and CaBP8 primary sequences (McCue et al., 2009) using
transmembrane domain prediction tools uncovered the presence
of a highly hydrophobic 38 residue C-terminal extension not
present in the other CaBPs that was strongly predicted to form a
transmembrane domain. Cellular and biochemical characteriza-
tion of these sequences determined that they do indeed operate as
transmembrane domains which are essential for normal CaBP7
and CaBP8 localization (McCue et al., 2009). Furthermore it
was demonstrated that chimeric constructs encoding normally
cytosolic proteins fused to the CaBP7 and CaBP8 transmembrane
domains were efficiently targeted to membranes of the secretory
pathway (McCue et al., 2009).

The CaBP7 and CaBP8 transmembrane domains are located
10 residues from the C-terminus in each protein and this topology
is consistent with that of the tail-anchor class of type-II trans-
membrane proteins that have cytosolically oriented N-terminal
functional domains, a transmembrane domain and a short lume-
nal C-terminal tail (Borgese et al., 2003, 2007; Brambillasca
et al., 2006; McCue et al., 2011). Tail-anchor proteins are defined
by their post-translational insertion into biological membranes
through a series of novel pathways, the molecular details of which
remain to be fully resolved (Abell et al., 2004; Stefanovic and
Hegde, 2007; Borgese and Fasana, 2011). CaBP7 and CaBP8
have recently been shown to adopt the expected tail-anchor pro-
tein topology (Hradsky et al., 2011; McCue et al., 2011) and to
interact with the ATPase TRC40/Asnal (Hradsky et al., 2011)
(Figure 3) a protein implicated in the post-translational mem-
brane insertion of other tail-anchored proteins (Stefanovic and
Hegde, 2007; Rabu et al., 2008). Tail-anchor proteins are initially
post-translationally inserted either into the endoplasmic reticu-
lum, outer mitochondrial- or peroxisomal-membranes (Borgese
et al., 2007; Borgese and Fasana, 2011). Peroxisomes and mito-
chondria represent terminal destinations, however, ER targeted
tail-anchor proteins can subsequently traffic along the secretory
pathway and access a number of possible cellular membranes.
Analysis of the CaBP7 and CaBP8 transmembrane domains
explains why these proteins are observed at the TGN and on trans-
port vesicles (McCue et al., 2009, 2011; Hradsky et al., 2011).
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When fused to the normally cytosolic fluorescent tag protein
mCherry, a C-terminal domain fragment of CaBP7 incorpo-
rating the predicted transmembrane domain [residues 188-215
(transmembrane domain: residues 189—205)] showed no colo-
calization with the outer mitochondrial membrane tail-anchored
protein TOM20 (Figure 2A). In contrast, it exhibited a reticular
distribution in a proportion of HeLa cells where it colocalized
extensively with the ER marker calnexin (Figure 2B). This con-
struct is also competent for correct traffic to the TGN in another

proportion of HeLa cells (data not shown) as has been observed
in the neuronal like N2A cell line (McCue et al., 2009). This
observation may be consistent with differential expression lev-
els between cells: in low to moderate expressing situations the
CaBP7 transmembrane domain fusion remains ER-trapped, how-
ever, at higher expression levels ER-based retention mechanisms
are likely saturated and the construct escapes to latter compart-
ments of the secretory pathway. Collectively these data illustrate
that the transmembrane domain of CaBP7 is of the class that

FIGURE 2 | Analysis of localization of mCherry-CaBP7 or mCherry-CaBP7
transmembrane containing domain (residues 188-215) fusion
(mCherry-TM7) compared with markers of the mitochondria (TOM20)
and the ER (Calnexin). (A and B) mCherry-TM7 expression in Hela cells
(red) and co-staining with antibodies against endogenous TOM20 (A, green)
or Calnexin (B, green). Cells with low to moderate levels of mCherry-TM7

were analyzed in this experiment, more highly expressing cells exhibit a
localization pattern more consistent with the full-length CaBP7 protein (see
text for further discussion). (C and D) mCherry-CaBP7 expression in Hela
cells (red) and co-staining with antibodies against endogenous TOM20

(C, green) or Calnexin (D, green). Regions of colocalization appear yellow in
overlay images. Scale bars = 10 um.
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FIGURE 3 | Interaction map of the known binding partners for the
CaBP family. CaBP proteins are shown in blue spheres and specific
effectors in green spheres. Black connecting lines indicate
Ca?*-independent interactions and red connecting lines Ca%*-dependent
interactions. Binding partner abbreviations are: MRG4 (Unc-119), Ca, 1.4
(L-type CaZ*-channel), Cay1.3 (L-type CaZ*-channel), Jacob, AP1 (Clathrin
adaptor complex 1), AP2 (Clathrin adaptor complex 2), Myo1c (Myosinic),
V-ATPase (Vacuolar ATPase), Ca,2.1 (P/Q-type CaZ*-channel), IP3R (Inositol
1,4,5-trisphosphate Receptor), Ca, 1.2 (L-type Ca?*-channel), RCVRN
(Recoverin), TRPC5 (Transient receptor potential channel 5), MAP1A/B
(Microtubule associated protein light chain 3 isoform A and B, LC3a/B),
P14KIIIB (Phosphatidylinositol4-kinaselllg), TRC40 (Transmembrane domain
recognition complex-40), mGR4/7 (Group Il metabotropic glutamate
receptor 4/7), Munc-18 (nSec1), MyoVI (myosinVI).

directs initial insertion into the ER membrane. Additional intrin-
sic targeting information or specific protein-protein interactions
must be required for the efficient direction of CaBP7 and CaBP8
for forward traffic through the secretory pathway to the TGN and
beyond as can be observed for full-length CaBP7 protein which
exhibits a punctate distribution that does not significantly overlap
with either calnexin or TOM20 (Figure 2C,D).

CaBP7 and CaBP8 represent the only known CaM-related
small EF-hand containing calcium sensors that have adopted the
use of a tail-anchor targeting strategy. Tail-anchor proteins per-
form highly conserved and essential functions in mammalian
cells and include SNARE proteins required for membrane fusion
events throughout the secretory pathway (Borgese and Fasana,
2011). A number of issues remain to be resolved with regards
to the precise targeting of CaBP7 and CaBP8. Although CaBP8
was shown to associate with TRC40 (Hradsky et al, 2011)
it remains to be demonstrated that this chaperone is capa-
ble of post-translationally inserting recombinantly expressed or
in vitro translated CaBP7 or CaBP8 across endoplasmic reticu-
lum/microsomal membranes. It will also be of interest to under-
stand the exact molecular determinants and protein-protein or
protein-lipid interactions that control the final targeting of CaBP7

and CaBP8 to latter compartments of the secretory pathway.
This information will further our understanding of the emerging
functions of CaBP7 and CaBP8 as regulatory factors of protein
trafficking from the TGN (Mikhaylova et al., 2009).

CaBP-EFFECTOR INTERACTIONS

As noted above, CaBPs along with CaM have been found to be
able to regulate several types of VGCCs (Lee et al., 2002; Zhou
et al., 2005; Cui et al., 2007; Findeisen and Minor, 2010; Minor
and Findeisen, 2010). For a detailed overview of these and other
well-characterized CaBP-effector interactions readers are directed
to the recent comprehensive review articles (McCue et al., 2010b;
Mikhaylova et al., 2011). The current article will focus on novel
CaBP interactions that have been reported only in the past few
years and which hint at further important physiological functions
for the CaBP family in the mammalian CNS. A graphical overview
of all presently characterized CaBP interactions is presented in
network diagram form in Figure 3.

CALDENDRIN/CaBP1

GROUP IIl METABOTROPIC GLUTAMATE RECEPTORS (mGluRs)

Group IIT mGluRs function presynaptically to modulate synap-
tic vesicle exocytosis and neurotransmitter release (Pinheiro and
Mulle, 2008). A recent study by Nakajima (Nakajima, 2011)
reported an in vitro Ca’>*-dependent interaction between rat
CaBP1-Long and the membrane proximal portion of the cyto-
plasmic C-terminal tail of mGluR4 and mGluR?7. This interaction
was sensitive to phosphorylation of the mGluR fragment by pro-
tein kinase C mimicking the characterized binding of CaM to
these receptors (Nakajima et al., 1999; O’Connor et al., 1999;
Nakajima et al., 2009). There was competitive binding between
CaM and CaBP1-Long suggesting that both proteins could regu-
late this receptor type through interaction with the same target
motif. This is reminiscent of CaBP1/CaM dual regulation of
VGCCs (Lee et al., 2002; Few et al., 2005, 2011) and it will be
fascinating to examine whether, in the case of mGluR regulation,
both Ca**-sensors exert identical or differential modulation of
these important neuronal receptors. CaM binding to mGluRs is
able to displace the regulatory protein Munc-18 (Nakajima et al.,
2009) and it will of interest to test if CaBP1 can elicit the same loss
of Munc-18 binding.

The study of Nakajima (Nakajima, 2011) was conducted
entirely using in vitro biochemical techniques and there is cur-
rently no information validating these findings in intact cells. The
biochemical characteristics reported in this paper are, however,
consistent with documented CaM/CaBP1 in vivo interactions
(Lee et al., 2002; Few et al., 2005, 2011) and this work remains
of great potential interest as Ca’*-influx downstream of mGluR
activation is known to influence short term facilitation and higher
level neuronal function (Cosgrove et al., 2011; Fioravante and
Regehr, 2011).

UNCONVENTIONAL MYOSIN 1c

Class I unconventional myosins organize the cortical actin
cytoskeleton and are involved in processes encompassing mem-
brane trafficking and cell migration (Soldati, 2003). Myosinlc
(myolc), a protein essential for inner hair cell (IHC) adaptation
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in the inner ear (Gillespie and Cyr, 2004), has been shown to
interact with CaBP1 through its IQ motif containing regula-
tory domain (Tang et al., 2007). CaBP1 binding was found to
be competitive with that of CaM suggesting that myolc may
represent yet another example of a target protein regulated by
multiple small EF-hand Ca®*-sensors. No functional data was
presented in this study to confirm a physiological role for the
CaBP1/myolc interaction and further work is required to clar-
ify this issue. Intriguingly, CaBP1 expression in rat and chicken
auditory IHCs has been confirmed by both reverse transcrip-
tion PCR and immunostaining (Yang et al., 2006; Lee et al,
2007b) and these may represent prime cellular models to study
the functional implications of a putative CaBP1/myolc interac-
tion. IHCs have also been demonstrated to express CaBP4 (Yang
et al., 2006; Lee et al., 2007b and CaBP7 Lee et al., 2007b) and,
therefore, an analysis of myolc binding by these family members
might also further our understanding of potential mechanisms of
cytoskeleton organization and regulation by multiple CaBPs in a
key special sensory tissue.

JACOB

The interplay of calcium signaling through synaptic and extra-
synaptic NMDA receptors influences complex aspects of neu-
ronal function including synaptic connectivity and survival
(Hardingham and Bading, 2003). These changes are brought
about by alterations in neuronal gene expression (Greer and
Greenberg, 2008; Lyons and West, 2011) and one pathway
involved in such regulation in mammalian neurons is controlled
by Caldendrin (Dieterich et al., 2008). This detailed study isolated
and characterized a brain specific Caldendrin binding protein,
Jacob, and demonstrated a role for this interaction in modulating
activity of the CREB transcription factor to ultimately influence
neuronal gene expression. Activation of synaptic NMDA recep-
tors and subsequent Ca?*-binding by Caldendrin localized at the
post-synaptic density was shown to drive its interaction with the
Jacob nuclear localization signal thereby preventing import of
Jacob into the nucleus. Conversely, activation of extra-synaptic
NMDA receptors was shown to induce Jacob redistribution to
the nucleus where it was able to induce CREB dephosphory-
lation and inactivation (Dieterich et al., 2008). Jacob mediated
inhibition of CREB dependent gene expression elicited a loss of
synaptic contacts and extensive simplification of dendritic archi-
tecture. This mechanism, therefore, couples synaptic activity to
maintenance/loss of synaptic contacts through Ca*-signaling via
Caldendrin. Intriguingly, Jacob is a vertebrate specific protein
(McCue et al., 2010a) that may have co-evolved specifically with
the CaBP family to regulate this important aspect of synaptic
plasticity.

CaBP4

Unc-119 (MRG4)

CaBP4 is the only CaBP member thus far characterized that has
a proven role in human disease and mutations in the gene lead
to rod and cone dysfunction and visual impairments of varying
severity (Zeitz et al., 2006; Littink et al., 2009; Aldahmesh et al.,
2010). CaBP4 regulates Cay1.4 channels in the retina (Haeseleer
et al., 2004) and Cay1.3 channels in auditory IHCs (Yang et al.,

2006; Cui et al., 2007; Lee et al., 2007b), however, non-channel
binding partners are also emerging (Lee et al., 2007a).

Vertebrate orthologues of the C. elegans Unc-119 protein (also
known as MRG4), like CaBP4, exhibit retinal specific expres-
sion profiles (Higashide et al., 1998; Higashide and Inana, 1999).
Functional deficits due to mutations in MRG4 mirror those
observed for CaB4 mutations and have been found to lead to
rod/cone dystrophy in animal models and humans (Kobayashi
et al,, 2000). Unc-119 orthologues are expressed from inver-
tebrates onwards (Maduro et al., 2000) and appear to have a
nervous system specific function in C. elegans and D. melanogaster
(Maduro and Pilgrim, 1995, 1996) which has apparently become
restricted to the visual system in vertebrate animals.

MRG4 was found to interact with CaBP4 in a calcium indepen-
dent manner consistent with binding to the variable N-terminal
domain of CaBP4 (Haeseleer, 2008). This observation itself is
intriguing as the vast majority of CaBP target effectors char-
acterized to date have been shown to bind to the conserved
C-terminal EF-hand containing core of the CaBP under investi-
gation. An interaction with the novel N-terminus of CaBP4 seems
to be important for stabilizing MRG4 protein (Haeseleer, 2008)
and further hints at a co-evolution of tissue expression and
cellular function between these proteins which has likely been
important for the development and normal function of verte-
brate visual systems. Further investigations into the molecular
pathway linking CaBP4 and MRG4 to normal retinal activity are
required to gain a complete understanding regarding the roles
that both proteins play in human disease pathologies and to
ascertain whether this retinal signaling system might provide a
useful therapeutic target in the future treatment of some visual
impairments.

CaBP5

Munc-18 (nSec-1) AND MYOSIN VI

CaBP5 has been shown to be expressed in IHCs, however, the
available data suggests that, in this particular cell type, it is CaBP1
and CaBP4 that functionally regulate Ca, 1.3 channels (Cui et al.,
2007). CaBP5 is able to modulate the activity of both Ca,1.2 and
Cay1.3 channels when co-expressed in HEK293 cells (Cui et al.,
2007; Rieke et al., 2008) and CaBP5 knock-out mice exhibit a
reduction in light sensitivity of their retinal ganglion cells suggest-
ing that CaBP5 may instead perform an important modulatory
function in the visual system (Rieke et al., 2008).

Munc-18 is a highly conserved protein related to yeast Secl
that is critical for neurotransmission throughout the mammalian
CNS where it interacts with multiple effectors to control mem-
brane fusion. Originally isolated as a syntaxinl binding partner,
Munc-18 has since been shown to interact with the synaptic
SNARE complex in multiple unique “modes” to regulate synap-
tic vesicle fusion with the presynaptic PM (Burgoyne et al,
2009; Sudhof and Rothman, 2009). New, SNARE independent,
Munc-18 binding proteins have been discovered suggesting that
this protein itself is tightly regulated through multiple routes
perhaps to further modulate SNARE complex activity and ulti-
mately neurotransmission (Okamoto and Sudhof, 1997; Verhage
et al., 1997; Graham et al., 2008; Hikita et al., 2009; Nakajima
et al., 2009; Huang et al., 2011). Recently, a calcium independent
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interaction has been described between Munc-18 and CaBP5
in the retina establishing a potential new mechanism of link-
ing calcium sensor function to SNARE activity in the visual
system (Sokal and Haeseleer, 2011). CaBP5 was also shown
to influence neurotransmitter release when overexpressed in a
model neuroendocrine cell line, further implicating it as a reg-
ulator of secretion in selected regions of the nervous system
(Sokal and Haeseleer, 2011).

In the same study, myosin VI was identified as a second specific
binding partner for CaBP5 (Sokal and Haeseleer, 2011). Myosin
VI has been implicated in endocytic processes. The related myosin
V, a protein associated with synaptic vesicles and involved in
their movement to the PM, was also detected in CaBP5 affinity
chromatography pull-downs. For technical reasons a myosin V
interaction was not characterized further in this study, however,
these observations hint at a possible role for CaBP5 in synaptic
vesicle recruitment to the presynaptic membrane of retinal neu-
rons, a potentially important role which warrants further inves-
tigation. The CaBP5 knock-out mouse is available and it would
be interesting to examine if there are defects in synaptic vesicle
recruitment to the presynaptic active zone (myosin V pathway) or
retrieval of exocytosed synaptic membrane components (myosin
VI pathway) in retinal neurons from these animals. It would also
be of interest to examine whether CaBP5 mediated stimulation
of neurotransmitter release and neurite outgrowth (Sokal and
Haeseleer, 2011) can be supported by a CaBP5 EF-hand mutant
incapable of binding to Ca>*.

CaBP7 AND CaBP8

PHOSPHATIDYLINOSITOL 4-KINASEIII (P14KB)

PI4KB is a lipid modifying enzyme that associates with the TGN
to generate phosphatidylinositol 4-phosphate (PI4P) from phos-
phatidylinositol (Graham and Burd, 2011). PI4P is an essential
lipid for budding of transport vesicles from the TGN and, there-
fore, regulation of PI4Kp is a key control checkpoint of the
secretory pathway. Known regulators of PI4Kp activity include the
small GTPase ARF1 and the small calcium sensing protein NCS-1
(Hendricks et al., 1999; Audhya et al., 2000; Haynes et al., 2005,
2007; Burgoyne and Haynes, 2010). NCS-1 modulation of PI4K@
has been reported to be both Ca?*-independent (Zhao et al.,
2001) and Ca”-dependent (Haynes et al., 2005). It is known,
however, that the Golgi complex stores luminal Ca** and uses this
to generate local Ca’*-signals suggesting a link between Ca®*-
release and membrane trafficking events (Dolman and Tepikin,
2006). A further level of regulation in this system was reported
with the finding that both CaBP7 and CaBP8 could also interact
with and inhibit the activity of PI4Kp in mammalian cells to influ-
ence trafficking of specific secretory cargo to the PM (Mikhaylova
et al., 2009).

The study of Mikhaylova et al. (Mikhaylova et al., 2009)
uncovered an inhibitory interaction of CaBP7 and CaBP8 with
PI4KB at resting (~100nM) cytosolic calcium concentrations
[(Ca®*);] that was competitively displaced by NCS-1 at increasing
free [Ca?t]; to elicit stimulation of kinase activity. The interplay
between NCS-1 and CaBP7 and CaBPS8, therefore, permits dual
control of TGN transport events over a range of physiological
[Ca?*]; and importantly prevents activation of the enzyme in

the absence of a threshold Ca?* -signal. The interaction of CaBP7
and CaBP8 with PI4Kp was specific and was not observed with
Caldendrin, however, it would be of interest to test PI4Kf regula-
tion with CaBP5, the family member exhibiting highest homology
to CaBP7 and CaBP8 (McCue et al., 2010a).

Crosstalk between ARF1 and NCS-1/CaBP7 and CaBP8 was
not examined in this study and since the NCS-1-PI4K-ARF1 net-
work has been implicated in a developmental setting (Petko et al.,
2009) it would be of interest to examine if CaBP7 and CaBP8
repression of PI4K activity can be linked to a similar physiological
model.

VGCCs?

Until recently, the only documented regulatory role for CaBP7
and CaBP8 was that involving the interaction with PI4K dis-
cussed in the previous section. As small EF-hand Ca®*-sensing
proteins often display promiscuity in their target interactions
(Haynes et al.,, 2006; Burgoyne, 2007) it seems reasonable to
expect further binding partners for CaBP7 and CaBP8 to appear
in future studies. A new potential interaction between CaBP8
and various VGCC’s has been reported which may provide the
first clues regarding additional CaBP7 and CaBP8 cellular func-
tions (Shih et al, 2009). This study examined the effect of
CaBP8 over-expression in bovine adrenal chromaffin cells on
PM Ca?*-channel activity and found that wild-type protein or a
mutant deficient in Ca?*-binding both inhibited currents gener-
ated through N-, L-, and P/Q-type channels (Shih et al., 2009).
A mutant CaBP8 lacking the hydrophobic C-terminal domain
mislocalized in this cell type and did not support inhibition of
channel currents reinforcing the idea that correct sub-cellular
targeting on this Ca’*-sensor is critical for its normal cellular
function.

The most profound inhibitory phenotype was observed on N-
type currents and N-type channels are widely expressed in the
mammalian CNS where they operate presynaptically to regulate
neurotransmitter release (Delcour et al., 1993). No direct interac-
tion between CaBP8 and the various Ca?"-channels analyzed was
reported in the study of Shih et al. (Shih et al., 2009), however, this
merits examination in future investigations in view of the impor-
tance of N-type channels, coupled to the widespread expression
of CaBP7 and CaBP8, in the mammalian CNS.

Since CaBP7 and CaBP8 regulate PI4K, the possibility exists
that these Ca’"-sensors are able to inhibit Ca’>"-currents not
by direct channel gating but rather by restricting the traffic
of Ca**-channels to the PM (Shih et al., 2009). Other small
EF-hand Ca?*-sensors are known to modulate channel activ-
ity in this manner, the most well characterized example being
the regulation of Kv4 potassium channel traffic to the PM by
the KChIP family of Ca?*-sensors (Burgoyne, 2007; Flowerdew
and Burgoyne, 2009). Since a mutant CaBP8 incapable of Ca’*-
binding was able to inhibit N-type currents and since PI4K
activity is inhibited at resting [Ca®* ];, these observations are con-
sistent with this regulatory model. Distinguishing between chan-
nel traffic and direct channel modulation mechanisms should
prove straightforward and will provide further insights into
the role of CaBP7 and CaBP8 in the normal function of the
mammalian CNS.
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DISCUSSION

Calcium sensing in the vertebrate CNS is of fundamental impor-
tance in establishing and maintaining normal neuronal activity.
The complexity of Ca’*-signals generated in the mammalian
brain is only just beginning to be understood, however, the iden-
tity of many of the protein factors involved in decoding them
is already known. The CaM superfamily of small EF-hand con-
taining Ca?*-sensors have emerged as key regulators of multiple
important neuronal Ca?*-channels that influence all aspects of
neuronal plasticity. Sub-groups of vertebrate specific CaM-related
proteins including the CaBPs have seemingly evolved in parallel
with increasing levels of CNS complexity in higher animals. These
proteins exhibit diversity in patterns of expression, sub-cellular
localization and Ca”-sensing dynamics and are, therefore, well
suited to functioning as transducers of the highly specific Ca?*-
signals that underpin complex neuronal activity.

We are now aware that the CaBPs not only regulate neuronal
specific Ca?*-channels but also targets involved in membrane
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The calcium (Ca?t) signaling pathways have crucial roles in development from fertilization
through differentiation to organogenesis. In the nervous system, Ca2* signals are
important regulators for various neuronal functions, including formation and maturation
of neuronal circuits and long-term memory. However, Ca2* signals are also involved in
the earliest steps of neurogenesis including neural induction, differentiation of neural
progenitors into neurons, and the neuro-glial switch. This review examines when and
how Ca?*t signals are generated during each of these steps with examples taken from
in vivo studies in vertebrate embryos and from in vitro assays using embryonic and
neural stem cells (NSCs). During the early phases of neurogenesis few investigations
have been performed to study the downstream targets of Ca2™ which posses EF-hand in
their structure. This opens an entire field of research. We also discuss the highly specific
nature of the Ca2t signaling pathway and its interaction with the other signaling pathways
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neuro-glial switch

INTRODUCTION

The formation of the vertebrate nervous system requires the tem-
porally and spatially controlled production of a large number of
neuronal and glial cell types. This starts with neural induction, an
inductive interaction between the dorsal mesoderm and the dor-
sal ectoderm which occurs during gastrulation. As a result of this
interaction, the dorsal ectoderm adopts a neural fate. This is the
pioneer work of Spemann and Mangold in the 1920s (Spemann
and Mangold, 1924) in the newt embryo which identified the dor-
sal mesoderm as the neural organizing center. Equivalent regions
were then found in most vertebrates (Waddington, 1933, 1936;
Oppenheimer, 1936).

Following neural induction, the dorsal ectoderm or neuroec-
toderm forms the neural plate which consists of undifferentiated
dividing neuroepithelial cells that later during development will
exit the cell cycle and will differentiate into neurons and glial
cells. Differentiation occurs in defined temporal sequences with
neurons generated first and glial cells second. These tempo-
ral sequences of early neural development are widely conserved
across vertebrate species (Bayer and Altman, 1991). Numerous
studies have detailed the diverse signaling pathways that control
each sequence (Rowitch, 2004; Stern, 2005; Okano and Temple,
2009; Rogers et al., 2009).

Spontaneous Ca’* events appear to be common features of
developing brain. Ca?* transients have been observed in dorsal
region of embryos as early as gastrulation. In Zebrafish embryo
as well as in amphibians, localized Ca?T transients have been
imaged during gastrulation in dorsal region of the embryos, and

involved in early neural development.
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correlate both temporally and spatially to neural induction (Webb
and Miller, 2007). Later on, spontaneous Ca?* oscillations have
been associated with the expansion of the neural progenitors pool.
This review describes how Ca®* signaling participates in the
control of the earliest steps of neural development, including neu-
ral induction, followed by the differentiation of neural progeni-
tors into neurons, and the neuro-glial switch. We call these two
last steps early neurogenesis (Figure 1). Our goal is to highlight
how through the combination of specific Ca®" toolkit elements
(Berridge et al., 2000) calcium can achieve specific functions.

Ca?* SIGNALING DURING NEURAL INDUCTION

Neural and epidermal tissues have the same embryonic origin,
the ectoderm. In vertebrates, during gastrulation, the cells of
the embryonic ectoderm give rise to epidermal progenitors in
the ventral side and to neural progenitors in the dorsal side.
This binary choice of cell fate is controlled by complex mecha-
nisms that involve positive effectors (Fibroblast Growth Factors,
FGFs) and negative effectors (Bone morphogenetic proteins,
BMPs; Wingless/Int proteins, Wnts, and Nodal) of neural induc-
tion (De Robertis and Kuroda, 2004; Stern, 2005; Gaspard and
Vanderhaeghen, 2010). One key regulatory mechanism involved
in the conversion of the ectoderm into neuroectoderm is the inhi-
bition of the BMP pathway by noggin, chordin, and follistatin,
which are factors secreted by the dorsal mesoderm.

Direct evidence that Ca?* plays an important role in the choice
of fate between neural versus epidermal has emerged through data
obtained in the amphibians. In the newt Pleurodeles waltl and in
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FIGURE 1 | Schematic representations of the early phases of neural
development in the embryo (A) and in Esc (B). (A) Neural induction which
converts ectoderm into neuroectoderm is regulated by the coordinated
actions of BMP, Wnt, and FGF signaling pathways. Neuroectodermal cells are
undifferentiated dividing neuroepithelial cells that will latter differentiate into
neurons (neurogenesis period) and in a second phase into glial cells
(gliogenesis period). Among the factors that control the selection of neuronal
progenitors from the neuroectodermal cells and their commitment to
differentiate along the neuronal lineage are the proneural bHLH genes.

In vertebrates, proneural bHLH genes are first expressed in the
neuroectodermal cells, already committed to the neural fate. The
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neuronal progenitors have a limited mitotic potential. Differentiation occurs in
a defined temporal sequence, neurons being generated first, followed by
glial cells. The switch from neurogenesis to gliogenesis is controlled by

both extrinsic and intrinsic signals and is the result of changes in the
progenitor properties within the same pool of neuronal progenitors.

(B) In ESC neural induction and specification of ES-derived neural progenitors
follow the same cues as in the embryo to give rise to populations of

neurons and glial cells. Black curved arrows indicate self-renewing cells.
Abbreviations: BMP, bone morphogenetic protein; bHLH genes,

basic helixloop-helix genes; ESC, embryonic stem cell; NSC, neural

stem cell.

Xenopus laevis embryos, spontaneous elevations of intracellular
Ca?t ([Ca?t];) are restricted to the dorsal ectoderm cells (the
tissue where neural induction takes place) and never occurs in
ventral ectoderm cells, which are at the origin of the epider-
mis (Leclerc et al., 1997, 2000). As gastrulation proceeds, Ca**
transients increase both in number and intensity, to reach a
peak activity by mid-gastrulation, a stage where neural determi-
nation is thought to have occurred (Leclerc et al., 2000). The
onset of these spontaneous Ca?T events occurs at the blastula
stage, long before the start of gastrulation (i.e., before meso-
derm invagination). These observations are in agreement with
other results obtained in Xenopus (Sharpe et al., 1987) and in
Chick (Streit et al., 2000) suggesting that neural induction starts
before gastrulation. At the late blastula stage, the dorsal ectoderm
is already biased toward dorsal fate and is more responsive to
neural-inducing signals than the ventral ectoderm (Sharpe et al,,
1987). Furthermore, direct visualization of the Ca®*t dynamics in
Xenopus laevis reveals that the Ca?" transients are localized in

the most anterior part of the dorsal ectoderm. The accumulation
of these Ca?™ transients versus time correlates with the prospec-
tive neuroectoderm and the Ca®™ transients are probably the first
directly visualized events linked to neural induction. Later, during
gastrulation, Ca?T transients are always restricted to the dorsal
ectoderm (the prospective forebrain-midbrain) and never occur
in the non involuting marginal zone (NIMZ; i.e., the prospective
hindbrain-spinal cord).

The ability of the ectoderm cells to be induced and to differen-
tiate toward neural tissue, called neural competence, is acquired
shortly before gastrulation and lost during late gastrula stages. In
Xenopus, as in Pleurodeles embryos, neural competence is associ-
ated with the expression of functional dihydropyridine sensitive
Ca®* channels (DHP-Ca?* channels) in the plasma membrane
(Drean et al., 1995; Leclerc et al., 1995). Functional DHP-Ca®*
channels first appear in the ectoderm cells at blastula stage. The
highest density of DHP-Ca®* channels is reached at mid-gastrula,
when competence of the ectoderm is optimal. The decrease of
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the DHP-Ca?* channel density occurs simultaneously with the
normal loss of competence, at the end of gastrulation. This
temporal pattern of DHP-Ca?t channels expression correlates
with the dynamic pattern of Ca®* transients. DHP-Ca’>* chan-
nels belong to the large family of voltage-operated Ca?* channels
(VOCCs) composed of a pore forming Ca, subunit, associated
with regulatory subunits. The Cay subunit is encoded by four
genes; Cayl.1, Cay1.2, Cay1.3, Cayl.4 (Catterall et al., 2005). In
Xenopus laevis gastrula embryo, the expression of Cay1.2 tran-
scripts is restricted to the dorsal mesoderm and to the inner
layer of the ectoderm (Leclerc et al., unpublished data); i.e., the
first ectoderm layer to be induced toward neural fate during
gastrulation (Chalmers et al., 2002).

The inhibition of DHP-Ca’?* channels function by specific
antagonists during gastrulation completely abolishes the patterns
of Ca’>* transients and decreases the intracellular Ca?" resting
level, suggesting that the patterns of Ca?* transients are gen-
erated via the activation of DHP-Ca®t channels (Leclerc et al.,
1997, 2000). The abolition of these Ca** transients induces both
the downregulation of at least two early neural genes (Zic3 and
geminin) and the presence of severe abnormalities in the ante-
rior nervous system. The most apparent defects are a deformation
of the head, a reduction in the size or the total disappearance of
the eyes, and lack of melanophores (Leclerc et al., 2000, 2001).
Acquisition of the neural fate in amphibians therefore requires
the expression of functional DHP-Ca”* channels in the ectoderm.
Since these channels are VOCCs, this raises the question about
the mechanism by which the DHP-Ca?t channels are specif-
ically activated in the dorsal ectoderm during the process of
neural induction. Other questions concern the identification of
the Ca’*-target genes and the persistence of the role of Ca>* dur-
ing neural induction in vertebrates. Some clues will be given in
the following paragraphs.

Ex vivo MODELS OF NEURAL INDUCTION

Two ex vivo models have been particularly useful to decipher the
molecular mechanisms involved during neural induction. We will
discuss data obtained from mouse embryonic stem cells (ESCs)
and from naive ectoderm (animal caps) isolated from Xenopus
laevis blastula. Although the spatial and temporal influences of
early vertebrate embryogenesis are missing from these ex vivo
assays, the same signals affecting neural induction in developing
embryos also regulate neurogenesis in these models (Figure1).
Indeed, FGFs and antagonists of BMP, Nodal and Wnt signal-
ing pathways (for reviews see Cai and Grabel, 2007; Gaulden and
Reiter, 2008) have been shown to promote commitment of ESC to
Neural stem cells (NSCs). This is also true for Xenopus ectoderm
cells. Particularly, any manipulation that reduces BMP signaling
neuralizes the animal cap cells. The Noggin protein, a BMP antag-
onist rapidly induces the expression of neural specific markers in
animal cap cells at the expense of epidermal markers (Lamb et al.,
1993; Hemmati-Brivanlou and Melton, 1997; Stern, 2005).

THE EMBRYONIC STEM CELLS

Neural induction studies in mammals have mainly involved the
use of ESC due to difficulties in accessing and manipulating
early embryos. ESCs are self-renewing and pluripotent cells that

give rise to derivatives of all three germ layers (endoderm, ecto-
derm, and mesoderm). The derivation of specific neuronal and
glial cell types from ESC results from different protocols but
invariably proceeds through similar steps: (1) induction and pro-
duction of NSCs, (2) stabilization of cell fate and appearance of
radial-glial-like progenitor cells and (3) differentiation of progen-
itors into a variety of specific neuronal and glial cells derivatives,
including dopaminergic, glutamatergic, or GABAergic neurons
and oligodendrocytes, respectively (Figure 1).

Evidences indicate that the control of Ca’>* homeostasis is
an important regulator of neural fate in mammals. A proteomic
analysis to determine the global protein expression changes
between mouse ESC and differentiated dopaminergic neurons
identified about 20 proteins differentially regulated during neu-
ral differentiation (Wang and Gao, 2005). Among these proteins,
Wang and Gao identified three Ca?T-related proteins: calreti-
culin and pyruvate dehydrogenase E1/E2 subunits which are
up-regulated, and the Translationally Controlled Tumor Protein
(TCTP) which is down-regulated in neurons. TCTP is a Ca**-
and microtubule-binding protein involved in the control of cell
proliferation and cell cycle. It is up-regulated upon entry into
cell cycle, bound to microtubules during mitosis and detached
from the spindle after metaphase (Bommer and Thiele, 2004).
TCTP has been shown to regulate Ca>* uptake and Ca?* home-
ostasis in trophoblast cells (Arcuri et al., 2005) and to negatively
regulate the Na, K-ATPase activity in HeLa cells (Yoon et al,
2006). Calreticulin is an endoplasmic reticulum luminal Ca®*
buffering protein involved in the regulation of intracellular Ca’*
homeostasis (Michalak et al., 2009) and the E1/E2 subunits of
the mitochondrial pyruvate dehydrogenase are activated by Ca®*
(Denton, 2009). Additional studies have started to decipher the
role of Ca’* signaling in neuronal fate induction. Electrical stim-
ulation of embryoid bodies (EBs) induces the differentiation of
cells expressing TuJ 1, a marker for early committed neuronal cells.
The mechanism of this electrical induction requires an influx of
Ca?* that does not involve VOCCs (Yamada et al., 2007).

More recently, a screen to identify genes involved in neural
induction in mammals identified Neuronatin (Nnat) (Lin et al.,
2010). Nnat is a membrane protein from the endoplasmic retic-
ulum that belongs to the proteolipid family, strongly expressed
in specific developing brain structures (Wijnholds et al., 1995).
During ex vivo neural differentiation, Nnat is expressed in all
steps from ESC to neurons, and reaches a maximum of expres-
sion in early neuroectodermal cells. Nnat has been shown to
physically interact with the sarco/endoplasmic reticulum Ca?*-
ATPase isoform 2 (SERCA2) and to regulate the intracellular
Ca’* level by antagonizing SERCA2 activity. The modulation
of Ca’>* homeostasis controls neural induction (i.e., the ability
of ESC to produce NSC). While the overexpression of Nnat is
associated with an increase in [Ca®T]; and the generation of neu-
roectodermal cells and neurons, knocking down of Nnat reduces
the level of intracellular Ca>* and inhibits neural induction in
ESCs (Lin et al., 2010). This latter effect can be rescued with thap-
sigargin, an inhibitor of the SERCA pump. Furthermore, high
[Ca2T]; conditions inhibit BMP signaling and interact with the
FGF/Erk signaling pathway by increasing the phosphorylation
of Erk.

Frontiers in Molecular Neuroscience

www.frontiersin.org

May 2012 | Volume 5 | Article 64 | 23


http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Leclerc et al.

Calcium signaling and early neurogenesis

THE ANIMAL CAP ASSAY IN XENOPUS LAEVIS

In Xenopus laevis embryo, the ectoderm cells isolated at blastula
stage retain their pluripotentiality and upon exposure to specific
inducers can differentiate into neural, mesodermal, or endoder-
mal tissues. In this sense, although not self-renewing, the isolated
ectoderm cells (or animal cap cells) display behavior similar to
mammalian ESCs (Okabayashi and Asashima, 2003).

Barth and Barth (1964) were the first to suggest that in Rana
pipiens embryos, Ca>* is required to induce neuralisation of the
ectoderm cells. Following on this early report, it was shown that
dissociation of Xenopus laevis and Pleurodeles waltl animal caps
in Ca’*- and Mg?" -free medium directed cells towards a neural
fate (Grunz and Tacke, 1989; Saint-Jeannet et al., 1990) and was
associated with an increase in [Ca®t); (Leclerc et al., 2001). This
increase is due to a release of Ca?t from internal stores, resulting
from the reverse gradient of concentration of Ca’* between intra
and extracellular compartments. Dissociation of animal caps pre-
loaded with the Ca?* chelator BAPTA both abolishes the Ca**
increase and neural induction (Leclerc et al., 2001). It has been
shown that Noggin is one of the endogenous neural inducer by
interacting BMP proteins (Zimmerman et al., 1996). Noggin is
also able to trigger an increase in [Ca?T]; via an influx through
DHP-Ca%*t channels (Leclerc et al., 1997, 1999, 2000). The direct
activation of DHP-Ca?" channels by specific agonists such as
S(-)Bay K 8644, generates a transient increase in [Ca®T];. This
increase is sufficient, even in an active BMP context, to trigger not
only the expression of neural markers but also the formation of
neurons and glial cells (Moreau et al., 1994). In addition, methylx-
anthines, such as caffeine or theophyline, which are known to
stimulate the release of Ca®T from internal stores, are also potent
neural inducers (Moreau et al., 1994; Batut et al., 2005). These
data strongly suggest that Ca®T is a necessary and sufficient signal
to initiate neural induction and to promote neural differentiation.

Recent studies suggest that the mechanism by which DHP-
Ca’* channels are activated in the ectoderm during neural
induction might be via membrane depolarization induced by
BMP antagonist and/or FGF signaling (Lee et al., 2009). Both
FGF-4 and Noggin depolarize the membrane of ectoderm cells.
Furthermore, FGF-4 induces an increase in [Ca?*]; which can be
blocked by SU5402, an FGF receptor inhibitor, and by DHP-Ca**
channel antagonists. SU5402 also blocks the induction of neu-
ral genes induced by Noggin. The proposed mechanism involves
that (1) FGFR activation, most likely via FGFR1 and/or FGFR4,
triggers an influx of Ca>* through non specific cationic channels
(namely TRP channels). (2) This initial Ca®* increase is then able
to depolarize the cell membrane (Puro and Mano, 1991; Distasi
et al., 1995, 1998; Fiorio Pla et al., 2005), which in turn activates
DHP-Ca?* channels. (3) This subsequent influx of Ca?* ampli-
fies the initial Ca’" increase and leads to the expression of neural
genes (Lee et al., 2009). However, the question regarding how the
inhibition of BMP4 signaling by noggin might induce an influx of
Ca’* influx remains to be clarified.

Ca2* SIGNALING DURING NEURAL INDUCTION IN

VERTEBRATES: AN EMERGING MODEL

Altogether the results obtained from Xenopus and mouse mod-
els reveal that the mechanisms that govern neural induction

involve the cross-talk between several signaling pathways and spe-
cially require the inhibition of BMP pathway, the activation of
the FGF/Erk pathway and the control of Ca®" homeostasis. The
general model of neural induction, presented in Figure 2, high-
lights the similarities and the differences between mammals and
amphibians.

The phosphorylation of Erk is a common event that mediates
neural fate in vertebrates. In mouse ESC Ca®* signaling increases
the phosphorylation of Erk and triggers neural induction (Lin
et al., 2010). In the amphibian the same mechanism is likely to
control Erk phosphorylation. It has been shown that dissocia-
tion of ectoderm cells triggers a large increase in [Ca?*]; (Leclerc
etal., 2001) and causes the phosphorylation of Erk (Kuroda et al.,
2005). An increase in intracellular Ca®>* concentration appears to
be the core signal that controls neural fate determination in ver-
tebrates. This increase in [Ca®*t]; may result from an influx of
Ca’* through plasma membrane Ca>* channels and/or release
from endoplasmic reticulum Ca stores. However, the route for
Ca?" increase seems different between the amphibian and the
mammal models. On the one hand, in Xenopus naive ectoderm
cells an influx of Ca’" through DHP-Ca?" channels is likely
to be the main component of the changes in [Ca?*]; observed
both in vivo and ex vivo during neural induction (Moreau et al.,
2008). Members of the TRP (Transient Receptor Potential) chan-
nels family, particularly TRPC1, are probably also involved (Lee
et al., 2009). On the other hand, in mouse ESC, investigations to
identify the Ca?" channels and transporters that are expressed
in plasma membrane and internal stores reveal the absence of
VOCGs. The only plasma membrane Ca?* channels expressed
are TRPCI and TRPC2 (Yanagida et al., 2004; Wang et al., 2005).
Ca?t release from the endoplasmic reticulum (ER) are mediated
by the inositol triphosphate receptors (IP3Rs) but not by the ryan-
odine receptors (RyRs). Both plasma membrane Ca’*-ATPase
(PMCA-1) and Na*t/Ca* exchanger (NCX-1, -2, -3) contribute
to the extrusion of Ca’t from the cytoplasm (Yanagida et al.,
2004). Therefore, in mouse ESC, the main source of Ca*t comes
from internal stores. This is further supported by the identifi-
cation and the characterization of Nnat function during neural
induction in ESC (Lin et al., 2010). However, in amphibians, caf-
feine has been shown to trigger the expression of specific neural
genes in naive ectoderm (Moreau et al., 1994; Batut et al., 2005).
This suggests that internal stores may participate in Ca’* signal-
ing during neural induction in the amphibians. Finally, results
obtained from both models suggest a cross-talk between Ca®*
signaling and the BMP pathway. The release of Ca>* from inter-
nal stores via caffeine (Batut et al., 2005) or through inhibition
of SERCA2 (Lin et al., 2010) suppresses the expression of BMP4.
Whether this cross-talk is direct or involves Erk signaling is still
an open question.

Ca2+ SIGNALING DURING EARLY NEUROGENESIS

The next step in neural development involves the differentiation
of neural progenitors into neurons (Figure 3). This step occurs
during the radial differentiation of the neural tube. At the time of
its closure, the neural progenitors are localized in a single layer of
proliferative cells, the ventricular zone (VZ) (Figure 3A). Then
during development, two other zones are successively formed.
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FIGURE 2 | Schematic representation of the signaling pathways
occurring during neural induction in the amphibian ectoderm cells (left
panel) and in the ESCs (right panel). In both systems, neural commitment
of naive cells requires the activation of FGF/ERK signaling and the inhibition
of BMP signaling by noggin and via the Erk-dependent phosphorylation of
Smad1 at linker domain. An increase in intracellular Ca2* concentration is
also a common signal that drives embryonic cells toward the neural fate.
However, the control of Ca?t homeostasis differs between amphibian
ectodermal cells and ESCs. While in amphibian, the main source of Ca2+
increase appears to rely on an influx through VOCCs (likely DHP-Ca%*
channels), ESCs do not express VOCC. In ESCs, the regulation of intracellular
Ca?* level depends on the activity of the SERCA2 pump, negatively
regulated by neuronatin. Both cell types expressed TRP channels, probably

Neural induction in Embryonic Stem Cells

FGFR

—

SERCAZK Nnat

TRPC, which could contribute to the Ca?* signals. Gating of the VOCC in
ectodermal cells could be due to membrane depolarization induced by the
activation of TRPC. In ESCs, a direct link between intracellular Ca?* increase
and Erk phosphorylation has been established; in ectodermal cells the
question of the amplification of the initial CaZ* influx by the release of Ca2*
from the ER remains open. However, in both models Ca%* signals participate
in the inhibition of the BMP signaling pathway, either directly or indirectly via
Erk-dependent phosphorylation of Smad1. Abbreviations: BMP, bone
morphogenetic protein; BMPR, BMP receptor; ER, endoplasmic reticulum;
ESC, embryonic stem cell; FGFR, fibroblast growth factor receptor; Nnat,
neuronatin; Neural SC, neural stem cell; SERCA2, sarco/endoplasmic
reticulum Ca?+-ATPase, isoform2; TRPC, class C transient potential receptor;
VOCC, voltage-operated Ca?*t channels.

The marginal zone (MZ) located between the VZ and the outer
surface of the neural tube, followed by the intermediate zone
(IZ), between the VZ and the MZ. The VZ contains neuronal
progenitors with a more restricted fate than neuroepithelial cells
called the radial glial cells (Gotz and Huttner, 2005) and the
IZ contains the first postmitotic neurons (Figure 3B). At later
stages, different parts of the neural tube display specific organiza-
tions. In the spinal cord, the neural progenitors will differentiate
into postmitotic neurons, distributed laterally into the IZ. In the
cerebral cortex, in birds and mammals, a second proliferative
zone, the subventricular zone (SVZ), appears adjacent to the VZ
(Figure 3C); the postmitotic neurons arise from both the ventric-
ular and the SVZ zones (Nowakowski and Hayes, 2005). Neural
progenitors are produced by asymmetric division of neuroepithe-
lial cells. Self-renewing divisions of the progenitors, such as radial
glial cells, can be either symmetric, generating two progenitors or
asymmetric, producing a neural progenitor and a neuron (Fish
et al., 2008). In the VZ, neuroepithelial cells and neuronal precur-
sor cells undergo interkinetic nuclear migration in which cells in

S phase of the cell cycle have their nuclei in the upper third of the
VZ. When cells pass from S to G, the nuclei migrate toward the
neural tube lumen where mitosis occurs (Figure 3 and review in
Nowakowski and Hayes, 2005).

Ca’*-imaging investigations during the development of
embryonic cortex reveals distinct pattern of Ca** activities
between the proliferative VZ, which contains the neural progeni-
tors, and the IZ and MZ, which contains the postmitotic neurons.
In the proliferative VZ, the Ca?* signals are mediated by the acti-
vation of metabotropic ATP receptors, most likely the purinergic
P2Y1 receptor and the release of Ca’* through IPsR. In the VZ
there is no requirement of extracellular Ca’* while the Ca®*
activities observed in the IZ and the MZ require Ca?* influx
through VOCCs (Owens and Kriegstein, 1998; Weissman et al.,
2004). This discrepancy illustrates the differential expression of
intracellular Ca>* releasing channels, Ca* channels and recep-
tors in the neocortex during early neurogenesis. Transcripts for
the three main isoforms of the intracellular Ca?* release channels
the IP3Rs and the RyRs were detected in the mouse neocortex
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FIGURE 3 | Schematic diagrams of the temporal development of neural
progenitors in the early stages of CNS formation. (A) Early neuroepithelial
progenitors of the ventricular zone are columnar cells self-renewing by
symmetric divisions. These cells can generate some neurons. (B) As
neurogenesis proceeds, neuroepithelial cells are transformed into radial glial
cells which ultimately will give rise to neurons and glial cells. Radial glia cells
can undergo either symmetric divisions, generating two progenitors or
asymmetric divisions, producing a neural progenitor and a neuron. Also
illustrated is the interkinetic nuclear migration of the nuclei during the cell
cycle in the VZ. The nucleus of a single neuroepithelial cell moves during the

Cerebral cortex

Gy phase, from the ventricular surface to the border of the VZ where it enters
S phase. During Gy, the nucleus moves down to the ventricular surface
where it enter mitosis (M phase). Interkinetic nuclear migration in radial glial
cells is confined to the VZ portion, does not extend to the border of the MZ.
(C) In the cerebral cortex a second proliferative zone, the subventricular zone
(SVZ), appears adjacent to the VZ; the postmitotic neurons and glia arise from
both the ventricular and the subventricular zones. In the SVZ interkinetic
nuclear migration does not occur, mitotic cells are found throughout the SVZ.
Abbreviations: CNS, central nervous system; IZ, intermediate zone; MZ,
marginal zone; SVZ, subventricular zone; VZ, ventricular zone.

as early as embryonic day 11 (E11) and at the protein level, the
IP3R-1 and RyR-2 are predominant at E13. The expression of
these two isoforms increases progressively throughout develop-
ment up to the adult age (Maric et al., 2000a; Rowitch, 2004;
Mori et al., 2000; Faure et al., 2001). Moreover, while the expres-
sion of IP3R-1 is ubiquitous in proliferative VZ and neuronal
zone, the expression of RyR-2 is mainly restricted to the neu-
ronal cells population (Faure et al., 2001). Other works indicate
that non-VOCCs Ca®* channels are differentially regulated dur-
ing neurogenesis. The neuroepithelial cells at E13 also express
TRPCI1 channels, whereas the expression of TRPCI decreases in
more fate-restricted cells such as radial glial cells which expressed
TRPC5 and TRPC6 at high level (Fiorio Pla et al., 2005; Shin et al.,
2010). Altogether these data raise the question of the function of
these distinct Ca?* transients in the control of the symmetric,
proliferative division versus the asymmetric neurogenic division.

Accumulating evidences indicate that the kinetic of the cell
cycle can directly influence the switch from proliferation to dif-
ferentiation of the neural progenitors with the lengthening of the
G1 phase acting as a trigger for differentiation while a shortened
GI1 phase is associated with the expansion of the neural progen-
itor pool (review in Salomoni and Calegari, 2010). Interestingly,
Ca’* signaling appears to control neuronal progenitor cells pro-
liferation (Weissman et al., 2004; Lin et al., 2007) but also to be an
important regulator of the switch from proliferation to neuronal
differentiation. For instance, the Ca?>" waves observed in the VZ
have been shown to control the entry in S phase of radial glial

cells organized in clusters (Weissman et al., 2004). The require-
ment of Ca?* for cell cycle progression through G1/S phase was
confirmed in mouse NSCs (Kapur et al., 2007; Resende et al.,
2010). Another work indicates that bEGE-induced Ca®*t influx
through TRPCI is also involved in self-renewal of embryonic rat
NSCs (Fiorio Pla et al., 2005). Using ESCs deficient in the RyR-2,
it has been shown that RyR-2 activity is required to mediate the
differentiation of neural precursors into neurons after activation
of GABA, receptors or DHP-Ca?* channels (Yu et al., 2008). This
mechanism of excitation-neurogenesis coupling involving activa-
tion of DHP-Ca?" channels has also been described in adult NSCs
(Deisseroth et al., 2004). Finally, the TRPC5 channel has recently
been shown to play a key role in the induction of neuronal differ-
entiation from radial glial cells (Shin et al., 2010). However, the
mechanisms involved in the activation of these channels remain
to be elucidated. Likely mechanisms may involve the activity of
the secreted signaling molecules, including Sonic hedgehog (Shh),
Wnts, BMPs, FGFs, and retinoic acid known to pattern the ver-
tebrate developing central nervous system (Borello and Pierani,
2010; Ulloa and Marti, 2010).

Recent data came to fill the gap between the spontaneous
Ca’* transients, the lengthening of G1 and the activity of cell
cycle modulators during neurogenesis. Neuronal differentiation
induced from P19 embryonic carcinoma cells is associated with
spontaneous Ca>" transients regulated by IP3R and RYR stores
occurring during the G1/S transition. Furthermore, in the neu-
ral progenitor cells, ATP-evoked Ca’* release from IP3R both
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increases proliferation and decreases the levels of the cell cycle
regulators cyclin A and E bound to the cyclin-dependent kinase
inhibitor p27 (Resende et al., 2010). A similar role for Ca**
events has been found in primary human neural progenitor cells
where mobilization of IP3-dependent Ca>* stores lengthens the
cell cycle and increases the number of intermediate neural pro-
genitors. In this model, Ca** controls the duration of the cell
cycle by increasing of the level of the p53 protein, a known regu-
lator of the cyclin-dependent kinase inhibitor p21 (Garcia-Garcia
et al., 2012). These new data raise additional questions about the
mechanisms linking Ca®* oscillations and the duration of G1
phase. One likely mechanism could involve the multifunctional
Serine/threonine Ca’*/Calmodulin stimulated protein kinases
(CaMKs), particularly the CaMKI which has been shown to con-
trol G1 progression (Skelding et al., 2011). Although, numerous
studies have implicated CaMKs in neuronal functions such as
synaptic development and plasticity or learning and memory
(Wayman et al., 2008; Fukunaga et al., 2009), their expression and
function during early neurogenesis need to be explored.

Once neurons are specified, they undergo a process of matu-
ration which includes the specification of neurotransmitters, the
elaboration of axons, neurites, and synaptic connections to form
functional networks. A number of excellent reviews illustrate the
pivotal role played by intracellular Ca>* signaling in these aspects
(Lohmann, 2009; Michaelsen and Lohmann, 2010; Takemoto-
Kimura et al., 20105 Spitzer, 2012). However, increasing evidences
also point to the role of extracellular Ca®* via activation of
the Extracellular Ca®*-Sensing receptor (CaSR). CaSR which is
constantly monitoring the level of extracellular Ca®*, belongs
to the family C of GPCRs (G-protein-coupled receptor), along
with the metabotropic glutamate receptors (mGluRs) and the y-
aminobutyric acid (GABA)g receptors (Hofer and Brown, 2003).
CaSR is localized in almost all areas of the brain including the
circumventricular organs, the olfactory bulbs, the striatum, the
orbital cortex, the cerebellum, and the hippocampus (Ruat et al.,
1995; Yano et al., 2004; Bandyopadhyay et al., 2010). Furthermore,
its expression in the central and peripheral nervous system is
developmentally regulated (Ferry et al., 2000; Vizard et al., 2008).
Interestingly, the highest levels of expression of CaSR correlate
with a window of development during which neurite extension
and branching occurs. Recently it has been shown that CaSR
regulates the growth and the branching of developing sympa-
thetic ganglion neurons and of hippocampal pyramidal neurons
in mice (Vizard et al., 2008). The Extracellular CaSR has also
been implicated in controlling other important functions in the
nervous system including the migration of neurons synthesizing
gonadotropin-releasing hormone (GnRH neurons), and the reg-
ulation of neuronal excitability via the control of ion channels
activity (review in Brown and Macleod, 2001; Bandyopadhyay
et al., 2010). These data highlight the importance of the reg-
ulation of the extracellular Ca** homeostasis during neural
development.

Ca2+ TARGET GENES AND EARLY NEUROGENESIS

The transcriptional control of early neurogenesis involves a large
number of transcription factors which can act as positive or neg-
ative regulators. These include the Zic (Aruga, 2004; Aruga and

Mikoshiba, 2011), Sox (Wegner and Stolt, 2005), Xiro (Gomez-
Skarmeta and Modolell, 2002), and bHLH (Bertrand et al., 2002;
Sugimori et al., 2007) gene families. Control of gene expres-
sion by Ca’* signaling may either be indirect through changes
in the transactivating properties of transcription factors follow-
ing the activation of Ca**-dependent kinases and phosphatases
(Dolmetsch et al., 2001; West et al., 2001; Kornhauser et al.,
2002; Spotts et al., 2002) or direct through nuclear Ca** sen-
sors. To date, DREAM (Downstream Regulatory Element (DRE)
Antogonist Modulator) is the only Ca** sensor, which is known
to bind specifically to DNA and to directly regulate transcription
in a Ca?T-dependent manner. DREAM is a Ca?T-binding protein
of the recoverin subfamily containing 4 EF-hands. In the absence
of Ca’* DREAM binds DNA on specific DRE site, located down-
stream from the TATA box, and represses transcription (Carrion
et al., 1999; Mellstrom and Naranjo, 2001). Recently, a novel con-
cept emerged around the idea that Ca?* channel domains may
act as transcription factor. The C-terminal fragment of the Ca, 1.2
channel, called Ca?* channel associated transcriptional regulator
(CCAT) has been shown to have a nuclear localization and to be
able to regulate gene expression. CCAT overexpression in neurons
increases dendritic length (Gomez-Ospina et al., 2006).

Ca2+ TARGET GENES AND NEURAL INDUCTION IN THE

AMPHIBIANS

The embryo of the amphibian Xenopus laevis and the animal cap
cells have been extensively used to elucidate how the aforemen-
tioned transcription factors interact to regulate early neurogenesis
(Rogers et al., 2009). Animal cap cells are also a good assay
for screening downstream target genes of Ca’" signaling during
neural induction.

It has been previously shown that Ca?* controls the expression
of the immediate early gene c-fos and of two other transcription
factors: XIPou2 and Zic3 (Leclerc et al., 1999). While Fos is a ubiq-
uitous transcription factor, XIPou2 and Zic3 are specific to neural
determination and primary neural regulators (Witta et al., 1995;
Nakata et al., 1997). Furthermore, the expression of XIPou2 in
response to noggin in animal caps and the expression of Zic3
in the whole embryo require the presence of functional DHP-
Ca?t channels (Leclerc et al., 2000). In an attempt to correlate the
Ca’* pattern with the expression pattern of early neural genes, a
two-dimensional system of neural induction was used, the Keller
explants (Keller and Danilchik, 1988). These explants extend from
the blastopore lip up toward the animal pole and therefore con-
tain the prospective neuroectoderm associated with the dorsal
mesoderm (Keller et al., 1992). In such explants the accumulated
pattern of Ca®* transients correlates with the expression of Zic3,
and treatment with nifedipine, a DHP-Ca?* channel antagonist,
blocks the Ca?* transients and reduces the level of Zic3 expres-
sion (Leclerc et al., 2003). These results suggest that the function
of the localized increase in [Ca®T]; that occurs in the dorsal ecto-
derm during neural induction might be to activate locally genes
with proneural activity.

To identify new Ca?" target genes involved in neural induc-
tion, a subtractive cDNA library was constructed between
untreated (i.e., ectodermal cells fated to become epidermis) and
caffeine-treated animal caps (15-45min) (i.e., ectodermal cells
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fated to become neural) (Batut et al., 2003). Caffeine triggers neu-
ral induction via an increase in [Ca®T]; (Moreau et al., 1994),
and thus allows the differential isolation of the earliest Ca’*-
dependent genes involved in neural determination (Batut et al.,
2003). A total of about 400 clones were screened, and about 30
clones were found to selectively hybridize to the neural-subtracted
probe and not to the epidermis-subtracted probe. Among these
clones, xMLP encodes a MARCKS-like protein, a substrate for
PKC (Zhao et al., 2001; Batut et al., 2003); xPRMTIb is the
Xenopus homologue of the mammalian arginine methyltrans-
ferase PRMT1 gene (Batut et al., 2005); xId3 (Wilson and Mohun,
1995), encodes HLH protein that acts as dominant negative
inhibitor of bHLH transcription factors; and Xp54nrb encodes a
protein which exhibits the RRM domains characteristic of RNA
binding proteins, and implicated in pre-mRNA splicing steps
(Neant et al., 2011). The spatio-temporal expression pattern of
these genes is restricted to neural territories and their expression
is triggered following the inhibition of BMP signaling by noggin.
In addition, the expression of xMLP and of xPRMT1Ib is an early
response to an increase in Ca** that does not require de novo
protein synthesis and that the early expression of xPRMT1b at
the gastrula stage also occurs via a Ca?*-dependent mechanism
mediated by the activation of DHP-sensitive Ca?* channels.

Functional analysis of xPRMT1b in Xenopus embryo demon-
strates that it is required for neural induction. Overexpression
of xPRMTI1b in the neural territories activates the expression
of the neural precursor gene Zic3. Conversely, the utilization of
a Morpholino-based approach, to block xPRMT1b translation,
inhibits the expression of Zic3 in animal caps, and impairs ante-
rior neural development in the whole embryo (Batut et al., 2005).
Identical phenotypes were obtained with antagonists of DHP-
Ca?t channels (Leclerc et al., 2000). These results suggest that
during neural induction, xPRMT1b provides a direct link between
the [Ca?T]; increase and downstream events; a likely mechanism
could involve methylation of early neural factors.

PRONEURAL bHLH GENES AND Ca2*

The bHLH proneural genes, which encode transcription factors of
the basic Helix-Loop-Helix class, have been shown to be key reg-
ulators of neurogenesis. In vertebrates, proneural bHLH genes are
first expressed in neuroepithelial cells that are already committed
to neural fate (Bertrand et al., 2002). Proneural bHLH proteins
bind DNA as heterodimeric complexes that are formed with
another class of ubiquitously bHLH proteins, called E-proteins.
Regulation of proneural bHLH may occur at different levels,
including regulation of gene expression, transcriptional activities,
subcellular localization, or post-translational modifications.

In adult neural precursor cells, the excitation-neurogenesis
coupling via activation of DHP-Ca?* channels rapidly induces
the expression of the neuronal differentiation regulator, NeuroD,
and inhibits the expression of two proneural gene inhibitors, HesI
and Id2 (Deisseroth et al., 2004). Furthermore, over-expression
of the Ca?* binding protein, calbindin-Dagx (Kim et al., 2006)
in neural precursor cells promotes neurogenesis, induces the
expression of the bHLH neuronal differentiation regulators,
NeuroD and Mashl, and inhibits the expression of the proneural
gene inhibitors, HesI, Hes5, and Id2. The exact Ca’"-dependent

mechanism that regulates NeuroD expression is not yet identified.
However, possible mechanisms may involve the HesI transcrip-
tional repressor. Hesl has been shown to repress the transcription
of Mashl by binding to Mashl promoter; Hesl may also form
heterodimers with Mash1 that do not bind to DNA (review in
Kageyama et al., 2008). In addition to their abilities to form het-
erodimers with other bHLH proteins, there are evidences that
some bHLH proteins, like E-protein and MyoD a myogenic bHLH
regulator, may physically interact with Ca?*-loaded calmodulin
but also with S-100 Ca®* binding proteins; this interaction masks
their DNA binding site (review in Hermann et al., 1998). To
what extent this Ca’T-dependent mechanism may also regulate
the transcriptional activity of proneural bHLH proteins remains
to be established. However, proneural bHLH proteins have been
shown to be post-translationally modified in a Ca?*-dependent
manner. In rat hippocampal neural progenitors, the modulation
of Ca?™ signaling by calbindin-D,gk induces the phosphorylation
of Ca?*- and Calmodulin-dependent protein kinases (CaMKs),
possibly CaMKII and of NeuroD at serine’*® (Kim et al., 2006).
This post-translational modification of NeuroD which has been
described during neuronal differentiation of embryonic and adult
neuronal progenitors is also involved in the control of dendritic
outgrowth in granule neurons (Gaudilliere et al., 2004).

THE NEUROGENIC TO GLIOGENIC SWITCH

After neurons, the radial glial progenitors switch to generate glial
cells. Macroglial cells of the central nervous system (CNS) com-
prise two major cell types; astrocytes and oligodendrocytes. The
molecular mechanisms that underlie the specification of glial cells
appear strikingly similar to those that regulate neurons specifi-
cation (Rowitch and Kriegstein, 2010). Here we will exclusively
consider the implication of Ca?™ signaling in the specification of
astrocytes and oligodendrocytes during early development.

The mechanisms by which macroglial cells are generated from
neural precursors involve different levels of regulation. One level
of regulation occurs during the neurogenic period and renders
the neuroepithelial precursors unable to generate glial cells, even
in the presence of gliogenic signals. This could be achieved via
the transcriptional repression of glial-specific genes by proneural
bHLH genes. Another mechanism involves the repression of gli-
ogenesis by neuregulin-1, a neurogenic factor. Activation of the
receptor tyrosine kinase (RTK) Erb4 by neuregulin-1 induces the
presenilin-dependent cleavage of the RTK. The cleaved intracellu-
lar domain of Erb4 translocates to the nucleus of undifferentiated
neural precursors and represses the transcription of two astrocyte
specific genes, GFAP (glial fibrillary acidic protein) and S1008
which encodes a Ca?T-binding protein, thereby inhibiting the
differentiation of the neural progenitors into astrocytes (Sardi
et al., 2006). Despite the fact that presenilin forms the catalytic
subunit of the y-secretase complex, increasing evidences suggest
that presenilin is part of a mechanism that control Ca?>* home-
ostasis. Presenilin is an integral membrane protein of the ER
(Annaert et al., 1999) that has been shown to function as a pas-
sive ER Ca®t leak channels (Tu et al., 2006). Other works have
shown that presenilin can interact with the IP3R Ca’* release
channel and modulates its gating (Cheung et al., 2008); prese-
nilin can also regulate the activity of the SERCA pump (Green

Frontiers in Molecular Neuroscience

www.frontiersin.org

May 2012 | Volume 5 | Article 64 | 28


http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Leclerc et al.

Calcium signaling and early neurogenesis

et al.,, 2008). The function of presenilin both in regulating Ca**
homeostasis and in the inhibition of astrocytic fate raised the
possibility that the Ca?* waves observed in the radial glial pro-
genitors cells during the neurogenic period not only promote
neurogenesis but also repress gliogenesis. Conversely, a positive
neuronal feedback mechanism has been shown to promote glio-
genesis. The neurotrophic cytokine CT-1 generated by embryonic
cortical neurons is a powerful astrocytic signal, which activates
the JAK-STAT signaling pathway (Barnabe-Heider et al., 2005).
However, in cortical neuronal precursors another pathway able to
promote astrocytes differentiation involves the activation of the
seven transmembrane-spanning domains receptor PAC1 by the
Pituitary Adenylate Cyclase Activating Peptide (PACAP). PAC1
activation by PACAP triggers the production of cAMP, and a
cAMP-dependent Ca?t influx. Cebolla et al, have shown that
the transcriptional activation of GFAP in response to PACAP is
mediated by DREAM and requires the functional integrity of
the Ca?"-binding EF-hand domains of DREAM (Cebolla et al.,
2008). Unexpectedly, during astrocytes differentiation, DREAM
is acting as a transcriptional transactivator of the GFAP gene and
not as a repressor (Scsucova et al., 2005). In fact, two binding sites
for DREAM have been identified on the GFAP promoter, located
upstream of the TATA box rather than downstream (Cebolla et al.,
2008). The mechanism by which DREAM controls the expression
of GFAP may involve changes in DREAM protein conformation,
interactions with other gliogenic specific transcription factors,
and cross-talk with the JAK-STAT signaling pathway (review in
Vallejo, 2009).

There are some evidences indicating that Ca®" signaling may
also regulate the specification of the oligodendrocyte lineage.
A subtractive approach to characterize genes expressed in the
ventral neuroepithelium of chick spinal cord at the time of oligo-
dendrocyte specification identify several elements of the Ca**
toolkit, including a specific auxiliary subunit («2—31) of a voltage-
dependent Ca%t channel; Ankyrin-2, a2, a membrane adaptor
protein, requires to anchor ion channels, exchangers, and pumps
to the plasma membrane; and slow troponin C, a Ca**-binding
protein, expressed in cardiac muscle (Braquart-Varnier et al,
2004). Other works identify the Extracellular CaSR as a key ele-
ment for oligodendrocyte specification. CaSR is expressed in
all cells of the CNS with predominance in oligodendrocyte lin-
eage (Chattopadhyay et al., 2008). CaSR is up-regulated when
NSCs are specified to oligodendrocyte progenitor cells (OPCs) its
expression remains at a high level in pre-oligodendrocyte cells,
and then decreases in mature oligodendrocytes. Furthermore,
activation of CaSR with high extracellular Ca®* or with sper-
mine, an agonist of CaSR present in the CNS, promotes OPCs
proliferation and induces the expression of Myelin Basic Protein,
a marker for oligodendrocyte maturation (Chattopadhyay et al.,
2008; Bandyopadhyay et al., 2010). This work provides the
demonstration that Ca’*, in addition to a role as second mes-
senger, acting intracellularly, may also act extracellularly as a first
messenger.

CONCLUSION AND PERSPECTIVES

In this review, we have briefly summarized the recent advances
in early neurogenesis, a rapidly moving field, and then focused

specifically on several regulatory events that are modulated by
Ca’*, including short term effects or long-lasting modifications.
The different functions of Ca®" signaling during neurogenesis
illustrate the versatility of Ca>* both as a second and a first
messenger.

While much is known about how the different Ca®* sig-
nals are generated during the initial phases of nervous system
formation, much less is known about the EF-hand calcium pro-
teins involved in the transmission of these Ca®* signals. The
members of the EF-hand superfamily can be divided into two
main categories according to their calcium affinity or their abil-
ity to change conformation following Ca’* binding (Leclerc
et al.,, 2009). Calmodulins (CaM), the S100 superfamily, and
the neuronal calcium sensors such as DREAM constitute the
first group of calcium sensors involved in Ca®T signaling. The
second group is constituted by Ca’* buffering proteins such
as calbindin.

The role of Ca?" during neural induction in the amphibians is
mainly focused on the triggering of Ca®* signaling via the activa-
tion of Ca?* channels and the downstream genes whose expres-
sion is controlled directly or indirectly by Ca?* (Moreau et al,
2009). However, some evidences indicate that EF-hand Ca?* pro-
teins may be involved in signal transduction. The upregulation
of FOS-related protein by Noggin or a DHP-Ca’* channels ago-
nist is inhibited by KN62, a specific inhibitor of CaMKinase,
suggesting that CaMs and CaMKs are candidates to decode the
Ca’* signals during amphibian neural induction (Leclerc et al.,
1999). Calcineurin, a Ca>*/CaM-dependent phosphatase (CaN
or PP2B) is maternally expressed and throughout development
including neural induction (Saint-Saneyoshi et al., 2000). Finally,
the expression of the calcium sensor DREAM has been found
to be restricted to neuroectoderm during early development in
Xenopus laevis (1. Neant unpublished results).

During early neurogenesis, EF-hand proteins such as CaMs
and CaMKs are also involved (Skelding et al., 2011). In rat hip-
pocampal neural progenitors, Ca>* signaling is modulated by
Calbindin-D28K (Kim et al., 2006), during the neurogenic to glio-
genic switch the S100p protein is important for the differentiation
of neural progenitors into astrocytes (Sardi et al., 2006) and dur-
ing astrocyte differentiation triggered by the pituitary adenylate
cyclase activating peptide, it has been shown that transcriptional
activation of GFAP is mediated by DREAM (Cebolla et al., 2008).

Specific Ca’* signals which are decoded by different Ca®*
sensors proteins and the different Ca?" binding properties of
these sensors (affinity, conformational changes) allow a fine tun-
ing of the Ca’* signaling. Among the Ca’* sensors proteins
more EF-hand Ca®* proteins play certainly essential roles dur-
ing early neural development. This field of research needs more
development in the future.
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INTRODUCTION

Ca’* signaling plays an important role in diverse biological pro-
cesses, ranging from gene expression to cellular development
(Sheng etal., 1991; Means, 1994; Park etal., 2007). Cellular Ca?*
sources are abundant and include the mitochondria, endoplas-
mic reticulum, lysosome, and extracellular environment. Changes
in Ca’t mobilization from this array of “Ca?* stores” serve
as the primary factor in the regulation of Ca?t sensors and
the subsequent activity of various substrates (Rosen etal., 1994;
Moldoveanu etal., 2002; Burgoyne, 2007). Accordingly, uncov-
ering the mechanisms underlying the activation and function of
various Ca?* sensors is fundamental to developing our under-
standing of dynamic neuronal responses to Ca’*; controlling
synaptic transmission, modulating neuronal excitability, and,
the particular focus of this review, regulating synaptic plasticity
(Berridge, 2000).

Although a few exceptional cases of Ca?*-independent forms
of synaptic plasticity have been reported (Fitzjohn etal., 2001;
Dickinson etal., 2009), it is widely accepted that the majority of
synaptic long-term plasticity operates through Ca?*-dependent
mechanisms. Tetanic high frequency stimulation of presynap-
tic regions in the hippocampus induces a rise in postsynap-
tic Ca’*, leading to long-term potentiation (LTP) (Malenka
etal., 1986; Lisman, 1989). Conversely, low frequency stim-
ulation induces a low-to-moderate rise in free intracellular
Ca’*, producing long-term depression (LTD) (Mulkey etal.,
1994). These different and specific effects suggest that Ca’* is
involved in the induction of LTP as well as LTD, and that the

Neuronal calcium sensors (NCS) readily bind calcium and undergo conformational changes
enabling them to interact and regulate specific target molecules. These interactions lead
to dynamic alterations in protein trafficking that significantly impact upon synaptic func-
tion. Emerging evidence suggests that NCS and alterations in Ca2* mobilization modulate
glutamate receptor trafficking, subsequently determining the expression of different forms
of synaptic plasticity. In this review, we aim to discuss the functional relevance of NCS
in protein trafficking and their emerging role in synaptic plasticity. Their significance within
the concept of “translational neuroscience” will also be highlighted, by assessing their
potential as key molecules in neurodegeneration.

Keywords: neuronal calcium sensor, long-term synaptic plasticity, Alzheimer’s disease

magnitudes of activity-dependent rises in free Ca’t and Ca*
mobilization from different sources determines the induction
of LTP and LTD (Lisman, 1989; Artola and Singer, 1993; Cho
etal., 2001).

Thought to be central to this functional dichotomy are
Ca’T-regulated enzymes. For example, LTP-inducing Ca®" rises
are detected by calmodulin (CaM; Mulkey etal, 1993) and
activate Ca’*/calmodulin-dependent kinases (CaMKs; Malenka
etal., 1986), while LTD-inducing Ca?* signals activate a
calcineurin/inhibitor-1 phosphatase cascade (Mulkey et al., 1994).
These Ca**-sensitive molecules play a key role in neuronal func-
tion through the regulation of glutamate receptor trafficking and
synaptic plasticity in various regions of the brain (Palmer etal,,
2005; Burgoyne, 2007; Jo et al., 2008, 2010). This is achieved either
through direct interaction with cargo molecules, or through reg-
ulation of protein membrane trafficking (Palmer etal., 2005; Jo
etal., 2008, 2010).

Recently, neuronal calcium sensors (NCS) have been shown
to interact with endocytic molecules involved in glutamate recep-
tor trafficking (Figures 1A,B; Palmer etal., 2005; Jo etal., 2008,
2010). More specifically, these Ca?* sensors interact with several
downstream effectors involved in AMPAR trafficking, including
ABP/GRIP (Chung etal., 2000), adaptor protein 2 (AP2; Lee
etal., 2002; Palmer etal., 2005), the Arp2/3 complex (Rocca
etal., 2008), and PSD-95 (Kim etal., 2007). Here we will dis-
cuss how NCS proteins serve to orchestrate LTD signaling, and
what makes them unique to one another in their roles in synaptic
plasticity.
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FIGURE 1 | Ca2* sensors and LTD. Schematic diagram showing different
Ca2™ sensors regulate distinct forms of LTD. (A) The activation of NMDARs
results in CaZ+ entry in the neuron. CaZt entry through NMDARs is sensed
by hippocalcin, activating the myristoyl switch and stimulating the binding to
B-adaptin of the AP2 complex, resulting in its translocation to the plasma
membrane. AP2 is then able to bind with the GIuUA2 subunit of AMPARS,
recruiting clathrin. Finally, hippocalcin is displaced by clathrin, and AMPARs
are internalized. (B) AMPARs are stabilized at the synapse through
interactions with GRIP. Activation of the G-protein coupled metabotropic
glutamate receptor (mGIuR), specifically the mGluR5-isoform containing
receptor, induces the release of Ca2* from intracellular stores. Increased
levels of CaZt trigger the association of PICK1 with NCS-1. PICK1 interacts
with PKC. NCS-1 localizes PICK1 in close proximity with AMPARs, facilitating
the PKC-mediated phosphorylation of GIuA2. This releases AMPARs from the
GRIP interaction, mobilizing them for synaptic removal via endocytosis.

(C) Hippocalcin in bound with the SH3 domain of PSD-95. This interacts with
the NMDAR subunit GIuN2B. These interactions prevent the binding of AP2,

mGIuR5
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required for dynamin and clathrin-dependent endocytosis. Activation of the
G-protein coupled mAChR induces the release of Ca2*t from intracellular
stores. Increased levels of CaZ*are sensed by hippocalcin. As a consequence
of this, PSD-95 disassociates from NMDARs. AP2 is now free to bind with
NMDARs and initiate their endocytosis. (D) The hypothetical model of
CaZ+-mediated AB toxicity. The aberrant activation of synaptic receptors
leads to enhanced Ca2™ influx from both extracellular sites and intracellular
Ca2* stores. Ca2™ entry via NMDARs can impair mitochondrial function,
leading to the release of cytochrome ¢ and the formation of the apoptosome.
This activates caspase-3, which cleaves and inhibits Akt-1. Given that Akt-1
ordinarily functions to phosphorylate GSK-38 and thereby downregulate

the activity of GSK-3B, without this constitutive inhibition GSK-38 is now

able to induce AMPAR endocytosis (Lopez etal., 2008; Li etal., 2009;

Jo etal., 2011). Similarly, sustained release of Ca?t from intracellular

stores is likely to be sensed by, for example, PICK1. One likely consequence
of this is the induction of LTD-signaling mechanisms and the endocytosis

of AMPARs.

NEURONAL CALCIUM SENSORS

Neuronal calcium sensors proteins are a subgroup of proteins
belonging to the EF-hand super family (Pongs et al., 1993; for detail
of their structural and functional properties, we refer the reader
to a number of excellent comprehensive reviews that cover these
issues in great depth; Burgoyne, 2007; Ames et al., 2012; Burgoyne
and Haynes, 2012). NCS proteins are widely expressed in neurons
throughout the nervous system, and are able to regulate axonal
outgrowth and synaptic transmission (Pongs etal., 1993; Olafs-
son etal,, 1997). Upon Ca®" binding, they exhibit the distinct

property of being able to associate with the plasma membrane,
via the post-translational addition of a myristoyl group (Ames
etal., 1997). Such functional characteristics (among others to be
discussed) render these proteins particularly adept at regulating
synaptic receptor movement in response to neuronal activation, a
fundamental prerequisite for the regulation of synaptic plasticity.

NCS AND LTD
Activation of NMDAR and metabotropic glutamate receptor
(mGluR) induces both NMDAR-dependent and mGluR-dependent
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LTD (NMDAR-LTD, mGluR-LTD respectively; see review Anwyl,
2006). Importantly, induction mechanisms of NMDAR- and
mGIluR-LTD are mediated by different Ca>*-dependent signal-
ing pathways, involving different Ca*t sensors (Jo etal., 2008;
Figure 1B). These two distinct forms of LTD are conferred
by different Ca?" sensitivities and/or conformational changes
of particular intracellular Ca?* binding proteins. Accordingly,
whilst NMDAR-LTD requires CaM and hippocalcin, mGluR-
LTD involves NCS-1, protein kinase C (PKC), and IP3 (Jo
etal., 2008). This suggests that distinct properties of Ca’t sen-
sors not only control the induction of LTD, but also maintain
and regulate specificity of various signaling cascades. Given the
physiological importance of different forms of Ca®t sensors
in LTD, the selective behavior of these proteins is undoubt-
edly significant in receptor trafficking, particularly receptor
endocytosis.

NCS-1, PICK1, AND AMPA RECEPTOR ENDOCYTOSIS

Neuronal calcium sensor-1, first described as a regulator of synap-
tic transmission at the neuromuscular junction in Drosophila
and Xenopus (Pongs etal., 1993; Olafsson etal., 1997), is highly
expressed throughout the brain (Paterlini etal., 2000). NCS-
1 interacts with protein kinase interacting with C kinase 1
(PICK1) and regulates synaptic plasticity in the perirhinal cor-
tex (Jo etal, 2008). NCS-1 binds directly to PICKI via its
Bin/Amphiphysin/Rvs (BAR) domain, in a Ca?* -dependent man-
ner. The PICK1-BAR domain dimerizes, forming a concave
arrangement. This unique conformation is thought to act as
a “curvature sensor” (Peter etal, 2004), serving as a means
of interaction between PICKI and curved lipid membranes,
like those of endocytic vesicles (He etal., 2011). The sur-
face of the PICK1-BAR domain consists of positively charged
regions, which mediate non-covalent interactions with neg-
atively charged lipids. Accordingly, changes in membrane
charges could dynamically regulate the membrane-localization
of PICK1 (Jin etal., 2006), a possible crucial factor in synaptic
plasticity.

PICK1 plays a key role in mediating the interaction between
GluA2/3 of AMPARs and synaptic stabilizing structures, and
accordingly can function to promote receptor endocytosis (Chung
etal.,, 2000; Xia etal., 2000; Hanley and Henley, 2005). Again, the
BAR domain plays a central part here; PICK1 binds with phos-
phoinositide lipids through the BAR domain, and this lipid/BAR
interaction is essential for the synaptic targeting of PICK1 (Jin
etal., 2006). Specifically, the BAR domain interacts with lipids of
endocytic vesicles, mediating the internalization of PICK1 and
associated synaptic receptors. Accordingly, it was shown that
expression of a mutant BAR domain-containing PICK1 (K266,
268E) prevented the endocytosis of GluA2-containing AMPARs
and enhanced AMPAR-mediated synaptic transmission (Jin et al.,
2006). Interestingly, PICK1 itself is also a Ca?* sensor (Hanley
and Henley, 2005), and can regulate AMPAR endocytosis through
actin depolymerization (Rocca etal., 2008). Thus, it is thought
that the association of PICK1 with NCS-1 might serve to tar-
get PICK1 to the vicinity of AMPARs to initiate their removal
from the synapse, providing a distinctive role for NCS-1 in LTD
(Jo etal., 2008).

HIPPOCALCIN AND LTD

Emerging findings have outlined an important role for hippocal-
cin, a member of the visinin-like (VSNL) family proteins (VSNLs),
in regulating dynamic neuronal synaptic change. It has previously
been shown that NMDAR-mediated Ca?* entry into neurons
results in the hippocalcin-dependent internalization of AMPARSs
(Palmer etal., 2005). Here, it was shown that hippocalcin interacts
with the AP2 adaptor complex subunit p2-adaptin (Figure 1A).
This, in turn, binds with the GluA2/3 AMPAR subunit —an interac-
tion that is Ca>* -dependent — and promotes its clathrin-mediated
endocytosis. In this study, the infusion of a dominant negative
truncated form of hippocalcin (Hip>~7?), an N-terminal region
of the protein that does not include Ca?* binding domains and
is required for B2-adaptin interaction, inhibits the induction of
LTD. Ciritically, this hippocalcin-mediated mechanism appears to
be specific for LTD, as there was no effect found on the induction of
LTP, though the same NMDAR-mediated Ca?* influx is involved
in LTP and LTD.

A more recent study has found evidence to suggest that under
basal conditions, hippocalcin binds with the SH3 region of PSD-
95, and that muscarinic acetylcholine receptor (mAChR)-induced
intracellular Ca®* release induces the translocation of hippocalcin
to the plasma membrane (Figure 1C). This leads to the disso-
ciation of PSD-95 from NMDARSs, allowing for the binding of
AP2 to NMDARs to result in their endocytosis (Jo etal., 2010).
Therefore, given the associate relationship between hippocalcin
and the endocytosis of AMPARS, it is likely that hippocalcin could
discriminate and respond to two distinct forms of intracellular
Ca?t mobilization (i.e., NMDAR- and mAChR-mediated). It is
clear, therefore, that NCS-1 and hippocalcin are central regulators
of receptor trafficking, pivotal in the expression of physiologi-
cal LTD. Here, these NCS proteins activate key LTD molecules to
induce both AMPAR and NMDAR internalization. Further work
is required, however, to fully characterize how the same Ca?™* sen-
sor can detect two distinct Ca?* mobilizations and induce distinct
receptor trafficking.

Ca’* DYSREGULATION AND NEURODEGENERATION: ARE
CALCIUM SENSORS THE KEY?
Dysregulation of Ca?*t is well documented in the “Ca’* theory
of neurodegenerative disease,” involving excitatory toxicity and
mitochondria-mediated apoptosis (Khachaturian, 1987; Schnei-
der etal., 2001). For example, changes in [Ca?t]; can induce
a concomitant change in mitochondrial Ca?t ([Ca?t]m), lead-
ing to an increase of reactive oxygen species (ROS) production
and the release of cytochrome ¢ (Jiang etal., 2001; Brus-
tovetsky etal., 2003). Released cytochrome ¢ binds apoptotic
protease activating factor 1 (Apaf-1) and triggers the caspase
cascade and cell death (Hengartner, 2000). Given the signif-
icance of disrupted Ca’* homeostasis to enhanced oxidative
stress and neuronal loss evident in neurodegenerative diseases,
here we discuss how Ca’* and Ca?* sensor-mediated recep-
tor trafficking may affect synaptic function during Alzheimer’s
disease (AD).

Large bodies of evidence support that amyloid-beta peptide
(AB) induces the dysregulation of Ca?t homeostasis and leads
to activation of pro-apoptotic signal cascades (Ekinci etal., 20005
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Smith etal., 2005; Lopez etal., 2008). Surprisingly however, a role
for Ca?T sensors in this pathogenesis has not yet been unam-
biguously demonstrated. AB-induced [Ca’*]; rises have been
shown to regulate calsenilin, a KChIP subfamily of NCS, and
its binding with the pro-apoptotic C-terminus of presenilin-2
(PS2; Buxbaum etal., 1998; Jo etal., 2005). The calsenilin—PS2
association leads to an increase in apoptosis and APP produc-
tion (Jo etal, 2005; Jang etal., 2011). Additionally, the Ca’*
sensor visinin-like protein (VILIP) has been shown to associate
with amyloid plaques and its expression enhances phosphory-
lation of tau, an additional hallmark of AD brains (Schnurra
etal., 2001). In contrast to this finding, however, expression of
VILIP-1 was reduced in AD brains compared with age-matched
brain samples (Braunewell etal., 2001). Together, such studies
currently paint a somewhat undefined picture as the exact role
of NCS in AD pathology. Nevertheless, these studies do indicate
that the aberrant regulation of Ca?* sensors could underlie the
development of AD, and this concept certainly warrants future
investigation.

Caspase has been implicated as a key LTD molecule in the hip-
pocampus and is involved in AB-mediated synaptic dysfunction
(Lietal., 2010; Jo etal., 2011). Recently, it has been revealed that
synaptic impairment caused by A is mediated by a caspase—Akt-
1-GSK3p signal cascade (termed the CAG cascade; Li etal., 2010;
Jo etal, 2011). Interestingly, AB induces aberrant synaptic plas-
ticity, leads to the inhibition of LTP but facilitation of LTD, and
causes AMPAR endocytosis (Kim etal., 2001; Walsh etal., 2002;
Hsieh et al., 2006; Shankar et al., 2007, 2008; Li et al., 2009). Thus,
it is perhaps not surprising that the AB-mediated activation of the
CAG cascade leads to the facilitation of LTD (Figure 1D). As we
have described in this review, NCS-1, hippocalcin, and PICK1 are
key molecules in the signaling underlying the induction of LTD
and AMPAR and NMDAR endocytosis (Hanley and Henley, 2005;
Citri etal., 2010; Jo etal., 2010). It would therefore be of great
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N-methyl-D-aspartate receptors (NMDARs) are glutamate-gated ion channels highly
permeable to calcium and essential to excitatory neurotransmission. The NMDARs have
attracted much attention because of their role in synaptic plasticity and excitotoxicity.
Evidence has recently accumulated that NMDARSs are negatively regulated by intracellular
calcium binding proteins. The calcium-dependent suppression of NMDAR function
serves as a feedback mechanism capable of regulating subsequent Ca2* entry into the
postsynaptic cell, and may offer an alternative approach to treating NMDAR-mediated
excitotoxic injury. This short review summarizes the recent progress made in
understanding the negative modulation of NMDAR function by DREAM/calsenilin/KChIP3,
a neuronal calcium sensor (NCS) protein.
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INTRODUCTION

Glutamate functions as the major excitatory neurotransmitter by
binding to N-methyl-D-aspartate receptors (NMDARs) that are
widespread in the central nervous system. The NMDARs consti-
tute a major class of ionotropic glutamate receptors and play an
essential role in synaptic transmission, plasticity, and memory.
Activation of NMDARSs results in cell membrane depolarization
with an equilibrium potential near 0 mV, producing the excita-
tory postsynaptic potential (EPSP) and leading to an increase
of Ca?* influx into the cell. The intracellular Ca** can in turn
function as a second messenger, mediating a variety of signaling
cascades. Excessive activation of NMDARs by glutamate medi-
ates neuronal damage in many neurological disorders including
ischemia and neurodegenerative diseases (Choi et al., 1988; Sattler
and Tymianski, 2001).

The NMDARs have long been considered the main target for
the treatment of excitotoxicity-related neuronal injury, and a vari-
ety of antagonists or blockers of NMDARs have been developed.
Unfortunately, the results of clinical trials have been disappoint-
ing because of the obvious side effects associated with blocking
the physiological roles of NMDARs (Chen and Lipton, 2006).
Therefore, a better understanding of the mechanism of how
NMDARs can be modulated by regulatory proteins should help in

the development of new therapeutic agents to counteract overac-
tive NMDA receptor function, and may represent an alternative to
treating NMDAR-mediated excitotoxic injury. This short review
focuses on the specific negative modulation of NMDARs by
a neuronal calcium sensor (NCS) protein, DREAM/calsenilin/
KChIP3.

STRUCTURAL AND FUNCTIONAL FEATURES OF NMDA
RECEPTOR CHANNELS

NMDARSs are believed to be heterotetrameric complexes com-
posed of combinations of the obligatory NR1 subunit and NR2
and/or NR3 subunits (Chazot and Stephenson, 1997; Laube et al.,
1998; Schorge and Colquhoun, 2003; Furukawa et al., 2005).
The NR1 subunit is encoded by a single gene but exists as eight
functional splice variants, while the NR2 (NR2A-B) and NR3
(NR3A-B) subunits are encoded by four and two different genes,
respectively. The NMDAR subunits form a central ion conduc-
tance pathway selective for cations such as Na*, K*, and Ca?",
and share a common membrane topology, with each subunit con-
sisting of four transmembrane (TM) domains (M1-M4). The
long extracellular N-terminal regions of NMDAR subunits are
organized as a tandem of two domains. The first domain, called
the N-terminal domain (NTD) that includes the first 380 amino
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acids, is involved in tetrameric assembly (Mayer, 2006; Paoletti
and Neyton, 2007; Stroebel et al., 2011). The second domain of
about 300 amino acids is known as the agonist-binding domain
(ABD) that precedes the TM1 domain. The ABD binds glycine
(or D-serine) in the NR1 and NR3 subunits, whereas the NR2
ABD binds glutamate (Furukawa et al., 2005; Yao and Mayer,
2006). The pore loop (P loop), or the M2 region, forms the
narrowest constriction of the channel ion conductance path-
way and determines the permeation properties of NMDARs.
The NMDARSs feature an intracellular C-terminal tail of about
400-600 residues that has a strong diversity in its amino acid
sequence. The C-terminal tails of NMDAR subunits contain a
series of short motifs that interact with intracellular factors or
binding partners involved in receptor trafficking, anchoring and
signaling (Skeberdis et al., 2006; Ryan et al., 2008; Lau et al., 2010).

Activation of NMDARs requires a simultaneous binding of
two co-agonists, glutamate, and glycine with different biophysi-
cal properties of ion permeation. The typical NMDARs contain
NR2 subunits with properties of high permeability to Ca’* and
extracellular Mg?* block at hyperpolarized membrane potentials
(Wrighton et al., 2008; Singh et al., 2012). Different from con-
ventional NR1/NR2 heterotetramers, NR3-containing NMDARs
have unique properties with a five to tenfold decrease of Ca’**
permeability, insensitivity to Mg block, and reduced single-
channel conductance and open probability, functioning as a neg-
ative modulator for NMDA receptor channel function (Das et al.,
1998; Sasaki et al., 2002; Nakanishi et al., 2009; Cavara et al., 2010;
Henson et al., 2010).

MODULATION OF NMDAR FUNCTION BY INTRACELLULAR
BINDING PARTNERS

NMDA receptorsarealsoregulatedbyotherintracellularsignalsand
proteins, including calcium, protein kinases, protein phosphatase
calcineurin, and calcium-sensitive proteins such as calmodulin
(Legendre et al., 1993; Vyklicky, 1993; Lieberman and Mody, 1994;
Tong et al., 1995; Ehlers et al., 1996). Calcium-dependent NMDA
receptor desensitization and inactivation provides a feedback

mechanism capable of regulating subsequent Ca>* entry into
the postsynaptic cell through NMDA channels (Figure 1).

So far, a number of NR1 or NR2subunit binding partners
have been identified in the postsynaptic density. The NR1 bind-
ing proteins include calmodulin (CaM) (Ehlers et al., 1996;
Akyol et al., 2004), Ca**/CaM-dependent protein kinase II
(CaMKII) (Leonard et al., 2002), a-actinin (Wyszynski et al.,
1997; Merrill et al., 2007), tubulin (van Rossum et al., 1999),
spectrin (Wechsler and Teichberg, 1998), neurofilament (Ehlers
et al., 1998), and Yotiao (Lin et al., 1998). Calmodulin bind-
ing to the NR1subunit is Ca>" dependent and occurs with
homomeric NR1 complexes, heteromeric NR1/NR2 subunit
complexes from expression systems, and NMDA receptors from
the brain. Calmodulin binding to NR1 causes a fourfold reduc-
tion in NMDA channel open probability, mediating the negative
modulation of NMDAR function (Ehlers et al., 1998).

DREAM/calsenilin/KChIP3, A NEURONAL CALCIUM

SENSOR AND CALCIUM BINDING EF-HAND PROTEIN
DREAM/calsenilin/KChIP3 is encoded by the same gene locus.
The downstream regulatory element antagonist modulator
(DREAM) protein, first identified in the nucleus as a Cat-
regulated transcriptional repressor through its binding to DNA
at specific regulatory elements, contains four Ca**-binding EF-
hand domains and belongs to the NCS family (Carrion et al.,
1999; Burgoyne, 2007). DREAM was named for its ability to block
gene expression in its Ca’*-free form via direct binding with
the downstream regulatory element (DRE) sequence in target
genes such as preprodynorphin (PPD), c-fos, Hrk, Na*t, and Ca®*
exchanger NCX3 (Carrion et al., 1999; Sanz et al., 2001; Gomez-
Villafuertes et al., 2005). DREAM was also named calsenilin or Kv
channel interacting protein 3 (KChIP3) (Buxbaum et al., 1998;
An et al.,, 2000), indicating that DREAM/calsenilin/KChIP3 has
multifunctional properties. In the nucleus the DREAM protein
functions as a dimer, whereas outside the nucleus KChIP3 is a
monomer and regulates the surface expression and gating kinet-
ics of Kv4 channels (An et al, 2000; Kim and Sheng, 2004;
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FIGURE 1 | Schematic representation for inhibitory effect of
DREAM/calsenilin/KChIP3 on NMDARs in a Ca?*-sensitive manner.
Upon activation of NMDARSs by glutamate binding, Ca* influx through
NMDARs increases the association between DREAM and NR1 subunits,

glutamate release
and depolarization

reduced surface expression

DREAM C_OCaM

Clcam

g *
/ PSD95

excitotoxicity

resulting in reduced surface expression of NMDARs, and subsequent
inhibition of NMDARs-mediated CaZ* influx and excitotoxicity. DREAM
functions as a Ca?*-sensitive modulator for the negative feedback control of
NMDAR function.
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Scannevin et al., 2004; Pioletti et al., 2006; Wang et al., 2007;
Wang, 2008).

DREAM/calsenilin/KChIP3 is preferentially expressed in the
central nervous system, as well as in non-neuronal tis-
sues (Link et al, 2004; D’Andrea et al, 2005; Savignac
et al., 2005). DREAM/calsenilin/KChIP3 knock-out mice dis-
play a hypoalgesic phenotype, suggesting a critical role of
DREAM/calsenilin/KChIP3 in pain modulation (Cheng et al,
2002). In addition, emerging evidence reveals the role of
DREAM/calsenilin/KChIP3 in long-term potentiation (LTP)
(Lillichook et al., 2003) and learning and memory (Alexander
et al., 2009; Fontan-Lozano et al., 2009), suggesting a possible
connection between DREAM and NMDA function.

KChIP1-3 were initially identified from a rat brain library
in yeast two-hybrid (YTH) screens using the cytoplasmic
N-terminal domain (amino acids 1-180) of rat Kv4.3 as a bait
(An et al,, 2000). Similarly, KChIP4 from mouse and human
was accidentally cloned using the C-terminal 43 amino acid
residues of presenilin 2 (PS2, amino acids 406—448) as a bait in
the YTH system (Morohashi et al., 2002). KChIP4, also known
as calsenilin-like protein (CALP), binds to PS2 which is known
to facilitate intramembranous y-cleavage of y-amyloid protein
precursor (BAPP) (Morohashi et al., 2002).

KChIP1-4 (216 ~ 256 amino acids) can co-immuno-
precipitate and co-localize with either Kv4 from co-transfected
cells or Kv4 a-subunits from tissues, and thus constitute integral
components of native Kv4 channel complexes (Wang, 2008).
KChIP1—4 all share a conserved carboxy-terminal core region that
contains four EF-hand-like calcium binding motifs, but have a
variable amino-terminal region that causes diverse modulation of
Kv4 trafficking and channel function (An et al., 2000; Holmqvist
et al., 2002; Scannevin et al., 2004; Cui et al., 2008; Liang et al.,
2009, 2010).

FUNCTIONAL INTERACTIONS BETWEEN DREAM AND

NMDA RECEPTORS

We and others have investigated mechanisms underlying the
functional interactions between DREAM and NMDARSs. Findings
from co-immunoprecipitation experiments show that DREAM
antibody can immunoprecipitate endogenous NR1 subunit and
DREAM protein from rat hippocampal tissue (Zhang et al,
2010). In the reciprocal co-IP studies in HEK 293 cells express-
ing DREAM and NR1-1a (NR1a) proteins, NR1 antibody can also
immunoprecipitatet DREAM along with the NR1 subunit. GST
pull-down assays reveal that the N-terminus of DREAM directly
interacts with the NR1a C-terminus, and that the DREAM-NR1
interaction is sensitive to Ca’" and depends on the EF hand
domains of DREAM (Zhang et al., 2010).

PSD-95 is a major scaffolding protein in the postsynaptic
density, tethering NMDARs to signaling proteins, and is criti-
cal for NMDA receptor function (Kim and Sheng, 2004). Wu
et al. generated a line of transgenic mice (TgDREAM) over-
expressing a dominant active DREAM mutant, and compared
NMDA receptor-mediated EPSCs in TgDREAM and wild-type
mice under conditions of various stimulation intensities (Wu
et al., 2010). They found that the amplitude of NMDA receptor-
mediated EPSCs in TgDREAM mice is significantly reduced

compared to that in wild-type mice (Wu et al., 2010). In addi-
tion, LTD is significantly reduced in TgDREAM mice whereas LTP
is not affected by DREAM, demonstrating that DREAM inter-
acts with PSD-95, and that the interaction is negatively regulated
by calcium (Wu et al,, 2010). In Xenopus oocytes expressing
NR2B-containing NMDARs alone or together with DREAM,
two-electrode voltage clamp recordings show that, in the absence
of DREAM, the peak currents of NMDA channels activated by
glutamate (plus glycine) are suppressed by DREAM, and the cur-
rent decrease is caused by a reduction in the density of NMDARs
at the cell surface (Figure 1; Zhang et al., 2010).

Fontan-Lozano et al. recently provided another piece of evi-
dence that DREAM negatively regulates the function of NMDA
receptors (Fontan-Lozano et al., 2011). By taking advantage of
mice lacking the DREAM protein, they demonstrated that the
facilitated learning induced by decreased expression of Kv4.2
in dream™/~ mice requires the activation of NMDA recep-
tors containing the NR2B subunit (Fontan-Lozano et al., 2011).
This study not only indicates the significance of the bal-
ance between Kv4 channel function and NMDAR activity, but
also suggests the formation of a functional complex between
DREAM/Kv4.2/NMDARs that regulates the synaptic efficacy
mediating synaptic plasticity and learning.

NEUROPROTECTIVE EFFECT OF DREAM/calsenilin/KChIP3
OVER-EXPRESSION ON NEURONAL EXCITOTOXIC INJURY
Excitotoxicity is caused by overactivation of NMDA receptor
function, and inhibition of NMDARs can reverse the neu-
ronal toxicity. The data available so far support both the pro-
apoptotic and anti-apoptotic roles of DREAM. In general, the
pro-apoptotic role of DREAM closely correlates with its interac-
tion with presenilins, the production of amyloid beta (AB) and
the modulation in Ca’* signaling, whereas the anti-apoptotic
role of DREAM is conferred by its transcriptional repressor activ-
ity on the apoptotic protein Hrk. Jo et al. reported that HeLa
cells transiently transfected with DREAM exhibit the morpho-
logical and biochemical features of apoptosis and that expression
of presenilin potentiates DREAM-induced apoptosis (Jo et al.,
2001). Jo et al. also reported that DREAM expression increases
in either human neuroblastoma SK-N-BE2(c) cells or rat neu-
roblastoma B103 cells after exposure to Af, but no other apop-
totic inducers such as staurosporine, thapsigargin, and calcium
ionophore A23187. The pro-apoptotic role of DREAM is selec-
tively induced during Ab toxicity. Because of the involvement
of presenilins/y-secretase in AP formation and neuronal death,
DREAM coordinates with presenilin activity to play a crucial role
in these processes through binding with the C-terminus of pre-
senilins (Jo et al., 2003, 2004). Lilliechook et al. stably expressed
DREAM in H4 neuroglioma cells which showed no initiation of
apoptosis in the absence of apoptosis triggers, and the apoptosis-
associated caspase and calpain activities were not affected by
DREAM (Lillichook et al., 2002). On the other hand, binding
of the transcriptional repressor DREAM to the hrk gene avoids
inappropriate Hrk expression and apoptosis in hematopoietic
progenitor cell lines (Sanz et al., 2001, 2002). Nevertheless, the
precise function of DREAM in pro-apoptosis and anti-apoptosis
remains to be explored.
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From our previous observations, we noticed that cell viabil-
ity is affected by the amount of exogenous DREAM gene and
the method of transfection. However, we could not observe
any obvious morphological changes associated with cell death
after the transfection of DREAM. To prove the cytoprotective
role of DREAM, we utilized cell lines and primary cultured
hippocampal neurons with DREAM overexpression or siRNA-
mediated knockdown, and evaluated lactate dehydrogenase
(LDH) leakage and propidium iodide (PI) uptake both in
NMDA and oxygen-glucose deprivation (OGD) -induced exci-
totoxic injury models (Zhang et al., 2010). Administration
of NMDA markedly increases the number of PI-positive cells
(dead cells) in NMDAR-transfected CHO cells, whereas co-
expression of DREAM greatly reduces PI-positive cells (Zhang
et al, 2010). LDH leakage measurement is a sensitive index
reflecting the extent of cell damage. Over-expression of DREAM
suppresses the NMDA-induced LDH release. OGD is com-
monly used in vitro to mimic ischemia-reperfusion insult to
the brain, and OGD treatment induces a significant increase
of LDH release (Dawson et al., 1994). With over-expression of
DREAM, however, OGD treatment induces a smaller increase
in LDH release. These results indicate that the over-expression
of DREAM attenuates NMDAR-mediated excitotoxicity
(Zhang et al., 2010).

We have previously tested the effect of DREAM siRNA on
NMDA-induced current and excitotoxic injury in hippocampal

neurons (Zhang et al, 2010). Knockdown of endogenous
DREAM with siRNA results in an increased amplitude of NMDA
current recorded by whole-cell patch-clamp assays. DREAM
siRNA also significantly exacerbates NMDA-induced cell death in
hippocampal neurons. After NMDA exposure, PI-positive cells in
the DREAM siRNA group increase compared with control siRNA,
indicating the inhibitory effect of DREAM on NMDAR-mediated
current and excitotoxic injury (Zhang et al., 2010).

CONCLUSIONS

The NCS protein DREAM/calsenilin/KChIP3 acts as an auxiliary
subunit and suppresses NMDA receptor channel function. This
negative modulation of NMDA receptor function by DREAM
likely provides a feedback mechanism by which overactive NMDA
receptors are inhibited. Therefore, targeting regulatory pro-
teins of NMDARs may represent an alternative approach to
treating NMDAR-mediated excitotoxic damage and providing
neuroprotection.
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Dendritic spines are believed to be micro-compartments of Ca2* regulation. In a recent
study, it was suggested that the ubiquitous and evolutionarily conserved Ca2* sensor,
calmodulin (CaM), is the first to intercept Ca?t entering the spine and might be
responsible for the fast decay of Ca?t transients in spines. Neuronal calcium sensor
(NCS) and neuronal calcium-binding protein (nCaBP) families consist of Ca* sensors with
largely unknown synaptic functions despite an increasing number of interaction partners.
Particularly how these sensors operate in spines in the presence of CaM has not been
discussed in detail before. The limited Ca?t resources and the existence of common
targets create a highly competitive environment where Ca?* sensors compete with each
other for Ca2* and target binding. In this review, we take a simple numerical approach to
put forth possible scenarios and their impact on signaling via Ca2* sensors of the NCS
and nCaBP families. We also discuss the ways in which spine geometry and properties
of ion channels, their kinetics and distribution, alter the spatio-temporal aspects of Ca2*
transients in dendritic spines, whose interplay with Ca?* sensors in turn influences the
race for Ca?t.

Keywords: Ca2t, neuronal calcium signaling, neuronal calcium sensor, calcium-binding protein, dendritic spine,

binding affinity, calcium dynamics, protein-protein interaction

INTRODUCTION

In the human brain, spinous synapses on pyramidal neurons
are the most abundant synapse type in the cerebrum and Ca?*
signaling in spines has been extensively studied. A largely over-
looked area of neuronal Ca?* signaling, though, is the functional
role of EF-hand Ca®*-binding proteins of the calmodulin (CaM)
superfamily in dendritic spines. Traditionally, these proteins have
been assigned to the neuronal calcium sensor (NCS) and neu-
ronal calcium-binding protein (nCaBP) families, all of which are
evolutionarily related to the ancestral CaM (Figure 1). Being par-
ticularly abundant in brain and retina, members of the NCS and
nCaBP family have been implicated in a plethora of different cel-
lular events (see Burgoyne, 2007; and Mikhaylova et al., 2011),
although their exact synaptic function is largely unknown.

EVOLUTION OF NCS AND nCaBP FAMILIES OF PROTEINS

The NCS family of Ca?* sensors (Figure 1) has been named after
a group of proteins initially thought to be specifically expressed in
neurons (De Castro et al., 1995). This group originated from the
ancestral frequenin/NCS-1 and has diversified during evolution.
Several reviews cover the topics of evolution and function of the
NCS family of proteins (Burgoyne, 2007; Mikhaylova et al., 2011).
Briefly, on the basis of sequence analysis, these proteins have been
grouped into five classes, labeled in the order of their appear-
ance during evolution (Burgoyne and Weiss, 2001; Burgoyne,
2007). Class A consists of NCS-1 or frequenin which appeared
first in yeast. Visinin-like proteins or VILIPs evolved first in
Caenorhabditis elegans and constitute the class B. With the evo-
lution of the vertebrate eye, two new classes—C and D arose

which comprise recoverin and guanylate cyclase activating pro-
teins (GCAPs). Class E includes the voltage-gated K™ channel
(K,) interacting proteins or KChIPs and appeared first in insects.
The mammalian genome encodes a single NCS-1, five VILIPS
(hippocalcin, neurocalcin-3, VILIPs1-3), a single recoverin, three
GCAPs (GCAP1-3) and four KChIPs (KChIP 1-4) which exist in
multiple isoforms. The various proteins of the NCS family show
roughly <20% sequence identity with CaM. They possess four
EF-hands out of which only two or three are capable of binding
Ca”*. All of the members except KChIP2 and KChIP3 show an
N-terminal myristoylation consensus sequence (Figure1). This
post-translational modification is important for their membrane
localization. The Ca?* binding is generally cooperative in most of
the members and they show a much higher affinity for Ca>* com-
pared to CaM, while many of them also bind Mg?* (Mikhaylova
etal., 2011).

The nCaBP family of proteins (Seidenbecher et al., 1998;
Haeseleer et al., 2000; Wu et al., 2001; Laube et al., 2002;
Mikhaylova et al., 2006, 2009, 2011; McCue et al., 2010a,b) com-
prising caldendrin/CaBPs 1-5 and calneurons-1 and -2 arose
much later during evolution and are found only in vertebrates
(Figure 1). With respect to their EF-hands, they show a greater
similarity to CaM than the NCS-1 family. It is, therefore, believed
that the nCaBP family has evolved directly from the ancestral
CaM (Seidenbecher et al., 1998; Haeseleer et al., 2000; Wu et al.,
2001; Mikhaylova et al., 2006, 2011; McCue et al., 2010a). Like
the NCS family, the nCaBPs too possess cryptic EF-hands and
a few members are also N-myristoylated (CaBPs 1 and 2). A
common distinctive feature is the presence of four extra amino
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acids in the linker region between the two EF-hand pairs in
Caldendrin/CaBPs (Haeseleer et al., 2000). Besides this common
feature, the family members show diversity in the N-terminal
region, which, in case of caldendrin, CaBP1 and CaBP2, is
due to alternate splicing (Haeseleer et al., 2000; Laube et al.,
2002; Mikhaylova et al., 2011). Calneurons (also called CaBP7
and 8) are a subfamily that has evolved independently from
caldendrin/CaBPs with a different EF-hand organization, much
higher Ca’*-binding affinities and a carboxy-terminal trans-
membrane domain (Wu et al., 2001; Mikhaylova et al., 2006,
2009; McCue et al., 2009, 2011; Hradsky et al., 2011). They have
been assigned to the nCaBP family largely based on sequence
similarity (Mikhaylova et al., 2006, 2011; McCue et al., 2010a).

THE RACE FOR Ca?+: NCS AND nCaBPs IN DENDRITIC
SPINES

Dendritic spines are considered as microcompartments of Ca>*+
signaling (Yuste and Denk, 1995; Yuste et al., 2000; Sabatini
et al., 2001) with faster Ca>* decay kinetics than their parent
dendrites (Cornelisse et al., 2007). “Fast” Ca2t buffers such as
calbindin D28K are thought to be important for this increased
rate of decay of Ca’*-transients in spines immediately after
the closing of Ca?t channels (Keller et al.,, 2008). It has also
been assumed that these fast buffers are the first to intercept
Ca?T entering the spine. In a landmark study by Faas et al.
(2011), it was found utilizing 1-(2-Nitro-4,5-dimethoxyphenyl)-
N,N,N’,N’-tetrakis[ (oxycarbonyl)methyl]-1,2 ethanediamine
(DM-nitrophen)-Ca?* uncaging experiments, that CaM binds
Ca?* at a faster rate than previously thought and the Ca®*-
association to the N-terminal lobe turned out to be even faster
than those of calbindin. Notably, calbindin D28K is absent in
CA3 pyramidal cells and is expressed only at very low levels in a
sub-population of CA1 pyramidal cells (Sloviter, 1989; Czarnecki
et al.,, 2005; Jinno and Kosaka, 2010). Other important Ca?t
buffers, like parvalbumin and calretinin are also not expressed in

CA1 and CA3 pyramidal neurons of the hippocampus (Sloviter,
1989; Baimbridge et al, 1992; Résibois and Rogers, 1992;
Czarnecki et al., 2005). Thus, CaM, with its fast Ca**-binding
ability, high abundance, and ubiquitous expression, is most
likely the principal buffer in these neurons (also discussed in
Kubota et al., 2008). Its Ca’*-dependent targets are numerous
and regulate diverse cellular events, making it a very important
Ca”*t sensor as well. An important question thus arises—how
do other NCS and nCaBP proteins function in the presence of
CaM? With respect to the abundance and fast association rate of
CaM and the steep and short Ca>* transients in spines, would
other sensors have a chance at all to compete for Ca®* binding?
In many cases, CaM and NCS/nCaBP proteins associate with
the same target with different functional outcomes (Figure 2).
However, it is still essentially unclear how they can compete with
CaM and with each other for target interactions particularly
in dendritic spines. In this opinion type review, we focus on
these questions and provide some numerical reasoning which
might be useful for future experiments. Keeping non-specialist
readers in mind, we approach these questions in a step-wise
manner and although some of the initial assumptions present
an over-simplified view of this very complex and dynamic
system, we hope that this approach will help to better appre-
ciate the complexity of neuronal Ca?* signaling and the race
for Ca®*.

ABUNDANCE AND AFFINITIES OF Ca2+ SENSORS

Table 1A provides an estimate of the abundance and Ca’*-
binding affinity of five important EF-hand Ca’>* sensors found in
dendritic spines of hippocampal pyramidal neurons. The precise
protein concentrations of these sensors in neuronal subcompart-
ments such as the synapse are unknown. A detailed discussion on
the concentration of CaM in spines is available in Faas et al., 2011.
For most brain regions including cerebral cortex, hippocam-
pus, caudate nucleus, striatum, and amygdala, an average CaM
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FIGURE 2 | The NCS/nCaBP interactome. Some of the known targets of
the NCS and nCaBP family members in the spine are shown. Specific
interaction partners are color-coded according to the color of the sensor.
Common interaction partners are shown in yellow. “4" and “—" indicate
Ca?* -dependence and -independence of an interaction, respectively. AP2:
Clathrin adaptor protein 2 [Haynes et al. (2006)]; Calcineurin [Schaad et al.
(1996); Xia and Storm (2005)]; Cav1.2: Voltage-gated (l-type) Ca2t channel
[Zhou et al. (2004), (2005); Tippens and Lee (2007); Dick et al. (2008)];
Cav2.1: Voltage-gated (P/Q-type) CaZ* channel [Lee et al. (2000), (2006);
Few et al. (2005)]; CavTtype: Voltage-gated (T-type) Ca* channel [Anderson
et al. (2010)]; CDD: Caldendrin; D2R: Dopamine D2 receptor [Bofill-Cardona
et al. (2000); Kabbani et al. (2002); Woll et al. (2011)]; GRK2: G
protein-coupled receptor kinase 2 [Kabbani et al. (2002); Ruiz-Gomez et al.
(2007)]; HCa: Hippocalcin; ILTRAPL: Interleukin like-1 receptor accessory
protein-like protein [Bahi et al. (2003)]; IP3R: Inositol 1,4,5-Trisphosphate
Receptor [Hirota et al. (1999); Yang et al. (2002); Schlecker et al. (2006)];
Jacob [Dieterich et al. (2008)]; Kv4.2: Voltage-gated potassium channel 4.2
[An et al. (2000); Nakamura et al. (2001)]; Kv4.3: Voltage-gated potassium
channel 4.3 [An et al. (2000)]; MAP1/LC3: microtubule-associated protein
1A/1B light chain 3 [Seidenbecher et al. (2004)]; MLK2: Mixed-Lineage
Kinase 2 [Nagata et al. (1998)]; NAIP: Neuronal apoptosis inhibitory protein
[Mercer et al. (2000); Lindholm et al. (2002)]; NMDR1: NMDA Receptor
NR1 subunit [Zhang et al. (2010)]; PDE: cyclic nucleotide phosphodiesterase
[Schaad et al. (1996); Haynes et al. (2006)]; PICK1: Protein Interacting with
C-Kinase 1 [Jo et al. (2008)]; Presenilin [Buxbaum et al. (1998)]; PSD-95:
postsynaptic density-95 protein [Jo et al. (2010); Wu et al. (2010)]; TRPC5:
Transient receptor potential channel 5 [Kinoshita-Kawada et al. (2005);
Ordaz et al. (2005); Hui et al. (2006)]; V-ATPase: Vacuolar Type
H+-Adenosine b-Triphosphatase [Haynes et al. (2006)]. The figure was
created with the help of Cytoscape 2.8 [Cline et al. (2007)].

concentration of about 100 wM has been reported (Vargas and
Guidotti, 1980; Kakiuchi et al., 1982; Klee and Vanaman, 1982;
Kitajima et al., 1983; Sano and Kitajima, 1983; Teolato et al., 1983;
Biber et al., 1984). The values reported for the hippocampus range
from 74 to 156 uM (Kakiuchi et al., 1982; Klee and Vanaman,
1982; Biber et al., 1984). With the exception of hippocalcin, which
is very abundant in hippocampus (Table 1), other sensors will
most likely be expressed at much lower levels with an average
cellular concentration that is estimated to range between 1 and
10 M (Furuta et al.,, 1999; Burgoyne, 2007; Mikhaylova et al.,
2011).

Following excessive synaptic activity, the induction of back-
propagating dendritic action potentials (bAPs) may result in Ca®*
levels up to 50 .M within a dendritic spine (Faas et al., 2011). As a
starting point, we therefore, considered a hypothetical situation in
which Ca?* sensors equilibrate with the 50 LM Ca?* that enters
the spine. This assumption is most likely not valid for all sensors
as Ca’* transients occurring during a single action potential are
very brief and favor fast buffers (Markram et al., 1998). The actual
time required for equilibration depends on the association and
dissociation rates of Ca®t binding (Markram et al., 1998) and
this has to be correlated with the rate of Ca?* influx. We dis-
cuss this aspect in detail in a later section. Thus, an equilibrium
will possibly even not be reached during slower transients and
high frequency dendritic spiking. In addition, since the structural
unit that binds Ca" is a single EF-hand motif, we have initially
treated the spine as a bag full of many EF-hands with different
affinities for Ca?*, corresponding to the global affinity of the par-
ent protein. This is also not a realistic assumption as EF-hand
motifs pair up to form EF-hand domains and these domains, even
within a single protein, show distinct affinities, binding and disso-
ciation rates as well as cooperativity in Ca?*-binding (Grabarek,
2006; Gifford et al., 2007). Based on these simplistic assumptions,
we calculated the parameters, Ej, which is the concentration of
Ca**-bound EF hands of a particular protein, and Py, the maxi-
mum concentration of that protein that can possibly get saturated
with Ca®*. These calculations were done for each protein sepa-
rately and independent of the others. We have also calculated the
buffer capacities (g, Neher and Augustine, 1992) of these pro-
teins at resting [Ca?*] of 100nM in order to give a general idea
about the steady state distribution of their Ca?*-bound forms
during smaller Ca?>* transients. The Ca** buffer capacity of a
spine, which is a function of the cumulative buffer capacities of its
Ca’*-binding proteins, determines the peak amplitude and the
decay rate of its Ca?T transients. The kinetic profile of a Ca’*
transient in the spine with a higher buffer capacity has a smaller
peak amplitude and a lower decay rate than the spine with lower
buffer capacity. Based on the calculations in Table 1A, we ranked
the sensors in different categories, shown in Table 1B. Since this
review focuses mainly on the rising phase of Ca’* transients, we
have skipped the category of buffer capacity in Table 1B.

Dendritic spine heads of hippocampal pyramidal neurons have
an average diameter of 0.5 um and a volume of 0.062 fL (Harris
and Stevens, 1989), and contain Ca?* buffers at 210 uM con-
centration (Cornelisse et al., 2007). If [Ca®t] increases up to
50 LM in the spine, this means that ~2000 Ca’* ions enter the
spine at which point, >6000 Ca?>* binding protein molecules,
roughly accounting for >20,000 EF hands, out of which ~4000
belong to CaM alone, must compete with each other to bind
Ca?t. Under the category of total abundance (P;) in Table 1B,
CaM appears to be a clear winner in the race for Ca’* by a
very large margin, followed by hippocalcin. However, owing to
its much greater affinity to Ca?*, the concentration of Ca’*-
saturated hippocalcin exceeds that of Ca?T-saturated CaM (given
as parameter Py ). Provided Ca?t saturation is essential for the
activation of a sensor, in the competition for binding a low abun-
dant Ca’>*-dependent target having the same affinity for all the
sensors, hippocalcin would out-compete CaM. Other sensors,
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Table 1A | Concentration, affinity, and other parameters of selected neuronal Ca?t sensors and CaM.

Protein Pe(pM) N Kaca (WM)  E¢ (M) Ep (WM)  Psat (WM) kg at 100nM Ca?+  References

Hippocalcin ~ 35.6 3 0.324 106.8 49.72 16.57 192.48 Furuta et al., 1999; O'Callaghan et al., 2003.
NCS-1 10* 3 0.440% 30 29.37 9.79 4527 Aravind et al., 2008

DREAM 10* 25 ~1 20 19.37 9.68 16.563 Osawa et al., 2005

Caldendrin 10* 2%a  7wd 20 16.54 8.27 2.78 Wingard et al., 2005

CaM 100 4 5.85° 400 49.18 12.29 66.10 Faas et al., 2011

# Estimated approximate cellular levels; ® Value published for the isoform, S-CaBP1; P, Total protein concentration; N, Snumber of functional EF hands. Those that

bind Mg?* constitutively have been excluded (e.g., DREAM, Caldendrin); Kyca, ® Global dissociation constant, which is the geometric mean of dissociation constants

of individual sites of Ca?* binding. In case of NCS-1 and Caldendrin, the dissociation constant of Mg?*-bound protein/isoform is shown. In case of CaM, the

geometric mean of the global dissociation constants (geometric mean of the T- and R- forms of an individual EF- hand domain) of the N- and C- terminal EF- hand
domains [Faas et al. (2011)] is shown. E;, Concentration of functional EF-hands = P{N; E,, Concentration of Ca?*-bound EF-hands obtained by solving the equation,
Ep(Ky + Car + Et — Ep) — (E¢ x Cay) = 0, where Ca; = total Ca?+ concentration = 50 uM. Psa:, maximum concentration of Ca®*-saturated Protein = Eu/N; kg Buffer
capacity = Ka[E¢1/(1+ [Ca?t1Kz)2, where K, = 1/Kycs [Neher and Augustine (1992)].

Table 1B | Ranking of various CaZ* sensors under different categories (Absolute values calculated in Table 1A are shown in brackets).

Rank P¢ (WM) E; (LM) Kgca (tM) in decreasing order Ep (M) Psat (WM)
1 CaM (100) CaM (400) Hippocalcin (0.324) Hippocalcin (49.72) Hippocalcin (16.57)
Hippocalcin (35.6) Hippocalcin (106.8) NCS-1 (0.44) CaM (49.18) CaM (12.29)
NCS-1, Caldendrin and NCS-1 (30) DREAM (1) NCS-1 (29.375) NCS-1 (9.79)
DREAM (10)
Caldendrin and DREAM (20) CaM (5.85) DREAM (19.37) DREAM (9.68)
Caldendrin (7) Caldendrin (16.54) Caldendrin (8.27)

which include NCS-1, DREAM, and caldendrin with a low Pgy
value, would have a much lesser chance to interact with this target
under these conditions.

As stated earlier, the validity of the equilibrium assumption
made above depends on the Ca** binding kinetics of the Ca’**
sensors (or their EF-hands) and the Ca®* influx rate. Differences
in the binding kinetics of Ca®* sensors could result in a non-
equilibrium concentration distribution of Ca?*-bound proteins
leading to Pgy values different from those in Table 1A. Obtaining
this non-equilibrium concentration distribution necessitates a
thorough understanding of the kinetics of all these sensors.
Unfortunately, the kinetic data for most of these sensors is not
available in the literature.

ENRICHMENT AND SEQUESTRATION OF Ca?+ SENSORS

While CaM is soluble and probably uniformly distributed in
the cytosol (but see below), most NCS and nCaBP proteins
are enriched in specific sub-cellular compartments, such as
plasma membrane, golgi, endoplasmic reticulum (ER), and post-
synaptic density (PSD; an electron-dense region with post-
synaptic membrane thickening and enriched with cytoskeletal
elements, scaffolding proteins and neurotransmitter receptors).
The mechanism for membrane attachment is largely based on
an N-terminal myristoyl group that provides a lipid anchor
that interacts with certain phospholipids unique to the mem-
branes of the organelle (O’Callaghan et al., 2005; Mikhaylova
et al., 2011). While in case of hippocalcin, this myristoyl

group is buried in the apo protein and gets exposed in a
Ca?*-dependent manner—the so called Ca?>*-myristoyl switch-,
the myristoyl group in NCS-1 is probably constitutively exposed
and membrane-bound. Caldendrin gets enriched at the PSD by a
yet unknown mechanism (Seidenbecher et al., 1998; Laube et al.,
2002).

The protein concentration (P;) stated in Table 1A estimates
the global concentration of the proteins in neurons. Could accu-
mulation at a specific organelle be effective enough to increase
the concentration of these proteins to levels greater than CaM? In
general, a diffusible Ca%™ sensor with at least two canonical EF-
hands and at a global concentration of 10 WM (which is thought
to be roughly the expression level of major EF-hand Ca* sensors
other than CaM in brain), would have to get enriched at synapses
by at least a factor of 20 in order to match the abundance of CaM.
Is this degree of accumulation achievable? The PSD has a thick-
ness of ~40 nm (Takashima et al., 2011) and an area of 0.08 tm?
(Arellano et al., 2007). The average volume of the PSD and the
postsynaptic membrane is therefore ~0.003 m?, which is ~20
times lesser than the spine head volume. Caldendrin, which gets
enriched at the PSD in an activity-dependent manner (Smalla
et al., 2003) probably meets this criterion in the PSD but not in
the entire spine. Hippocalcin, which is already more abundant in
the hippocampus than other EF-hand sensors, can get concen-
trated by dozens of times upon translocation to the membrane
and as a consequence might even surpass the abundance of CaM
at synaptic membranes (Dovgan et al., 2010).
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In parallel to the above enrichment, sequestration of CaM
might be another way to increase the relative abundance of NCS
and nCaBPs as compared to CaM. RC3/neurogranin is a protein
belonging to the IQ-motif family of CaM binding proteins with
an estimated abundance of ~60 WM (Huang et al., 2004) in den-
dritic spines of CAl pyramidal neurons. It preferentially binds
to apo-CaM with a high affinity and, therefore, sequesters it at
low [Ca?*] (Gerendasy et al., 1994) and upon binding it reduces
the affinity of CaM for Ca>t (Gaertner et al., 2004). The affinity
of RC3 and CaM binding reduces significantly at higher [Ca’*]
and gets completely abolished upon phosphorylation of RC3 by
protein kinase C (Gerendasy et al., 1994). Due to these proper-
ties, the interaction between RC3 and CaM at low resting [Ca2t]
has important implications on the availability of free CaM for
Ca’* dependent as well as independent targets (Gerendasy et al.,
1994). Ca**/calmodulin-dependent protein kinase II (CaMKII)
is one of the most abundant proteins in the PSD that might sim-
ilarly sequester CaM. The concentration of its subunits ranges
from 100 to 200 uM (Lisman and Zhabotinsky, 2001). It has been
shown that autophosphorylation of CaMKII causes a 100-fold
reduction in dissociation rate of CaM due to which CaM stays
bound to phosphorylated CaMKII long after [Ca?*] returns to
basal levels (Meyer et al., 1992). Since NCS and nCaBPS have
not been reported to associate with CaMKII, it will be inter-
esting to experimentally test if chelation of CaM by CaMKII
could create open slots for target interactions of other Ca’*
SEnsors.

CaZ+-INDEPENDENT PRE-ASSOCIATION OF NCS AND
nCaBPs WITH TARGET MOLECULES

Another way to circumvent the problem of limited Ca?* resources
for target interactions is a Ca®>* -independent pre-association with
a binding partner. Caldendrin is the best example for this mode of
operation. Regarding its EF-hand containing C-terminal domains
it is the closest relative of CaM and shares this region with its
shorter splice isoforms. Interestingly, caldendrin modulates the
activity of Cay1.2 (L-type) Ca?t channels via different molecu-
lar determinants than the shorter splice isoform, caldendrin-S1
(also called S-CaBP1), which is, however, barely expressed in
brain (Laube et al., 2002; Zhou et al., 2005; Tippens and Lee,
2007), indicating that the structures of the isoforms may be very
different. An important feature of caldendrin and S-CaBP1 is
that they bind many of their targets, e.g., Cay1.2, Cay2.1 Ca’>*-
channels, LC3, V-ATPase, and Inositol 1,4,5-trisphosphate recep-
tors (InsP(3)Rs) in a Ca2+-independent manner (Figure 2; Kasri
et al., 2004; Seidenbecher et al., 2004; Zhou et al., 2004, 2005;
Few et al., 2005; Haynes et al., 2006; Lee et al., 2006; Tippens
and Lee, 2007) whereas Ca’*-binding increases the affinity of
the association and triggers the actual signaling event. Although
CaM is also a subunit of complexes with many enzymes and
ion channels, such a pre-association would be very advanta-
geous to convey a signal faster than other Ca’>* sensors, given
that there is no other pre-association with another sensor at
the target site and thereby could provide a molecular mech-
anism by which signals can be transduced to a specific tar-
get interaction irrespective of Ca’*-concentrations and CaM
levels.

The idea of a signalosome-like protein preassembly that pro-
vides a clear advantage in terms of accessibility of a target site
within Ca?*-nanodomains is not experimentally supported yet.
A Ca**-dependent increase in the binding affinity for a tar-
get within such a pre-associated signalosome could overrule all
advantages of CaM in the race of Ca>*-binding in spines. This
is clearly conceivable since Ca?* -affinities of EF-hand domains
can increase in the target-bound form (Dukhanina et al., 1997;
Peersen et al., 1997). In this respect, it is also worth mentioning
that levels of macromolecular crowding impact the conformation
of EF-hand domains and potentially their Ca?T-affinity (Wang
et al,, 2011). The impact of macromolecular complexes in spines
could be substantial, given the high protein content and the
compact structure of the PSD.

VARIABILITY AND INHOMOGENEITY OF DENDRITIC
SPINES AND THEIR INFLUENCE ON THE RACE

Dendritic spines display spatio-temporal gradients in cytosolic
Ca’* concentration and Ca>* amplitudes. This variability reflects
the diversity of various factors including the kind, number, and
distribution of Ca?*-channels and pumps, the mechanisms that
regulate their activity, and the diffusability of Ca?* and Ca®*-
bound buffers. These factors can influence the race for Ca’* and
will be described in more detail below.

THE INTERPLAY BETWEEN Ca2* I0N CHANNELS AND

Ca2* SENSORS

The principal sources of Ca?* in spines are voltage-gated Ca?"
channels (VGCCs), InsP(3)Rs, ryanodine receptors (RyRs),
and Ca’* permeable glutamate receptors, such as a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR)
and N-methyl-D-aspartate receptors (NMDARs). VGCCs,
NMDARs, and AMPARs are located on the plasma membrane,
whereas, InsP(3)Rs and RyRs line the membranes of smooth ER
invading the spine.

The opening of VGCCs leads to a fast rise in Ca’>* concen-
tration with a rise time constant of 3.24ms (Cornelisse et al.,
2007) which decays slowly with a time constant of ~15ms
(Sabatini et al., 2002). On the other hand, NMDARs open slowly
(rise time of Ca’t >100ms) and allow for longer-lasting and
much larger Ca>* influxes. Kubota and Waxham (2010) elegantly
described the critical impact of Ca>* injection rates of VGCCs
and NMDARs on Ca’* dynamics. VGCCs have a high injec-
tion rate (~1.4 ions/ps) but stay open for a very short time.
Therefore, the opening of a VGCC leads to an accumulation of
Ca’* very close to the mouth of the channel before it diffuses
away (Figure3A). On the other hand, NMDARs have a much
lower injection rate (~0.07 ions/j1s) and remain open for a longer
time. Ca?" that enters the spine following the opening of these
receptors can diffuse to a considerable distance (~140 nm from
the channel) before the next ion enters (Kubota and Waxham,
2010). What properties should a Ca?>* sensor have, in order to
respond to these diverse signals? The answer lies in the binding
kinetics of the individual EF-hands.

In the previous paragraphs, we considered only the global
Ca’" affinity of a Ca?*-binding protein which indicates only an
average of affinities of its individual EF-hands. The dissociation

Frontiers in Molecular Neuroscience

www.frontiersin.org

May 2012 | Volume 5 | Article 61 | 49


http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Raghuram et al.

Race for Ca2" in dendritic spines

A B C

Ca?* transients
arising from VGCCs

Ca?* transients arising
NMDAR after synaptic
activity

Late Ca?* transients arising from
mGIuR dependent IP3R activation
in spines containing ER

Spine neck

Dendrite

§ Voltage-gated Ca?* -

channels (VGCC)

Post synaptic density -
(PSD) / Spine Apparatus

% Metabotropic glutamate _

receptors(mGluRs) High Low
Ca? Ca?*

[][] N-methyl-D-aspartate
(NMDA) receptors

FIGURE 3 | Ca2* transients in dendritic spines. The schematic shows
mushroom spines displaying variability in the amplitudes and spatial
patterns of CaZ* transients, depending on the type of ion channels
involved. (A) Opening of VGCCs leads to a fast rise and decay of
Ca?*-transients in the spine. Except near the mouth of the channel where
[CaZ?*] reaches a very high level, the distribution of the ion is largely
uniform, reflecting the uniform distribution of VGCCs over the spine
membrane. (B) Activated NMDARs allow slower, larger, and longerlasting
Ca?*-transients than the VGCCs. Unlike the latter, NMDARs are clustered
at the PSD. Therefore, the Ca?*-transients arising from NMDARs show a
stronger spatial gradient than the transients arising from open VGCCs.

(C) In a subset of ER-containing spines, delayed Ca?*t-transients with
several folds higher amplitude than the NMDAR-mediated ones, have been
observed and attributed to mGluR-dependent Ca2*-induced Ca%* release
(CICR) from IP3Rs, located on ER membranes.

constant (inverse of affinity) is an equilibrium constant, given by
the ratio between the OFF and ON rate constants of a reversible
reaction.

kon
E+ Ca’t = ECa (where E is an individual EF hand)

korr

Due to subtle variations in structure, individual EF-hands have
different ON and OFF rates of Ca’*-binding and, therefore, are
fine-tuned to different Ca?*-binding affinities (Grabarek, 2006;
Gifford et al., 2007). To be able to respond to a Ca?* signal,
the binding kinetics of EF-hands must match the rate of Ca®*
entry. CaM has four EF hands organized into two domains.
These EF-hands display cooperativity and allosterism in Ca®*-
binding. An apo-EF hand is in the tensed or T-state, which
binds the first ion to change to the relaxed or R-state. Although
it was previously estimated that the N-terminal domain has a
faster ON-rate of Ca?T binding than the C-terminal domain
(Kubota et al., 2007), an important finding by Faas et al. (2011)
was that the ON-rate of Ca** binding of the N-terminal lobe
of CaM [kon(r)y = 7.7 X 108M~1s~1] was faster than important
Ca?t buffers like calbindin [kon(T) = 7.5 X 10’M~'s71] and cal-
retinin [1.8 x 10°M~'s~!; Faas et al., 2007], making it the prime
“fast” buffer. In spite of the fast binding rate, this domain has a
much lower affinity (Ky = 12.7 wM) than the C-terminal domain
(Kg =2.7uM) owing to its faster OFF-rate. When a VGCC
opens, the instantaneous rise in Ca>* concentration and the short

duration for which the channel stays open would enable only
those sensors with a fast binding capacity without much regard
to their affinity since the Ca®" levels attained are reasonably high.
These features match perfectly with the fast binding N-terminal
EF-hands of CaM. Along these lines, the N-terminal EF-hand
domain could also be important for the role of CaM in long-term
potentiation (LTP), which is associated with a steep rise in [Ca2t]
to high amplitudes (Byrne et al., 2009). However, the function of
CaM or its individual domains as Ca>* sensors also depends on
the kinetics of downstream target interaction. Only those targets
are physiologically relevant whose association rate with CaM or
one of its EF-hand domains is greater than the dissociation rate of
Ca”* from that domain. This is especially important in the case
of the N-terminal domain of CaM, since it has a faster dissoci-
ation rate [kofry = 2.2 x 10%s7!] than the C-terminal domain
(koff(r) = 6.5s~ '] (Faas et al., 2011). Unfortunately, although a
number of Ca’T-dependent targets of CaM have been reported
in the literature, the interaction kinetics of only a few of them is
known.

The C-terminal lobe is unlikely to participate during the
fast Ca’T transients described above, due to its slow associa-
tion rate. The possibility of a selective participation of the C-
terminal domain during longer-lasting Ca?* transients of long-
term depression has been pointed out earlier (Byrne et al., 2009).
The fast-binding of the N-terminal EF hands of CaM would be
of no particular advantage in case of NMDAR-mediated Ca®*
influx. Their fast OFF-rates make CaM a low affinity sensor,
rendering it less sensitive toward changes in Ca’>" concentra-
tion during NMDAR-mediated Ca?* transients. The slow kinetics
of NMDARs would not only engage the slower Ca?" binding
EF-hands/proteins, but might preferentially activate those Ca*-
binding proteins which are more sensitive to gradual changes
in [Ca?*], such as the high affinity proteins of the NCS family,
e.g., NCS-1 (Kqc, = 440 nM; Aravind et al., 2008) and hippocal-
cin (Kgc, = 324 nM; O’Callaghan et al., 2003), assuming that
their Ca?* association rate is not lower than the diffusion rate
of Ca?T. Though their binding rates have not been determined,
an advantage remains with these sensitive proteins even if they
are slower in binding Ca?* than CaM. It is hence not surprising
that these two proteins play a crucial role in mGluR-dependent
and NMDAR-dependent synaptic plasticity (Palmer et al., 2005;
Jo et al., 2008, 2010). Importantly, it has also been shown that
the Ca?* influx through NMDARs, and not through VGCCs, is
mainly responsible for the translocation of hippocalcin (Dovgan
et al., 2010).

The VGCCs and NMDARs also differ in their distribution
over the spine membrane. Based on a model by Keller et al.
(2008), the VGCCs are uniformly distributed over the mem-
brane. Therefore, their opening results in a uniform distribution
of Ca?* over the entire spine volume (Figure3A). Although
[Ca?t] can reach more than 10 wM at the mouth of an open
VGCC (Simon and Llinds, 1985), these microdomains of high
Ca’* exist only within a few nanometer around the channel and
dissipate within microseconds of channel closing (Sabatini et al.,
2002). Intriguingly, the N- and C-terminal domains of CaM com-
plexed to a VGCC (Ca, 1-2) might show distinct selectivity toward
these local (nano domain of the complex) and global changes
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in [Ca*] arising from the “host” VGCC (Tadross et al., 2008).
The C-terminal domain might transduce local (nano domain)
Ca?" signals and the N-terminal domain global signals and is
reportedly also capable of switching its selectivity between local
(Cayl) and global(Ca,2) changes in [Ca2t] (Dick et al., 2008;
Tadross et al., 2008).

In contrast to VGCCs, NMDARSs are clustered at the PSD. This
leads to a longer lasting Ca’>* gradient extended across the spine
during an excitatory post-synaptic potential (EPSP) (Keller et al.,
2008; Figure 3B). This scenario might favor caldendrin, which is
also enriched in the PSD. Although caldendrin and CaM bind
Ca?* with similar affinity, it is conceivable that the greater phys-
ical proximity of caldendrin might render it a strong competitor
for CaM.

Interaction partners can influence the Ca** binding kinetics
and affinity of Ca>*-binding proteins. RC3/Neurogranin inter-
acts with apo-CaM (discussed in an earlier section) and increases
the ko of the C-terminal lobe of CaM (Gaertner et al., 2004),
thereby reducing its affinity. On the other hand, another CaM
target- CaMKII decreases the kof of both N- and C-terminal
lobes of CaM (Gaertner et al., 2004). The regulation of Ca®t-
binding kinetics of CaM by its targets could explain how it is able
to decode a variety of Ca®* signals. Alteration of Ca’*- binding
kinetics and affinity of CaM can not only influence Ca?*/CaM-
dependent signaling pathways, but also regulate the amounts and
duration for which free [Ca®*] is available for other Ca®T sensors;
an idea that is supported by mathematical models (Kubota et al.,
2007, 2008).

Depolarization of spines is the key event that regulates the
Ca’* entry via VGCCs and NMDARs, which, as discussed above,
is very influential in the race for Ca’*. During synaptic activity,
AMPARSs function as the major source of spine depolarization,
necessary to activate VGCCs as well as to remove the Mg?* block-
age of NMDARSs (Bloodgood et al., 2009; Holbro et al., 2010). The
arrival of bAPs to a spine is another source of spine depolariza-
tion. Co-incident pre- and post-synaptic activity which involves
glutamate release at the synapse preceding the arrival of bAPs
in a millisecond time window, is responsible for the non-linear
amplification of Ca?* transients that underlie LTP (Helias et al.,
2008; Holbro et al., 2010; Hao and Oertner, 2011). NMDARs,
with their dependence on both glutamate binding and voltage-
dependent unblocking have been considered to play the role of
a co-incidence detector for the induction of LTP. However, it
has also been suggested that NMDARs alone are not sufficient
for co-incidence detection, but that it is the spine that acts as a
co-incident detector of pre- and post-synaptic activity and the
degree of depolarization of the whole spine is the key element for
the induction of LTP (Hao and Oertner, 2011). The depolariz-
ing currents from AMPARs sensitize the NMDARs and VGCCs,
so that their I-V curves reach the steepest zone where even
a slight further depolarization drastically increases Ca’* influx
into the spine (Holbro et al., 2010). A negative feedback loop
provided by small conductance Ca**-activated K* (SK) chan-
nels controls the depolarization of spines. The Cav2.3 class of
VGCCs activate SK channels, which shunt the synaptic current
and dampen Ca’* fluxes through NMDARs by promoting Mg>*+
blockage of these receptors (Ngo-Anh et al., 2005; Bloodgood and

Sabatini, 2007; Bloodgood et al., 2009). Spine head depolariza-
tion and the non-linear amplification of Ca?* transients upon
co-incident pre- and post-synaptic activity have been observed
to be sharpest in spines that were well isolated from the den-
drite (Holbro et al., 2010). This suggests the importance of spine
neck dimensions in synaptic plasticity. The spine geometry also
correlates well with the number of ion channels present on its
membrane. Both the AMPAR and NMDAR-mediated currents
increase with increase in the size of spine head. Intriguingly, the
postsynaptic Ca>* increase is lower in larger spines (Nimchinsky
et al., 2004; Hayashi and Majewska, 2005; Noguchi et al., 2005).
The importance of spine geometry in biochemical and electri-
cal compartmentalization of spine heads is discussed in detail
later.

THE ROLE OF SMOOTH ENDOPLASMIC RETICULUM (SER)
The smooth endoplasmic reticulum (SER), which is also called
spine apparatus in spines, is a major internal store of Ca’t and
houses Ca?* pumps such as sarco/ER Ca’>*-ATPase (SERCA)
and Ca?" - sensitive Ca’* channels, namely, InsP(3)Rs and RyRs.
While the SER is, undoubtedly, a major player in the regulation
of cytosolic Ca>* in a cell in general, its precise role in shaping
the Ca?* dynamics in dendritic spines in particular, is a matter of
debate.

Emptage et al. (1999) found that although SER does not
play any role in bAP-stimulated Ca®* transients, they have a
significant contribution in NMDAR-dependent Ca** dynamics.
Upon depletion of the internal Ca>t store by SERCA blockers
and by application of RyR antagonists, a significant reduction in
NMDAR-dependent Ca®>* transients was observed. This led the
authors to conclude that during a single synaptic event, the Ca®*
current through activated NMDARs is too small in itself to be
detected. What is actually detected is a much larger Ca?* influx
through RyRs that were triggered by the small Ca?* currents
coming from the NMDARs (Emptage et al., 1999). This phe-
nomenon in which the SER releases the stored Ca** through its
Ca’*-sensitive channels, is known as Ca®*-induced Ca®* release
or CICR (for review, see Rose and Konnerth, 2001).

Contradictory to this observation, other groups later found no
significant role of CICR in either bAP- or NMDAR-dependent
Ca?t transients (Sabatini et al., 2002; Holbro et al., 2009). Both
spines, that contained or lacked ER, showed no difference in
NMDAR-dependent Ca** signals (Holbro et al., 2009); however,
the authors observed delayed Ca®* transients in a subset of ER-
positive spines with more than five-fold larger amplitude arising
in the order of 100 ms later than the NMDAR-dependent tran-
sient (Figure 3C). These large Ca** waves were abolished in the
presence of group I metabotropic glutamate receptor (mGluR)
or InsP(3)R blockers as well as upon depletion of Ca>* stores,
but persisted even in the presence of NMDAR blockers. Group
I mGluRs are located in a perisynaptic zone surrounding the
AMPARs and NMDARs and their role in mGluR-dependent long-
term depression (mGIluR-LTD) has been well studied (Liischer
and Huber, 2010). Holbro et al. (2009) observed that the
induction of mGluR-dependent LTD was limited to ER-positive
spines. Therefore, they suggested that the ER plays a role in
mGluR-dependent LTD which involves CICR by activated IP3Rs.
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Notably, only about 20% of the CAl dendritic spines contain
SER (Spacek and Harris, 1997; Toresson and Grant, 2005; Holbro
et al., 2009). One can, therefore, speculate that in ER containing
spines, upon the arrival of large Ca?* waves, the concentration of
Ca?* might rise to a level where all Ca?* sensors can be com-
pletely saturated, probably obsoleting the race for Ca>*, albeit
further intensifying the race for targets.

SPINE GEOMETRY AND THE RACE FOR Ca2+

A spine is considered to be a micro-compartment of depolariza-
tion and Ca?*-dynamics distinct from the dendrite owing to the
diffusional resistance of the spine neck. The idea that the spine
neck acts as an electrical resistor is supported by the finding that
(1) VGCCs present on the spines get activated by synaptic but
not dendritic depolarization (Bloodgood et al., 2009); (2) volt-
age pulses arriving at a spine head from the soma get attenuated
linearly with increasing length of the spine neck (Araya et al.,
2006); (3) potential changes arising in a spine due to synaptic
activity are largely restricted to its volume and their invasion
into the parent dendrite are limited by the spine neck (Araya
et al., 2006; Bloodgood et al., 2009). Therefore, an electrical resis-
tance to movement of ions provided by the spine neck controls
the activation of depolarization-dependent Ca’>* channels and
thereby controls the amplitude of Ca** transients within the
spine boundaries.

Besides electrical resistance, the spine neck also provides a
diffusional barrier for ions and other molecules (Hayashi and
Majewska, 2005; Biess et al., 2007; Grunditz et al., 2008; Schmidt
and Eilers, 2009; Sabatini et al., 2002). The residing actin mesh-
work within the neck could, therefore, act as a molecular sieve for
the entry and exit of NCS and nCaBPs from spines in a manner
similar to CaMKII (Byrne et al., 2011). The spine neck diame-
ter has been found to be correlated with spine head volume and
it has been observed that Ca>* dynamics varies with spine vol-
ume, in part due to the faster diffusion allowed by wider spine
necks, and in part because of the relationship between the number

of AMPA and NMDA receptors and the spine head size (dis-
cussed above; Hayashi and Majewska, 2005). Neuronal activity
has been shown to regulate the diffusional properties of the spine
neck (Bloodgood and Sabatini, 2005), the plasticity of which, can
further control the spatio-temporal aspects of Ca’* dynamics in
spines (Segal, 2001; Grunditz et al., 2008). Future studies with
super-resolution microscopy and live-imaging will resolve these
issues and potentially also answer the question how dynamic the
spine geometry actually is.

CONCLUSIONS AND FUTURE DIRECTIONS

In the next coming years, it will be imperative to learn more about
the biophysical features including their precise ion binding prop-
erties, their actual concentration in spines and the sequence of
filling of EF-hand motifs of NCS and nCaBPs, to judge the phys-
iological relevance of their synaptic protein interactions. How
the presence of one Ca’* sensor would influence the Ca’*-
binding to another sensor or target is another interesting question
to be addressed. Super resolution microscopy to identify nan-
odomains, fast spectroscopic methods to study in vitro protein
kinetics and advanced modeling might also help to address at
least some of the unresolved issues. Finally, a systematic anal-
ysis of the synaptic interactome of NCS and nCaBPs will help
to appreciate their synaptic role. Compelling evidence for this
synaptic role is, with the exception of hippocalcin, caldendrin,
and NCS-1, still lacking and the conditions under which these
proteins will eventually “meet” Ca®* in the synapse still remain
to be established.
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From its initial discovery that ROS-GC membrane guanylate cyclase is a mono-modal
CaZ*-transduction system linked exclusively with the photo-transduction machinery to
the successive finding that it embodies a remarkable bimodal Ca2* signaling device, its
widened transduction role in the general signaling mechanisms of the sensory neuron cells
was envisioned. A theoretical concept was proposed where Ca2t-modulates ROS-GC
through its generated cyclic GMP via a nearby cyclic nucleotide gated channel and creates
a hyper or depolarized sate in the neuron membrane (Ca?* Binding Proteins 1:1, 7-11,
2006). The generated electric potential then becomes a mode of transmission of the
parent [CaZt]; signal. Ca2t and ROS-GC are interlocked messengers in multiple sensory
transduction mechanisms. This comprehensive review discusses the developmental
stages to the present status of this concept and demonstrates how neuronal CaZ+-sensor
(NCS) proteins are the interconnected elements of this elegant ROS-GC transduction
system. The focus is on the dynamism of the structural composition of this system, and
how it accommodates selectivity and elasticity for the CaZt signals to perform multiple
tasks linked with the SENSES of vision, smell, and possibly of taste and the pineal
gland. An intriguing illustration is provided for the Ca?* sensor GCAP1 which displays
its remarkable ability for its flexibility in function from being a photoreceptor sensor to an
odorant receptor sensor. In doing so it reverses its function from an inhibitor of ROS-GC
to the stimulator of ONE-GC membrane guanylate cyclase.

Keywords: ROS-GC guanylate cyclase, Ca?t sensors, cyclic GMP, sensory transductions

INTRODUCTION

The discovery and molecular characterization of the photorecep-
tor ROS-GC is a land mark event in the photo-transduction field
(reviewed in Pugh et al., 1997; Koch et al., 2010). It filled in
the gap on the identity of the source of cyclic GMP that serves
as a second messenger of the LIGHT signal; and made it possi-
ble to explain the principles of photo-transduction machinery in
molecular and physiological terms.

It also impacted the core membrane guanylate cyclase field by
the branching of the guanylate cyclase family into two subfamilies.
The family became a transducer of both the extracellular pep-
tide hormonal and the intracellularly genearted [Ca®T]; signals.
Before, it was believed to be the sole transducer of the peptide
hormone signals (reviewed in: Sharma, 2010).

Prior to its discovery in 1994, an intense search was on
the identification of a guanylate cyclase unique to photo-
transduction. It was known that both [Ca?T]; and cyclic GMP
are the critical messengers of the photon signal in the vertebrate
photoreceptors. How these signals are generated and interact with
each other was not recognized, however, (early reviews: Pugh
and Cobbs, 1986; Stryer, 1986). Early reports on the successful
identification of photoreceptor ROS-GC contradicted each other,
and created a lot of confusion. One of these reports even sug-
gested that this Ca’*-sensitive membrane guanylate cyclase is
nitric oxide sensitive, and its molecular mass is 67 kDa (Horio

and Murad, 1991a,b). Another major perception was that the
photo-transduction-linked membrane guanylate cyclase consists
of “separate regulatory and catalytic subunits” (Stryer, 1991). In
yet another report it was reported to be cloned from the human
retina library (Shyjan et al., 1992). It was named retGC and via
in situ hybridization was detected only in the inner segments and
outer nuclear layers of the monkey’s retina, the segments and the
layers not linked with photo-transduction.

ROS-GC DISCOVERY

These contradictions on the true identity of the photorecep-
tor ROS-GC were resolved by establishing its direct purification
from the bovine outer segments (OS) (Margulis et al., 1993), the
site of photo-transduction. Its protein-sequence-based molecu-
lar cloning, structure, and function demonstrated that it is not
any of the earlier, including retGC, membrane guanylate cyclases
(Goraczniak et al., 1994). Its theoretical molecular mass is 120,
360 Da, in general agreement with the earlier 110kDa value
reported for the biochemically purified forms of bovine and frog
forms (Hayashi and Yamazaki, 1991; Koch, 1991). It was settled
that unlike other family members, it is not a natriuretic peptide
hormone surface receptor membrane guanylate cyclase.

The molecular identities of the photoreceptor ROS-GC from
the rod outer segments (ROS) and two other members of the
natriuretic peptide receptor family, ANF-RGC (Kutty et al., 1992)
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from the rat retina and CNP-RGC (Duda et al., 1993) from
the human retina, demonstrated that the retinal neurons con-
tain both the surface receptor and ROS-GC sub-families, but
only ROS-GC is potentially linked with the photo-transduction
machinery. Two important conspicuous structural differences
were noted between the two sub-families. One was that ROS-GC
beyond the catalytic domain contains a C-terminal extension
tail of 90 amino acids, Y?9°-K1054; the second was that the
signature ATP-regulated domain, Gly-X-X-X-Gly of the natri-
uretic peptide hormone receptors, CNP-RGC and ANF-RGC, is
missing in ROS-GC. These differences play a key role in deter-
mining the cellular and functional specificity of the ROS-GC
containing neurons.

Significantly, among all the family members, ROS-GC is the
only membrane guanylate cyclase that has been cloned on the
basis of its protein sequence. This approach experimentally val-
idated the position of the N-terminus amino acid of the mature
protein and demonstrated that the immature protein contains a
56 amino acid N-terminus hydrophobic signal peptide. The theo-
retical molecular mass of the protein with its signal peptide is 120,
361 Da and without it is 114, 360 Da.

This approach of its identification also played a key role in
demonstrating that the structure of the originally cloned human
retGC (Shyjan et al., 1992) was a cloning artifact. Consistent with
this fact, in the January 1995 GenBank data (Accession number
M92432) the structure of human retGC was revised to match it
with the bovine ROS-GC. Thereby, the revised retGC became a
human counter part of the bovine ROS-GC.

ROS-GC, A TWO-COMPONENT TRANSDUCTION SYSTEM
Before the characterization of photoreceptor ROS-GC and the
coined-terminology for the guanylate cyclase activating protein as
GCAP, a key observation showed that a GCAP stimulates a mem-
brane guanylate cyclase in the bovine ROS in a Ca**-dependent
fashion (Koch and Stryer, 1988). An essential feature of this
GCAP was that it was a cytosolic factor. Ca%*-bound, it inhibited
the membrane guanylate cyclase activity. This was the first hint
that ROS-GC is a two-component [Ca’*]; transduction system
and that the system had an unusual property of being inhibited
by the [Ca?*t]; signal. With the availability of the recombinant
(r)ROS-GC, it was now possible to test and study this unusual
feature of the native photoreceptor ROS-GC in its isolated form.
All prior membrane guanylate cyclases were only stimulated by
their peptide hormone signals.

Fortuitously, at almost the same time the cloning of ROS-
GC was reported (Goraczniak et al., 1994), the cloning of two
forms of GCAP, GCAP1 (Palczewski et al., 1994; Subbaraya et al.,
1994; Frins et al., 1996) and GCAP2 (Dizhoor et al., 1995) was
also reported. They were the Ca>* modulators of one, or more,
native ROS guanylate cyclase/s with undetermined identities.
Their relationship with the cloned ROS-GC was not known.

The availabilities of the cloned forms of ROS-GC1 and GCAP1
made it possible to test if these two Ca®* transduction elements
were linked, together constituting one ROS-GC transduction
system.

They indeed were (Duda et al., 1996). ROS-GC1 expressing
heterologous system of COS cells responded at 10nM [Ca®T];

to the GCAPI1 stimulation in a dose dependent manner. The
stimulation was incrementally inhibited by free Ca?* with a Ky 2
of 100 nM. In contrast, under identical conditions, GCAP1 had
no effect on the recombinant ANF-RGC, the peptide hormone
receptor. An additional important characteristic of the transduc-
tion system was that the GCAP remained bound to ROS-GC at
the low and high Ca?" levels, consistent with the physiological
observations (Koutalos et al., 1995). These results demonstrated
that (1) rROS-GC mimicked the native ROS-GC present in the
ROS in its Ca**-modulation, and, therefore, functionally it was
identical to the native enzyme; (2) It received its Ca®* signals
through GCAPI1; therefore, the GCAP was its [Ca?t]; sensor
and the transmitter component; and ROS-GC was the signal
receiver and the transducer component; (3) GCAP always remains
bound to ROS-GC regardless of the [Ca?*]; concentration; and
(4) the ROS-GC transduction system differed from the peptide
hormone receptor family members in being solely the trans-
ducer of the intracellularly generated Ca’* signals within the
light-sensitive OS.

In this manner the biochemical and physiological identity of
the native with its cloned form photoreceptor ROS-GC1 was
established, and also its linkage with photo-transduction. It was
concluded that the ROS-GC is a two-component transduction
system where the Ca>*-sensor GCAP element is interlocked with
the ROS-GC transducer element and the change in [Ca2t]; level
defines the activity state of ROS-GC. This interlocked trans-
duction system represented a new paradigm of the fields of
membrane guanylate cyclase and the NCS proteins.

Similar conclusions based on the reconstitution studies with
retGC established that GCAP2 is another NCS protein linked with
photo-transduction (Dizhoor et al., 1994, 1995). In addition, the
molecular identity of the second member of the ROS-GC sub-
family, retGC2, from the ROS of the human and bovine retinas
was established (Lowe et al., 1995; Goraczniak et al., 1997). To
distinguish between the two ROS-GCs, the original ROS-GC was
termed ROS-GC1 and the second as ROS-GC2.

Thus, two GCAPs and two ROS-GCs, bound to each other,
reside in the OS of the rods. Because only ROS-GC1 was able
to be purified directly from the ROS, it was perceived that ROS-
GCl1 was the dominant guanylate cyclase in ROS. This perception
was validated by the direct quantitative estimation of the two
isozymes in the bovine ROS. Their ratios are 96% ROS-GC1 and
4% ROS-GC2 (Helten et al., 2007). The latest estimation in the
mouse shows the same pattern, yet, slightly higher concentra-
tion of ROS-GC2, 76% ROS-GC1, and 24% ROS-GC2 (Peshenko
et al., 2011). However, in contrast to the bovine, the mouse study
was made with the total OS instead of the isolated membrane
fractions.

Because most of the studies have been conducted with ROS-
GCl, the following discussion will deal with this transduction
system only. It is, however, noted that GCAP2 appears to be the
only natural sensor of ROS-GC2 and its target site resides between
the aa736-1010 domain, quite different from the corresponding
domain for the GCAP1 site in ROS-GC1 domain (Goraczniak
et al., 1997). In contrast, the discussion below will indicate that
both GCAP1 and GCAP2 are critical Ca®" sensor elements of
ROS-GCl.
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PHOTO-TRANSDUCTION MODEL

Photo-transduction is the biochemical process by which the rods
and cones convert the incoming LIGHT signal into the electrical
signal. Enlightened by the ROS specific features of the inter-
locked GCAP/ROS-GC transduction system, a model for its role
in operation of the photo-transduction machinery was proposed
(Pugh et al., 1997; this review covers the historical development
of the membrane guanylate cyclase related photo-transduction
field up to June 1997; others subsequently published are: (Pugh
et al., 1999; Burns and Baylor, 2001; Koch et al., 2002, 2010;
Sharma, 2002; Sharma et al., 2004; Luo et al., 2008; Stephen et al.,
2008; Wensel, 2008).

This model with some advanced features is presented in
Figure 1.

In this model ROS-GC is the central component of the photo-
transduction machinery. It generates cyclic GMP, the second
messenger of the LIGHT signal. Its key feature is that it regu-
lates and is regulated by the produced [Ca®*]; signal. Thereby,
the accelerated production of [Ca?*]; inhibits and the decelerated
production accelerates its operation. Cyclic GMP and [Ca?* J; cre-
ate a feedback loop in the photo-transduction machinery. The
machinery operates in the decelerated mode within 50 nM to the
250 nM [Ca®*]; range.

For almost two decades this model has served as a template in
advancing the molecular, biochemical and physiological princi-
ples of the photo-transduction operation. These advancements in
the model are briefly outlined below; their details are available in
the cited references.

ADVANCEMENTS

GCAPs

As the entry of the molecular form of ROS-GC dawned on the
era of decoding the molecular principles of photo-transduction
machinery, so was the entrance of recoverin for the age of NCS
protein field. First reported on its presence in the rods and cones
of photoreceptors and its direct Ca?*-dependent regulation of
guanylate cyclase, it was named recoverin referring to its func-
tion “because it promotes recovery of the dark state” (Dizhoor
etal., 1991). Its linkage with true ROS-GC was concluded because
it reportedly inhibited the catalytic activity of guanylate cyclase
in the range of 450-40 nM of free Ca?*. However, this conclu-
sion and its role in recovery was withdrawn (Hurley et al., 1993),
yet it represents the first member of the NCS protein family. It is
present in the photoreceptors; in its new role, it senses Ca’™ sig-
nals, inhibits rhodopsin kinase, and thereby, plays a role in light
adaptation (Makino et al., 2004; Philippov et al., 2007).

An important contribution of recoverin’s entry into the field
of NCS proteins is related to the identification of its four Ca®*-
specific structural motifs, these EF hands define the general Ca**
sensor property of the NCS family. Only two are functional in
recoverin, however.

The GCAPs, 1 and 2, constitute a sub-family of the NCS pro-
teins (reviewed in Koch et al., 2010). The NCS superfamily is
grouped into five subfamilies of recoverins, VILIPs, frequenins,
KCHIPs, and GCAPs (reviewed in: Nef, 1996; Braunewell and
Gundelfinger, 1999; McCue et al., 2010). These subfamilies per-
form diverse regulatory processes, which include gene expression,

ion channel function, enzyme modulations like that of kinases,
guanylate cyclases, and adenylate cyclases, membrane trafficking
of ion channels and receptors, and control of apoptosis.

This section focuses only on the GCAPs, 1 and 2: expression,
properties, and physiological functions, the reader is referred to
a recent review for the details (Koch et al., 2010). However, it
is noted that the number of GCAPs has expanded with their
findings in several mammalian, amphibian, and teleost species.
While mammals express only 2-3 GCAP isoforms, 6-8 isoforms
are found in the retina of teleost fish (Ritscho et al., 2010).

EXPRESSION

GCAP1 and GCAP2 are expressed in the same concentration of
3 uwM in the native bovine ROS (Hwang et al., 2003). Their quan-
titative, relative, and cellular concentrations in the rods and cones
of any other species are not known. Immunocytochemical stud-
ies show, however, that both GCAPs are present in the outer and
inner segments of rods and cones (Gorczyca et al., 1995; Frins
etal.,, 1996). Importantly, their presence in cone synaptic pedicles
can be clearly defined (Venkataraman et al., 2003).

Scattered reports based on immunohistochemical studies
show varying results in the same or different species. Examples
are: the expression of GCAP1 is minimal in the ROS of human,
monkey, and bovine retina but is maximal in the cone OS of these
species (Kachi et al., 1999); GCAP2 is expressed in both outer
and inner segments of the bovine rods and cones (Dizhoor et al.,
1995); monkey retinas express minimal level of GCAP2 in OS of
the rods and cones and in the rod inner segments (Otto-Bruc
et al., 1997). These variations might be resolved on the basis of
species-specifications (Cuenca et al., 1998), yet it appears that, in
general, the rods and cones of all mammals express both GCAPs.

Curiously, in some species, like human and zebrafish (but
not mice), GCAP3 appears as a cone-specific isoform of GCAP
(Imanishi et al.,, 2002). And the zebrafish isoforms GCAP4,
GCAP5, and GCAP?7 also exhibit cone-specific expression pat-
terns (Imanishi et al., 2004).

BIOCHEMICAL FEATURES

Ca?* binding

Like most other members of the NCS-protein family, GCAPs
harbor four EF-hand Ca’*-binding motifs, of which three are
functional (reviewed in Koch et al., 2010). These EF-hands have
a nanomolar affinity for Ca?* and they are the Ca?*-sensor
elements linked with photo-transduction.

In a recent proposal for GCAP1, the transition from the DARK
State to the Illuminated State of the photoreceptors occurs by
the substitution of bound Ca?* with the bound Mg?* to ROS-
GC1 (Peshenko and Dizhoor, 2006, 2007). Cat associates with
GCAPI with a rate of ~ 2 x 108 M~! s7! (ko) which is close
to the diffusion limit (Sokal et al., 1999). The apparent dissoci-
ation constants of each EF-hand for Ca>* are between 0.08 and
0.9 uM and between 0.1 and 1.6 uM in the absence and pres-
ence of 2mM Mg?*, respectively (Lim et al., 2009). Thus, these
nanomolar affinities result in fast dissociation rates (for example,
koff = kon X Kp =2 x 108 M~ s x 0.2 x 107 M) = 405~ 1;
1/koff = 25ms), consistent with the kinetics of the vertebrate
photoresponse.
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FIGURE 1 | Photo-transduction model. Left panel. An illustration of a
typical vertebrate rod. In the dark a circulating current (arrows) is present,
which is outward in the inner segment and carried primarily by K*; in the
outer segment the net charge flow is inward, with about 90% of the inward
flow carried by Na* and 10% by Ca2* ions. Nat/K* exchange pumps in the
inner segment membrane and Na*/K*-Ca?* exchangers in the outer
segment membrane (see also right panels) maintain the overall ionic
gradients against the dark flows. The capture of a photon (hv) by a rhodopsin
molecule in one of the disc membranes of the outer segment initiates the
photo-transduction cascade. Right upper panel. The components of the
photo-transduction cascade are shown in the dark/resting steady-state.

A high concentration of cytoplasmic cGMP keeps a fraction of CNG-channels
in the plasma membrane open. Ca?*-ions enter the cell via the CNG-channel
and are extruded via the Nat/K*, Ca?*-exchanger. Synthesis and hydrolysis
of cGMP by ROS-GC and PDE occur at a low rate. The heterotrimeric G
protein transducin (T) is in its GDP-bound state and is inactive. The

Ca?£500 nM

(¥} Channel

Exchanger
4Na

K+
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GMP

Ca2*-binding proteins calmodulin (CaM) recoverin (Rec), and GCAPs bind to
their target proteins, the CNG-channel, rhodopsin kinase (RhK) and ROS-GC,
respectively. Right lower panel. Absorption of light by the visual pigment
rhodopsin leads to the activation of the transduction cascade: the GTP-bound
a-subunit of transducin activates PDE that rapidly hydrolyzes cGMP.
Subsequently the CNG-channels close and the Ca2*-concentration
decreases. The change in cytoplasmic [Ca2*] is sensed by CaZ*-binding
proteins: CaM dissociates from the CNG-channel which leads to an increase
in cGMP sensitivity of the channel, inhibition of rhodopsin kinase by recoverin
is terminated and rhodopsin can be phosphorylated. GCAPs activate ROS-GC
and synthesis of cGMP increases. Arrestin (Arr) binds to phosphorylated
rhodopsin and interferes with the binding and further activation of transducin.
Enhancement of cGMP synthesis and termination of the cascade leads to
reopening of CNG-channels. [composed from Figure 1 Pugh et al. (1997) and
Figure 1 Koch et al. (2002), and reprinted with the permission from those
references].

GCAP2 is similar, yet not identical, in its Ca>*-binding prop-
erties. The second, third, and fourth EF-hands are functional.
They display an apparent Kp of 300 nM (Ames et al., 1999), but
no specific assignment for the affinity of each EF-hand has been
made so far. It appears, however, that EF-hands two and four
influence Ca®" sensitivity of GCAP2 more than EF-hand three

(Dizhoor and Hurley, 1996). Cysteine accessibility study with
GCAP2 mutants shows its restricted reactivity toward Cys'!! at
sub-micromolar Ca%t-concentrations, indicating that within the
Ca®* concentration range where ROS-GCs are regulated, Ca?*-
induces conformational changes in GCAP2 (Helten et al., 2007).
Thus, these are the fluctuations in the free Ca®T concentrations
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of the rods and cones that control and signal GCAPs to trans-
mit their messages to the bound ROS-GC and be transduced in
the generation of cyclic GMP, the second messenger of photo-
transduction.

Myristoylation

Given the facts that GCAPs are the members of the NCS protein
family and its member recoverin, also expressed in photoreceptor
cells, is acylated at its N-terminus and is embodied with a strik-
ing regulatory switch termed “Ca®"-myristoyl switch” (Zozulya
and Stryer, 1992), these recoverin’s features were investigated for
GCAPS. The findings showed that the GCAPs are, indeed, hetero-
geneously acylated at their N-termini; myristoyl group being of
the prominent form (Palczewski et al., 1994; Olshevskaya et al.,
1997). However, GCAPs do not undergo a classical calcium-
myristoyl switch (Olshevskaya et al., 1997; Hwang and Koch,
2002a,b). They do not bury the myristoyl group in a hydrophobic
pocket in the Ca?*-free form and expose it when in Ca?*-bound
form (Zozulya and Stryer, 1992). This conclusion was validated
by the crystallographic study of GCAP1 which showed that the
group is always buried (Stephen et al., 2007).

Additional investigations demonstrated that the myristoyl
group has a strong impact on the regulatory properties of GCAPs
(Hwang and Koch, 2002a,b; Hwang et al., 2003): (1) It influences
the Ca®" sensitivity of GCAP1, but not of GCAP2, shifting its
ICs value for Ca2t in the regulation of ROS-GCIl. (2) It increases
by sevenfold the affinity of GCAP1 for ROS-GC1. On the other
hand, it has no effect on GCAP2. (3) It differentially regulates the
catalytic efficiency, kcat/ Vinax, of ROS-GC1 regulation by GCAP1
and GCAP2; the influence of the myristoyl group on catalytic
efficiency is larger for GCAP1 than for GCAP2.

R0OS-GC MODULATION
In preceding, and then parallel, studies to those that led to the
conclusion that GCAPs are differential Ca®" sensors, a similar
conclusion was arrived at. These studies involved comprehen-
sive technology of soluble constructs of ROS-GCl1, direct binding
measurements by surface plasmon resonance (SPR) spectroscopy,
co-immunoprecipitation and functional reconstitution utilizing
progressive deletion constructs and peptide competition. The
first study via the application of ROS-GC1 deletion and ANF-
RGC/ROS-GC1 hybrid mutants which retained only the catalytic
domain of ROS-GCl1 established that the GCAP1- and GCAP2-
modulated domains in ROS-GC1 are separate and that they reside
on the opposite ends of the catalytic domain (Krishnan et al,,
1998). The study also showed that GCAP2 signals ROS-GC1 acti-
vation under the physiological conditions of Ca?* with a K,
of 10 nM, inhibits its activity with an ICsq value of 140 nM; and,
importantly, it concluded that the intracellular region of ROS-
GCl1 “is composed of multiple modules, each designed to mediate
a particular calcium-specific signaling pathway.” It will become
clear from the discussion below that the architecture of the intra-
cellular domain of ROS-GCl1 is, indeed, multi-modular and each
module is pre-visioned to control the intensity and shape of each
type of Ca®* signal into the given production of cyclic GMP.

The mapped region of GCAP1 constitutes two domains
of ROS-GCl: transduction, M*°-1*5¢ and binding, L°%-1°%

(Lange et al., 1999), and the GCAP2-modulated binding and
the transduction site reside in the Y?>-N?8! region of ROS-GC1
(Duda et al., 2005).

A comment is in order for the role of GCAP2 in Ca®* signal-
ing. In contrast to GCAP1, GCAP2 is the specific physiological
Ca?* sensor component of ROS-GC2 (Goraczniak et al., 1998;
Haeseleer et al., 1999). Its ICso value for Ca?t is 150 nM; com-
pared to GCAP1 for ROS-GCl, its ECsy value for ROS-GC2
activation is about one order of magnitude lower: compare 1 uM
with 8 WM (Goraczniak et al., 1998). This feature of GCAP2
has been substantiated by the recent studies, yet they show that
GCAP1 with less specificity is also the stimulant of ROS-GC2
(Helten and Koch, 2007; Peshenko et al., 2011). Importantly, the
study with ROS-GC2 deletion and ANF-RGC/ROS-GC2 hybrid
mutant, which retained only the catalytic domain of ROS-GC2,
demonstrated that the GCAP2-modulated domain in ROS-GC2
resides at its C-terminus region of the catalytic domain. The site
has not been precisely mapped, yet almost certainly it is very sim-
ilar or almost identical to the corresponding ROS-GCl site for
GCAP2. Thus, it clearly indicated that the Ca®* signal transduc-
tion mechanisms of two ROS-GCs in photo-transduction are very
different.

Additional analysis indicated that GCAP1 and GCAP2 have
different ranges of [Ca®*] in which they operate. Activation of
ROS-GC1 by GCAPI is half-maximal at 707 nM and that by
GCAP2 at 100nM (Hwang et al., 2003). In addition to Ca?*,
Mg?" is essential for GCAP function. It is an essential cofactor
for the ROS-GC cyclization reaction. Decreasing [Mg?*] from 5
to 0.5 mM lowers, by almost one order of magnitude, the [Ca®*]
ICs( values of both GCAPs (Peshenko and Dizhoor, 2004). Thus,
fluctuations of [Mg?*] in a photoreceptor cell also influence the
dynamic range of cyclase regulation. However, free [Mg?*] appar-
ently does not change significantly during illumination (Chen
et al., 2003).

CAZ+-RELAY MODEL

Integration of the differential Ca?* sensing properties of the
GCAPs with the facts that their targeted sites in ROS-GC1 are
also different have resulted in the current “Ca**-relay model”
of photoreceptor guanylate cyclase activation (Koch, 2006; Koch
et al., 2010). The key component of this model is that there is
a switch which converts GCAP1 mode to a GCAP2 mode of the
ROS-GC operation during the light-induced fall in cytoplasmic
[Cat] (Hwang et al., 2003; Koch, 2006; Burgoyne, 2007). Both
GCAP1 and GCAP?2 are present in almost equal concentrations
and their combined concentration is equal to the concentration
of a ROS-GCl1 dimer (Hwang et al., 2003), “both GCAPs bind
to a ROS-GC1 dimer in the dark state of the cell. In this state
the ROS-GC1 activity is very low, just sufficient to maintain
the cytoplasmic dark concentration of cyclic GMP by keeping
a balance with the low dark-state activity of the cyclic GMP
hydrolyzing enzyme, phosphodiesterase. Illumination of rod or
cone cells leads to a decrease in cyclic GMP and consequently
to fall in [Ca?T];. Depending on the light conditions and on
the bleaching protocol [Ca2t]; reaches an intermediate level, at
which only GCAP1 becomes an activator of ROSGCI1. Further
decrease of [Ca®*]; (by stronger illumination for example) would
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also transform GCAP2 into an activator. This differential acti-
vating modus is in accordance with the observed differences
in Ca?*-sensitivity and shows that ROS-GCl is regulated by
GCAP1 and GCAP2, exhibiting differences in Ca2+—sensitivity.
Thus, the illumination-intensity-dependent regulation of ROS-
GC1 is switched from a “GCAP1 mode” to a “GCAP2 mode” or
vice versa (Hwang et al., 2003). Under constant background light
the [Ca®T]; reaches a new steady state value. In this manner, these
two modes operate at different light intensities depending on the
free [CaZt]; level” (Koch et al., 2010).

This model (Sharma, 2010), depicting the illumination
intensity-dependent modulation of GCAPs in the Ca’* signaling
of ROS-GCl is presented in Figure 2.

The “Ca’"-relay model” explains the findings on a transgenic
GCAP null mice study where the role of GCAP2 could not be con-
cluded (Howes et al., 2002). In these mice, flash responses from
rods differ from the wild-type responses in two aspects. (1) The
fast recovery shortly after the maximum response amplitude is
missing; (2) In some cases, the flash ends in a prominent under-
shoot. According to the model (Hwang et al., 2003), in case 1,

because GCAPI is missing, there is no fast recovery to the single
flash. In case 2, the exogenous addition of GCAP2 causes a delayed
activation of ROS-GC at lower [Ca%*]; than GCAPI.

In a striking contrast to the secondary structural differences
between the GCAPS modus operandi, the indication is that the
Ca”* signaling of GCAP2 causes its reversible dimerization and it
is a necessary requisite to activate ROS-GCs (Olshevskaya et al.,
1999). In contrast, the dimeric form of GCAP1 is inactive and
does not result in activation of the ROS-GC (Hwang et al., 2004).

The knowledge gained through these studies (vide supra) has
now begun to make inroads into defining the molecular events
that result in migration of the Ca®* signals to ROS-GCI catalytic
domain. Recall, the targeted domains of two GCAPs are far apart,
on the opposite sides of the catalytic domain of ROS-GC1, and
they perform non-overlapping tasks. The natural wisdom would
be that the signaling pathways of these two GCAPs would be
through distinct mechanisms.

In the first study to address this issue, the role of
O5S7WTAPELL®® motif of ROS-GC1 in signal migration of the
two GCAPs has been analyzed. The reason behind choosing this

DARK
[C&Y. ~500 nM _

FIGURE 2 | lllumination intensity-dependent modulation of GCAPs in
the [CaZt]; signaling of ROS-GC1: a Model. In the “"DARK,” [CaZt];
concentration is high, the Ca?*-bound sensors GCAP1 and GCAP2 are
bound to ROS-GC1, ROS-GC1 activity is basal, generating ground-level
cytoplasmic cyclic GMP The cyclic GMP keeps a fraction of CNG-channels
in the plasma membrane open. Ca2* ions enter the cell via the CNG
channel and are extruded via the Nat/K+, Ca2+ exchanger. The outer
segments of the rods and cones are in the depolarized state.

ILLUMINATION

DARK to the “DIM" or intermediate LIGHT state. The initial fall of [Ca2™];
is selectively detected by GCAP1, in its Ca2+t-free state GCAP1 attains
the activated mode. Transition to the “Bright” LIGHT state, the CNG
channels are totally closed, both GCAP1 and GCAP2 are Ca2*-free and
are in the activated mode, ROS-GC1 activation is full and membranes

of the rod and cone outer segments are in the hyperpolarized

state. [adapted and reprinted from Figure 2: with permission from Sharma
(2010)1.
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motif was that it is conserved in all members of the membrane
guanylate cyclase family; and based on the ANF-RGC signaling
template, it is critical for its regulatory catalytic activity (Duda
et al., 2009). The question was: would this motif be also critical in
ROS-GCl1 signaling.

The following parameters of the motif were analyzed (Duda
et al., 2011). (1) Is the motif critical for the ROS-GC1 catalytic
activity? The comparative studies with a ROS-GC1 mutant in
which the ”WTAPELL®®* motif was deleted (A% WTAPELL®?
mutant) demonstrated that the motif has no role on the struc-
tural integrity of the guanylate cyclase. It is, however, critical for
the Ca?t signal transduction activities of both GCAPs. Thus,
it controls the total Ca?* signaling activity of ROS-GC1. (2) Is
the motif involved in the GCAPs binding to their target sites of
ROS-GC1? This problem was analyzed in vivo by monitoring the
interaction of GCAPs with ROS-GCl1 and the deletion mutant in
co-transfected cells through immnunofluorecence and in vitro by
co-immunoprecipitation. The findings were that both GCAPs in
their isolated forms are cytosolic proteins; yet when co-expressed
with ROS-GC1 or its deletion-mutant, they are membrane bound
with the respective cyclases. These results demonstrated that
WTAPELL motif does not control the binding characteristics of
any GCAP to its ROS-GC1 domain. This conclusion was val-
idated by the co-immunoprecipitation experiments conducted
with the COS cell membranes expressing wt-ROS-GC1 or the
A%7WTAPELL®® mutant. Both, the wt and the mutant precipi-
tated with GCAP1 and GCAP2. (3) Which residues in the motif
are critical in ROS-GCl signaling? This question was resolved by
scanning one by one the residues of the motif. W% was found to
be the most critical residue. It controlled 73% of the GCAP1 and
70% of the GCAP2 activity. The other three residues—T068 poo0,
and E®!—individually controlled about 40% of the GCAPI or
GCAP2 signaling activity of ROS-GC1. Thus, all the four residues,
marked in bold, of the ®7WTAPELL®®? motif are important for
the Ca?"-modulated signaling activities of the GCAPs, yet the
most critical is W% residue, accounting for about 70% of the
total signaling activity.

INROADS INTO THE GENE-LINKED RETINAL DISEASES
For a recent comprehensive review on this topic the reader is
referred to (Hunt et al., 2010; earlier findings up to the year 2002
are covered in Duda and Koch, 2002). What follows is a brief nar-
ration of the ROS-GC gene linked diseases that marked the early
entry from basic to clinical medicine (reviewed in Sharma, 2010).
With the knowledge of the complete structural identity and
organization of the ROS-GC1 gene (Duda et al., 1998) and of the
mechanism by which its coded enzyme modulates the Ca?* signal
transduction it was now possible to investigate the human reti-
nal diseases at the genetic levels and explain them in biochemical
terms. In the first study, GCAP1 regulatory regions identified in
the original study (Lange et al., 1999) gave a hint toward explain-
ing one of the molecular causes of the rod dystrophy Leber’s
congenital amaurosis type 1 (LCA1), where the patients are born
blind or become blind soon after birth. In these patients there
is a point mutation (F>'*S, numbering for the bovine gene; in
humans F°3S) in the ROS-GCI gene within the region L>%3-132?
(Perrault et al., 1996).

Biochemical studies with the heterologously expressed ROS-
GCl1 mutants demonstrated that this LCA mutant has almost
completely (84%) lost its basal activity and sensitivity to modu-
lation by GCAP1 (Duda et al., 1999). These studies proved there-
fore, that a region in proximate distance to the transmembrane
region is critical for interaction and/or regulation by GCAP1 (vide
supra). And this region is incapacitated in the diseased state.

A similar approach was used to investigate the second type
of retinal disease that correlates with mutations of the ROS-GCl1
gene, named cone-rod dystrophy type 6 (CORD 6). Patients who
suffer from this disease carry one or several point mutations in the
dimerization domain of ROS-GC1 (Kelsell et al., 1998). One form
of the mutation is ROS-GC1-E78D,R7%7C,T78M. The dimer for-
mation in this mutant is disturbed. This results in a reduced basal
guanylate cyclase activity (Duda et al., 1999, 2000; Tucker et al.,
1999). However, sensitivity of this mutant to GCAP1 and GCAP2
is increased. Physiological consequences of these mutations are a
change in the trigger of the Ca?*-feedback and thereby causing
a shift in the response-intensity curve to lower light intensities.
These effects explain the photophobia often reported by CORD
6 patients and the accumulating light damage of the retina leading
to loss of cone and rod vision over a time period of decades. Full
accounts of the biochemical and physiological aspects of LCA1
and CORD 6 associated retinal diseases have been covered in
reference (Duda and Koch, 2002).

Several point mutations in the GCAP1 gene are linked with
inherited progressive cone-rod dystrophies (reviewed in: Behnen
etal,, 2010). These are: P°L, E¥K, Y*°C, D'E, N'™K, I"3N/T,
LI5'E, E'5G, and G'V. While the P°°L mutation does not
change the activating properties of GCAP1 (Newbold et al., 2001),
the other mutations significantly alter the activation profile of
GCAP1 (Dizhoor et al., 1998; Sokal et al., 1998; Wilkie et al.,
2001; Kitiratschky et al., 2009). The Y*?C mutant is constitutively
active and has almost completely lost any Ca®* sensitivity, i.e., it
activates ROS-GCI at low and higher [Ca?*] to a similar extent.
P0L mutant exhibits less Ca?*-binding capacity (Newbold et al.,
2001).

GCAP1-MODULATED R0S-GC1 TRANSDUCTION SYSTEM
BEYOND ROS, CONE PHOTORECEPTOR SYNAPSE
Inherited with its novel composition and its Ca’*-regulated fea-
ture, the perception in the membrane guanylate cyclase field
arose that the GCAP-modulated ROS-GC transduction system is
unique, linked solely to the photo-transduction machinery. If it
were true, it must only reside in the OS of the rods and cones.

This question was first addressed by two groups (Liu et al.,
1994; Cooper et al., 1995). Both, through immunocytochemistry,
demonstrated the presence of a ROS-GC in the synaptic lay-
ers, outer plexiform layer (OPL) and inner plexiform layer (IPL)
of the retina. These studies, however, made no differentiation
between whether the detected cyclase was ROS-GC1 or ROS-GC2,
and the presence of the GCAP component of the transduction sys-
tem was not determined. Nonetheless, these studies suggested that
the ROS-GC transduction system exists beyond ROS and possibly
in other retinal neurons.

The presence of the GCAP1-modulated/ROS-GC1 transduc-
tion system was tested and found in the OPL through these
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independent extensive means: (1) functional, (2) biochemical,
(3) peptide competition, (4) crosslinking, and (5) reconstitution.
The tests demonstrated that the OPL contained ROS-GCl trans-
duction system, whichinall respects wasidentical to the one present
in native ROS (Venkataraman et al., 2003). Immunocytochemical
analysis of the retina showed that ROS-GC1 and GCAP1 were
co-expressed together in the cone synaptic pedicles, which reside
in the presynaptic region of the bipolar neurons (Venkataraman
et al., 2003). These results demonstrated that at the biochem-
ical level the two GCAP1-modulated Ca®" signaling ROS-GC1
transduction systems, present in ROS and OPL, are identical.
This linked the GCAP1/ROS-GC1 transduction system with the
pre-synaptic activity of the photoreceptor-bipolar neurons.

Its physiological relevance remains untested. It is conceivable,
however, that the system is the regulator of a hypothetical CNG
channel in the termini of cones. In this possibility, activation
of the channel triggers release of glutamate from the termini.
The GCAP1/ROS-GCl system provides a Ca®"-dependent neg-
ative feedback control of the CNG channel. When the Ca**
influx via voltage-dependent Ca®* channels stops, for example,
during hyperpolarization, the free Ca>* concentration synaptic
termini transiently declines. And the decline, in turn, activates
the GCAP1/ROS-GCl1 system. Consistent with this speculation
are the findings, showing that Ca?* levels fluctuate over a 10-
fold range in photoreceptor synapses, reaching as low as 50 nM
(reviewed in Krizaj and Copenhagen, 2002), the concentration at
which GCAP1/ROS-GC1 transduction machinery is most accel-
erated, and the production of cyclic GMP is at its peak. Cyclic
GMP will open the CNG channel; this would cause an influx of
Ca?*, resulting in inactivation of the GCAP1/ROS-GC1 system.

The presence of the GCAP2-modulated ROS-GC Ca’* sig-
naling transduction system in the presynaptic region of the
photoreceptor-bipolar neurons has not been yet tested. Yet
GCAP2 is present in the region, it interacts with the synaptic
ribbon protein, RIBEYE, and the authors speculate that it may
participate in the post-NADH-modulated process (Venkatesan
et al., 2010).

GCAP1-MODULATED ROS-GC1 TRANSDUCTON SYSTEM NOT
UNIQUE TO SOLE OPERATIONS OF VISUAL TRANSDUCTION
With revelations on existence of the GCAP1-modulated Ca”* sig-
nal transduction system within and outside of the sensory trans-
duction neurons linked with vision, the next question was: does
this transduction system exist outside the domain of vision-linked
neurons?

The first studies addressing this issue were conducted in the
pineolocytes. They showed that it does (Venkataraman et al.,
1998, 2000; reviewed in Sharma, 2010).

Briefly, with a programmed protocol in the first task through
an array of functional, biochemical, molecular, and histochemical
tools the ROS-GC1 present in the bovine pinealocyte membranes
was characterized. Then, it was shown that it is present with and is
modulated by GCAP1 in a manner identical to the photoreceptor
ROS-GC1. Importantly, the transduction system was not present
in the surrounding glial cells. It was concluded that operation of
the ROS-GC1 transduction machinery in the pinealocytes mimics
the photo-transduction machinery.

These studies made two additional significant observations,
reflecting the molecular differences between the photoreceptor
and the pinealocyte photo-transduction machineries. (1) the
pinealocyte’s were devoid of the Ca?*-modulated GCAP2 arm
of photoreceptor ROS-GC1; (2) They also did not contain the
photoreceptor ROS-GC2 transduction system.

In a broadened search, the GCAP1-modulated ROS-GC1 Ca’*
signal transduction system has been characterized at the molecu-
lar, biochemical, and functional levels in the anterior region of the
gustatory epithelium of the tongue, the site of gustatory transduc-
tion, linking it with the sense of taste. This finding has not been
followed at the physiological level (Duda et al., 2004; reviewed in
Sharma, 2010).

Being present in the sensory and sensory-linked neurons with
vision and gustation transduction processes and in the pinealo-
cytes, the subsequent question was: is the GCAP1-modulated
ROS-GC1 transduction system also linked with the transduction
events of the odorant?

The study focused first on the rat olfactory bulb (Duda et al,,
2001). The bulb is the recipient of the odorant signal generated at
the ciliated apical border. It receives the signal information in the
form of action potentials. The incoming axons from the olfactory
receptor cells join together and form presynaptic nets [Figure 3
in (Duda et al., 2007)]. These nets together with the dendrites
of mitral and tufted cells are termed glomeruli (Shepherd and
Greer, 1998). Mitral and tufted cells constitute the second-order
neurons in the olfactory system (Pinching and Powell, 1971).
The information received by their dendrites is processed in the
soma, and transmitted, eventually, via the olfactory tract to the
five specified areas of the olfactory cortex: anterior olfactory
nucleus, olfactory tubercle, pyriform cortex, amygdaloidal com-
plex, and entorhinal complex [Figure 3 in (Duda et al., 2007)].
These areas decode the sensory input and translate the origi-
nal odorant signal into the perception of smell at the olfactory
cortical centers.

Comprehensive biochemical, functional, immunohistochem-
ical, and molecular analysis of the olfactory bulb revealed that,
like the photo-transduction machinery in ROS, the bulb contains
the GCAP1-modulated Ca?>* signaling ROS-GC1 transduction
machinery (Duda et al., 2001). This machinery is present in the
mitral cells where it is also manufactured (Duda et al., 2001).
Thus, the mitral cell neurons house full genetic machinery for the
production and expression of this entire transduction system in
the olfactory neurons.

This  study  established the  presence of the
GCAP1/ROSGCl signal transduction system in mitral cells
of the olfactory bulb (Duda et al., 2001) and demonstrated
that this transduction system is not restricted to the photic
modulation; it is also present in the neurons linked with
olfaction. Thus, the transduction system had the makings of
being omnipresent in the neurons linked with the sensory
perceptions.

GCAP1-MODULATED R0S-GC1 TRANSDUCTON SYSTEM IS
ALSO PRESENT OUTSIDE OF THE NEURONAL CELLS

In a remarkable finding, presence of the GCAPI1-modulated
Ca’* signal transduction system has been demonstrated at
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[Ca®*], <100nM

[Ca®"], >700nM
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FIGURE 3 | Bimodal Ca?* signal transduction switch: a Model. GCAPs,
1 and 2, detect increments in free [Ca%*]; and inhibit ROS-GC1;
CD-GCAPS—S1008B, neurocalcin §, hippocalcin, and frequenin—stimulate it.
The range of free Ca2+ GCAPs operate in is from 100 to 500 nM and of

CD-GCAPs is about 700 nM. Thus, in the GCAPs operational mode CD-GCAP
switch is “OFF" and in the CD-GCAPs operational mode GCAP switch is
“"OFF" [reformatted and upgraded from Figure 3 with permission from
Sharma et al. (2004) and Figure 4: Sharma (2010)].

the molecular, protein and functional levels in the rat testes
(Jankowska et al., 2007, 2010; reviewed in Jankowska and
Warchol, 2010), and at the biochemical and functional lev-
els in the human and bovine spermatozoa as well (Jankowska
et al.,, 2010). Histochemical studies show that the transduc-
tion system is localized in a small population of spermato-
cytes (Jankowska et al., 2007). Physiology of the system has
not been determined. Because the system is also present in
the acrosomal cap, the authors have suggested that it may
have a role in regulation of the acrosomal reaction (Jankowska
et al., 2010). Importantly, GCAP2 was screened for its molec-
ular presence in the rat testes but was not found, indicating
absence of the GCAP2-modulated ROS-GCI transduction in
the testes.

In summary, the following conclusions are arrived at in refer-
ence to the GCAP-modulated ROS-GC transductions system:

1. Ttis vital to the operation of the photo-transduction process.
2. Only Ca?*-modulated GCAP2 and ROS-GC2 appear to be its
unique photo-transduction components.

3. GCAPs, 1 and 2, through diverse modes regulate ROS-GCl1
activity.

4. The system is present in the inner retinal neurons, yet its
physiology is not determined.

5. Beyond photic transmissions, its presence in the pinealocytes,
olfactory bulb, and gustatory epithelium indicate that it plays
a wider role in the sensory transduction processes.

6. In the purest terms its presence in the spermatozoa ques-
tions the classification of GCAP1 as solely being a NCS family
member.

DISCOVERY OF A CD-GCAP, S100B, DEFINED ROS-GC AS A
CALCIUM BIMODAL TRANSDUCTION SWITCH

The feature that the increments of [Ca®T]; progressively inhibit
ROS-GC1 activity was intellectually challenging because it had
never been observed before for any member of the membrane
guanylate cyclase family. All members so far were stimulated by
its effector ligands. Serendipitous studies (vide infra) widened its
property in disclosing its remarkable nature. The ROS-GC was
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both an inhibitor and stimulator of [Ca>*]; signals, briefly nar-
rated below (reviewed in: Sharma et al., 2004; Sharma and Duda,
2006; Sharma, 2010).

In a joint study, two groups reported that a retinal post-
mitochondrial 100,000g supernatant fraction stimulates photore-
ceptor ROS-GC in a Ca?*-dependent fashion (Pozdnyakov et al.,
1995). The stimulatory factor was purified as a 6-7 kDa subunit
protein. It oligomerized to a functional 40 kDa and stimulated
the native and the cloned form of ROSGC1 with a [Ca?T; K,z
of 2pM. To distinguish it from the co-temporarily discovered
GCAP that inhibited ROS-GC in a Ca2+—dependent fashion, the
factor was named Ca?t-dependent guanylate cyclase activator
protein (CD-GCAP) (Pozdnyakov et al., 1995). And, importantly,
it was postulated that CD-GCAP may be a positive Ca’t mod-
ulator of the yet unidentified ROS-GC type guanylate cyclase
present in the synaptic layers of the bovine retina (Pozdnyakov
et al., 1995), a prediction proven true by the later studies
(discussed below).

The factor was cloned, sequenced both in its cloned and the
native forms, and reconstituted to show that it was S100B pro-
tein (Cooper et al., 1995; Duda et al., 1996; Margulis et al.,
1996; Pozdnyakov et al., 1997). And, in a remarkable discovery
it was established that the ROS-GC is a Ca?*-bimodal switch.
Its inhibitory mode operates through GCAP and the stimula-
tory through S100B. The switching modes are controlled by
nanomolar to the micromolar range of [Ca*];.

Additional studies demonstrated that the GCAP1 and S100B-
modulated domains in ROS-GCI are far apart. They flank the cat-
alytic domain; at its N-terminal aa503—786 segment resides the
GCAP1 domain and at the C-terminal aa731-1054 segment, the
CD-GCAP domain (Duda et al., 1996). The CD-GCAP and
the S1I00B arms of the switch constitute its separate elements
and they operate ROS-GC through different modes. These modes
were diagrammatically depicted in a model “ROS-GCI is a
Bimodal Signal Transduction Switch” (Sharma et al., 2004). This
model is reproduced in Figure 3.

There were two powerful impacts of these findings. (1) CORE,
they demonstrated, for the first time, that the [Ca®T]; signals can
originate downstream of the catalytic site and then be processed
upstream at the catalytic site for the generation of cyclic GMP.
(2) They provided a theoretical background of a general con-
cept where via a nearby cyclic GMP-gated channel the ROS-GC
transduction system could create hyper- or de-polarization in the
membranes of the sensory neurons. The ensuing voltage poten-
tials could then become the means of transmission for sensory
transduction events (Sharma, 2010).

$100B IS THE CAZ*-MODULATOR OF THE PHOTORECEPTOR-BIPOLAR
SYNAPSE ROS-GC

To test the prediction that the S100B Ca*" signaling arm of the
ROS-GCl1 is present in the photoreceptor-bipolar synapse region
(Pozdnyakov et al., 1995), the bovine OPL was investigated (Duda
et al., 2002). Serialized functional, biochemical, and immunolo-
calization followed by a combination of peptide competition,
SPR binding, and deletion mutation studies demonstrated that
upon Ca?* binding S100B targets two sites in ROSGC1. One site
comprises aa G2°2-N%81, the other, aa I'°30-Q!%!, The former

represents the binding site and later the transduction site. The Ky
value for the binding site ranges from 198 to 395 nM.

These results confirmed that, indeed, the Ca?* bimodal modes
of the ROS-GC regulation exist in the retinal neurons and the
modes define a new paradigm of Ca’>* signaling in the verte-
brate neurons (Duda et al., 2002). In contrast to what happens
in ROS, where increments in free Ca>* inhibit ROS-GCI activ-
ity, in the synapse region they stimulate ROS-GCl1. The reversal
in cyclase operation is caused by the substitution of GCAP in
ROS with S100B in the photoreceptor-bipolar synapse. And,
importantly, GCAP inhibition of ROS-GC1 occurs with Ca’*
Kj/2 of about 100nM and S100 B stimulation with a K;/, of
850 nM. This experimentally validated the previously proposed
theoretical model of S100B-modulated Ca’>* signaling of ROS-
GC1 (Figure 3). It also demonstrated that S100B in the visual
transduction system acts as a Ca®* sensor protein.

DISCOVERY OF THE SECOND CD-GCAP, NEUROCALCIN 3,
WIDENED THE CA2+ SIGNAL TRANSDUCTION MODES OF
ROS-GC1

Besides S100 B, is there any other member of CD-GCAP linked
with ROS-GCI1 transduction system in the retinal neurons?

The answer is yes. First, in a heterologous system of COS
cells where the sole interacting components were recombinant
ROS-GC1 and recombinant bovine brain neurocalcin 3, it was
demonstrated that the neurocalcin stimulated ROS-GC1 ina Ca* -
dependent manner with a Kj/, of 0.8 uM (Krishnan et al., 2004).
The stimulation was specific because it did not stimulate ROS-GC2
and ANF-RGC. Also, the mechanism of stimulation was different
from the prototype CD-GCAP, S100B, because the neurocalcin—
modulated domain in ROS-GC1 was different from that of S100B.
The common stimulatory theme of the two CD-GCAPs was
explained through the comparison of their Ca?*-bound crystal
structures. In 3-D terms the four helix-packing arrangements of
their Ca?t -binding EF hands are very similar (Kumar et al., 1999;
Sharma et al., 2004; Duda et al., 2006). Thus, spatially neurocalcin
3 and S100B are structural and functional analogs.

These studies demonstrated that CD-GCAP is more than a
one-member family and it is linked with the ROS-GC1 transduc-
tion system. This knowledge seeded in the evolution of a powerful
theoretical concept where a single transducer ROS-GC1 compo-
nent is designed to sense the multiple spatial forms of Ca’* signals
through its GCAP and CD-GCAP components and translate them
into the production of a single second messenger, cyclic GMP.

NEUROCALCIN 5 IS THE CA2+-MODULATOR OF THE IPL ROS-GC1
Neurocalcin 8 was purified and sequenced from the IPL of the
retina (Krishnan et al., 2004). Its N-terminus is blocked and is
acylated, predominantly in the myristoylated form. Accordingly,
the cloned protein at its N-terminus contains a myristoylation
site motif, MGXXXS, conserved in all other members of the
NCS-protein family, with the only exception for the Kv-channel
interacting protein subfamily; whose members, KChIP2, KChIP3,
and KChIP4 are not myristoylated (Braunewell and Gundelfinger,
1999; Burgoyne and Weiss, 2001).

The IPL neurocalcin 3 is a 20kDa monomer protein. Like
other Ca®* sensor proteins (Ladant, 1995; Frins et al., 1996),
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it exhibits a Ca?*-dependent mobility shift. In its native form
it exists as a dimer (Venkataraman et al., 2008). It has four
Ca2+—binding EF-hand motifs; only three—EF2, EF3, EF4—are
predicted to be functional (Okazaki et al., 1992; Terasawa et al.,
1992; Vijay-Kumar and kumar, 1999).

It contains an active Ca’™ myristoyl switch (Krishnan et al.,
2004) but its small fraction is always bound with the native
membranes. This intrinsic binding feature has important Ca’*-
dependent physiological implications. Therefore, it was studied
further and validated through the analysis of the recombinant
reconstituted system with the conclusions that (1) a resting cel-
lular concentration of 100-200 nM, [Ca2*]; is able to keep neu-
rocalcin 8§ membrane bound. (2) In this membrane bound state,
it has a stronger affinity for ROS-GCl1. (3) Once the neurocal-
cin § and ROS-GC1 complex is formed, existence of this complex
is independent of the Ca?T concentration. Any one or all three
of these possibilities suggested that the membrane bound neuro-
calcin 8 can participate in the Ca?*-dependent events, occurring
at millisecond time intervals, the intervals required in the visual
transduction events.

In accordance with this concept, natural interaction of neu-
rocalcin § with ROS-GC1 was envisioned, tested and found in
the TPL (Krishnan et al., 2004). Neurocalcin 8§ and ROS-GCl1
were present together and the added presence of [Ca’*]; stim-
ulated native ROS-GC1 activity. The results also showed that the
nanomolar (resting) concentration range of Ca’* keeps neuro-
calcin 8 membrane bound and creates the physical and functional
interaction between neurocalcin 8 and ROS-GCl1. Importantly,
the myristoyl group of neurocalcin causes a 2-fold amplification
of the saturation activity of ROS-GCI.

Kinetic parameters of the Ca?*-dependent neurocalcin § inter-
action with ROS-GC1 were analyzed (Krishnan et al., 2004).
Without Ca?*, neurocalcin 3 had no affinity for ROS-GCl. In the
presence of Ca?t, it bound ROS-GC1 with Ka of 2.3 x 106 M~!
and a Kp of 4.6 x 1077 M.

These analyses demonstrated that the steps of neurocalcin §
binding to and dissociation from ROS-GC1 are Ca’"-dependent,
they occur within the physiological levels of Ca’*, they are direct
and of high affinity; and they occur within nano seconds, in
accordance with the time span of the vision transduction steps
(Krishnan et al., 2004).

That the neurocalcin 8 regulation of ROS-GCI1 is, indeed,
unique to itself was also demonstrated with the disclosure of its
target site in ROS-GCl, residing within its aa732-962 segment.
It does not overlap with the GCAP1-, GCAP2-, and S100B-
modulated domains of ROS-GC1 (Krishnan et al., 2004).

NEUROCALCIN § MODULATION OF ROS-GC1 REPRESENTS A NEW
MODEL OF CA%* SIGNALING
Fine analysis of the aa732-962 segment pinpointed the neuro-
calcin 3-modulated site between aaV®7-18%8 of ROS-GCI. This
recognition was surprising because the site resided within the core
catalytic domain. This had never been observed before for any
ligand of the guanylate cyclase family members.

The nature of the site was probed by direct studies with the
isolated core catalytic module of ROS-GC1 (Venkataraman et al.,
2008). They yielded unforeseen results, contrary to at the time

held views. (1) The neurocalcin § directly interacts with the site;
(2) it does not require the adjacent N-terminally located a-helical
dimerization domain structural element (aa767-811) for its inter-
action; (3) The core catalytic module, housing the site, is intrin-
sically active, i.e., it has basic guanylate cyclase activity; (4) The
core module by itself is dimeric in nature, it does not require the
dimerization domain structural element for being so; and (5) the
core dimeric form of the catalytic module is directly regulated by
the Ca>*-bound neurocalcin 8; Ca>*-unbound neurocalcin § was
ineffective.

Incorporating these features, a fold recognition based model
of the core catalytic domain was built and neurocalcin §
docking simulations were carried out to define the three-
dimensional features of the interacting domains of the two
molecules (Venkataraman et al., 2008). This model is presented in
Figure 4.

The model displayed the following features in 3-D terms.

1. The two chains of the catalytic module are antiparallel. In
each chain, the neurocalcin 8-binding-transduction motifs is
located toward the N-terminal region of the chain. In these
configurations, the two neurocalcin binding-transduction
sites are distal to each other. The notable characteristics of
these sites are that they are composed of helix-loop-helix
structure.

2. The core catalytic domain V87-188 is the interaction site with
the neurocalcin.

3. The residues in and around the EF1 hand of the neurocal-
cin are the primary interaction sites with its target catalytic
domain.

4. The contact points between the catalytic domain and neuro-
calcin 8 are designed to form a perfect fit. The neurocalcin-
binding transduction motif of the catalytic domain consists
of a helix-loop-helix structure. This structure is accessible
to the solvent and comfortably fits in the V-shaped crevice
of the neurocalcin 3. This crevice is formed by the defined
EF-1 hand residues (Figure 4C). These residues form a spe-
cial hydrophobic—hydrophilic patch, which may be distinc-
tive feature of the Ca?t-dependent signaling property of
neurocalcin 3.

Signal transduction model

The experimentally validated facts provided by this study and
these aided by the computational modeling, allowed the pro-
posal of a stepwise neurocalcin 3 signal transduction model. Step
1, the post-phototransduction signal in the IPL neurons gener-
ates a rise of free [Ca?*]; in the lower micromolar range. Step
2, [Ca%t] binds neurocalcin 3. Step 3, neurocalcin § undergoes
Ca’*-dependent configurational change. Step 4, with an ECsg
of 0.5M, its defined domain in EF1-hand binds its V87-18%8
modulated region of the catalytic domain in ROS-GCl1; catalytic
domain in its native form exists as a dimer. Step 5, with ko, of
7 x 10* M~! 571, catalytic domain is activated and generates
cyclic GMP. Step 6, with ko of 4.2 x 1072 s~!, the neurocalcin
3 is dissociated and the process reverts back to the Step 1 state of
the neuron. These findings defined a new transduction model for
the Ca®* signaling of ROS-GCI.
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C Terminus

Neurocalcin &

FIGURE 4 | Three-dimensional model of the ROS-GC1 catalytic domain
and molecular docking of neurocalcin §. (A) Ribbon diagram of the
ROS-GC1 catalytic domain monomer. The a helices are shown in red and the
B strands in cyan. Numbering is according to the protein data base file 1AZS
template. The N- and C-termini are indicated by arrows. (B) The
solvent-accessible V837-1858 domain of ROS-GC1 catalytic domain. The two
monomeric ROS-GC1 catalytic domains are indicated in red and green
respectively. Within each monomer, the region corresponding to \/837-1.858 s
indicated in yellow and labeled. The N- and C-termini are labeled. (C) The
ROS-GC1 catalytic domain/neurocalcin § complex. Monomers of ROS-GC1
catalytic domain and of neurocalcin § are depicted for clarity. ROS-GC1
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-
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catalytic domain is depicted as a green ribbon and its helix-loop-helix

V8371 858 region is in blue; the solvent accessible surface of neurocalcin § is
depicted in gold. A dotted box is drawn around the region of docking.

(D) Residues on neurocalcin  within 4.5 A sphere from the interacting
ROS-GC1 catalytic domain region. The docking region [dotted box in

(C)] is expanded. The ROS-GC1 helix-loop-helix region (V837-18%8) is
depicted as a blue ribbon. The neurocalcin § residues located within

4.5 A sphere from the V837-1888 region are depicted as stick models in red,
embedded within the solvent surface (transparent gold). The amino acid
residues are labeled. Reproduced with permission from reference
Venkataraman et al. (2008).

CA2+-MODULATED ODORANT-RECEPTOR ONE-GC IS A VARIANT

FORM OF ROS-GC TRANSDUCTION SYTEM

The recognition that ROS-GC is a Ca’>" bimodal signal trans-
duction switch offered the theoretical possibility of its universal
linkage with the sensory transduction processes (via supra). In
this pursuit, its linkage with the sense of SMELL was anticipated
(reviewed in: Sharma et al., 2004; Duda et al., 2007; Sharma, 2010;
Zufall and Munger, 2010). What follows is a brief recapitulation
and a brief presentation of the current status of the field.

History

Ca?*-modulated ROS-GC transduction system in the olfactory
transduction was first discovered in the rat olfactory bulb (vide
supra) (Duda et al., 2001). After the odorant transduction step
in the olfactory cilia, the bulb receives the information in the
form of action potentials. The incoming axons from the olfac-
tory receptor cells join together and form presynaptic nets. These
nets are termed glomeruli (Shepherd and Greer, 1998). They are
the “microprocessor units” of the olfactory bulb. Each glomerulus
consists of about 20,000-25,000 axons of the olfactory receptor
cells. The glomeruli synapse with the dendrites of mitral and
tufted cells, constituting the second order neurons in the olfac-
tory bulb (Pinching and Powell, 1971). The information received

by the dendrites is processed in the soma, and transmitted via the
olfactory tract to the five specified areas of the olfactory cortex:
anterior olfactory nucleus, olfactory tubercle, pyriform cortex,
amygdaloidal complex, and entorhinal complex (Figure 1 of ref-
erence Sharma, 2010). These areas decode the sensory input and
translate the original odorant signal into the perception of SMELL
at the olfactory cortical centers.

Programmed dissection of the bulb via the techniques of
biochemistry, functional reconstitution, immunohistochemistry,
and molecular constructs revealed that, like the rod and cone
OS the bulb mitral cells contain and synthesize the elements of
the GCAP1-modulated Ca’*-signaling ROS-GC1 transduction
system (Duda et al., 2001). Importantly, the GCAP2-modulated
ROS-GC signaling system is absent. Thus, these neurons have the
full information both at the gene and the protein level for the
production, expression, and operation of the entire transduction
machinery. Intriguingly, the machinery operates with almost the
same principles as established for the photo-transduction opera-
tion. These operational principles of the mitral cell have not been
evaluated at the physiological level. Nonetheless, conceptually,
it is possible that via a proximal hypothetical cyclic GMP-gated
channel, the increments of [Ca®*|;, will decrease the production
of cyclic GMP and hyperpolarize membranes of the mitral cells.
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This will then become the means of transmitting the original
odorant signal information to the olfactory cortical centers.

DISCOVERY OF THE CA2+-MODULATED ONE-GC, A VARIANT FORM OF
ROS-GC, IN THE CILIA OF THE OLFACTORY EPITHELIUM DIRECTED ITS
LINKAGE WITH THE ODORANT TRANSDUCTION

The finding of the Ca>* signaling ROS-GC1 transduction sys-
tem in the olfactory bulb provided the incentive to analyze the
presence of this signaling system in the olfactory epithelium for
its linkage with the process of odorant transduction. This anal-
ysis (Duda et al.,, 2001, 2004; reviewed in Duda et al., 2007)
was aided by the prior observations with the photo-transduction
machinery. Certain parallels and opposite phenotypes of the two
neuronal cell systems were noted. The cilia are the counter part
of the OS of rods and cones photoreceptors. OS are the sites of
photo-transduction, the cilia, of the odorant transduction. Like
OS, the cilia continuously shed from the olfactory receptor neu-
rons (ORN) and undergo replacement. The OS contain the entire
components of the photo-transduction system and the cilia of
the odorant-transduction, a biochemical process by which an
odorant signal generates electrical signal. However, it was also
realized that the physiological consequences of the LIGHT signal
and the ODORANT signal in their respective photo-transduction
and odorant-transduction machineries are opposite; illumina-
tion results in hyperpolarization of the photoreceptor membrane,
whereas odorant results in depolarization of the ORN membrane.
With these considerations, intuitively, the odorant transduction-
linked hypothetical ROS-GC-transduction system should be in
the stimulatory mode in the semi-micromolar [Ca®T]; range in
the cilia, a situation opposite to that in OS. Thus, the odorant-
linked ROS-GC’s sensor partner should be a CD-GCAP, instead
of a GCAP in OS.

At the time this hypothesis was envisioned, the consensus was
that the odorant signal transduction occurs solely through the
cyclic AMP signaling pathway (reviewed in Buck, 1995; Belluscio
et al., 1998; Breer, 2003; Lai et al., 2005). However, there was evi-
dence for the presence of a membrane guanylate cyclase [GC-D]
in the rat ORNs (Fiille et al., 1995). GC-D had been cloned from
the total rat olfactory cDNA library. Because, no regulatory ligand
for GC-D was found, it was classified as an “ORPHAN” receptor
guanylate cyclase. In situ hybridization (Fiille et al., 1995) and then
immunocytochemical techniques indicated that GC-D coexisted
with its cyclic GMP-PDE partner (PDE2) and, importantly, these
two partners were segregated from the components of the cyclic
AMP signaling pathway (Juilfs et al., 1997). Furthermore, they
were present in a small subpopulation of the neuroepithelium
neurons (Juilfs et al., 1997). Additional immunocytochemical
studies demonstrated that this subpopulation of neurons also
expresses a subunit of the cyclic GMP-selective CNG channel
(Meyer et al., 2000). Thus, these neurons were not a part of the
cyclic AMP signaling cascade system, instead, they were possibly
wired with the cyclic GMP-selective transduction system (Juilfs
et al., 1997; Meyer et al., 2000). Initial speculation was that these
odorant neurons, termed necklace for their appearance, were a
part of the odorant transduction system, however, this specu-
lation was later revised to that “the function of this group of
neurons may be in behavioral responses induced by hormones

or pheromones, possibly related to reproduction, rather than a
response to specific odorants” (Juilfs et al., 1997; Meyer et al,,
2000).

To assess the possibility that a ROS-GC-like Ca**-modulated
signaling system exists in the minority subgroup of the odorant
neurons and is a part of the odorant transduction system, the
present authors’ group in their first two studies targeted two sys-
tems: isolated rat olfactory neuroepithelium and the isolated cilia,
which are the sites of odorant transduction (Duda et al., 2001,
2004). Five criteria were set forth for the ROS-GC transduction
machinery to qualify as a genuine transducer of the odorant sig-
nal. (1) In its native state, it must be odorant responsive; (2) the
response should be rapid; (3) it must reside in the membrane
portion of the cilia, the site of odorant transduction; (4) the phys-
iological levels of [Ca®*]; should mimic the odorant’s response;
and finally (5) with the defined components of the machinery,
it should be possible to reconstitute the Ca?* dependency of the
machinery.

All these five criteria were met by the Ca>*-modulated myr-
neurocalcin 8-ONE-GC guanylate cyclase transduction system
present in the cilia (Duda et al., 2004; Sharma and Duda, 2006;
Duda et al., 2007): In its native state, the machinery is odorant-
responsive; its response is fast, within seconds; it resides within
the membrane portion of the cilia; is modulated by the physio-
logical concentrations of free Ca®™ with a K /2 of 700 nM; and it
can be reconstituted in a Ca?*-dependent manner by using the
sole recombinant molecules of myr-neurocalcin 8 and ONE-GC.
These studies established the constitution and the operational
principles of the odorant-linked ONE-GC transduction machin-
ery. ONE-GC cloned from the rat olfactory neuroepithelium
(Dudaetal., 2001) library was found to be identical in structure to
GC-D (Fiille et al., 1995). Instead of GC-D, the authors preferred
the name ONE-GC because it associated with its residence in
olfactory neuroepithelium (Duda et al., 2001).

Constitution and operation
The transducer component is ONE-GC and its Ca’* sensor
component is neurocalcin §. ONE-GC is a variant form of the
ROSGC subfamily because it is not inhibited by the [Ca®*]; sig-
nals; instead, it is only stimulated. ROS-GC1 and ROSGC2, the
Ca’t signal transduction components of the photo-transduction
machinery, are not present in the cilia. In the resting state of the
cilia, with a concentration range of 60—100 nM free Ca?*t, ONE-
GC transduction system is partially active and is ever ready to
receive and transduce the odorant signals into the production of
cyclic GMP. The neurocalcin senses Ca?* in 300-800 nM range,
undergoes conformational change, strengthens its bondage with
the ONE-GC segment, a 836-1028, and turns “on” the transduc-
tion machinery. The binding of neurocalcin 3 is of high affinity
with a Kp of 2.8 x 1077 M, is rapid with fast association (ko
of 5.7x 10> M~ s7!) and dissociation (kg of 1.56 x 1073
s~1) constants. In this manner, the machinery is finely tuned to
respond rapidly to the intensity-dependent fluctuations of the
Ca’* waves in the apical regions of the ciliary neurons (Duda
et al., 2004).

It is noted that although neurocalcin 8 contains an active
Ca’*myristoyl switch, a fraction of it is always ONE-GC bound
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in its native state (Duda et al., 2001, 2004). It is the bound form
that directly modulates the Ca?* signals and causes activation of
ONE-GC.

In this manner it was envisioned that the ONE-GC neurons
via the neurocalcin-modulated Ca>* signaling ONE-GC trans-
duction system are linked with the odorant transduction, and one
such recognized odorant was green pepper (Duda et al., 2004).

CAZ+ SENSOR GCAP1 IN THE PHOTOTRANSDUCTION SYSTEM
FUNCTIONS AS A CD-GCAP IN THE ODORANT ONE-GC

TRANSDUCTION SYSTEM

A subsequent study demonstrated the identity of another Ca?*
sensor component of ONE-GC (Duda et al., 2006). It was GCAP1
but surprisingly it functioned as a CD-GCAP in the native ONE-
GC neurons. There, it was bound to ONE-GC segment, aa
M836_C110 gnd with a Ca?t Kj/2 of 900 wM stimulated it. It was
the first example and remains to be the sole example of a Ca®*
sensor that could function in an antithetical fashion, inhibiting
one, ROS-GC, transduction system and stimulating the other,
ONE-GC system.

ONE-GC IS THE ODORANT UROGUANYLIN RECEPTOR

An important gap related to the concept of the linkage of Ca?*-
modulated ONE-GC with the odorant transduction was that
(1) how it receives the odorant signal at its extracellular domain;
(2) and the signal links with its Ca?"-modulated intracellular
steps; and finally (3) how it is translated at its catalytic domain
in the generation of cyclic GMP, the proposed second messenger
of the odorant signal?

These questions began to unfold by two milestone reports
(Leinders-Zufall et al., 2007; Duda and Sharma, 2008). The
first, through gene-deleted mouse models, ONE-GC~/~ and
CNGA3~/~, and patch clamp techniques demonstrated that the
wild-type mice respond to the urine odor in generating the “exci-
tatory cyclic GMP-dependent signaling action potential firing.”
The urine constituents responsible for creating these patterns
of physiological behavior are uroguanylin and guanylin. It was
thereby proven that the previously recognized necklace olfactory
neurons were the ONE-GC neurons and they were wired with
the cyclic GMP signaling pathway for the transduction of the two
odorants, uroguanylin and guanylin.

This study also discounted the original proposal (Juilfs et al.,
1997) and the impression it left that the ONE-GC signaling path-
way is meant to signal the hypothetical pheromone activity which
regulates the sexual behavior of the animals (Meyer et al., 2000),
because ONE-GC gene null mice showed no abnormality in the
mating and suckling behaviors (Leinders-Zufall et al., 2007).

The second report (Duda and Sharma, 2008) through in vivo
cell reconstitution studies using deleted constructs of ONE-GC
demonstrated that the extracellular domain of ONE-GC s the tar-
get site of the odorant uroguanylin; and the other urine odorant
guanylin does not signal ONE-GC activation. Uroguanylin acti-
vates ONE-GC with an ECs( of 20 pM and saturates it at 500 pM.
It was thereby established that ONE-GC is the sole uroguanylin
odorant receptor.

These findings marked the solidification of the original
BIMODAL concept that the Ca>*-modulated ROS-GC subfamily

occurs in many forms. Through these forms, it has the poten-
tial of being a universal signal transducer of the sensory and
sensory-linked neurons. ONE-GC represents a third subfamily of
membrane guanylate cyclases, differing from the ROS-GC sub-
family of being a direct ligand of a natriuretic peptide at its
extracellular domain. Finally, contrary to the previous proposal
(Fulle et al., 1995), ONE-GC is not the orphan receptor guanylate
cyclase.

The other part of the report (Duda and Sharma, 2008) con-
stituted on the mechanism by which [Ca?*]; through its sensor
neurocalcin 3 signals the activation of ONE-GC. Its striking fea-
ture was the disclosure of its target site, which resided directly
on the ONE-GC catalytic module, aaM38°-192!, There, it directly
signaled its activation. The surprising aspect of this feature was
that the isolated catalytic module by itself existed in the dimeric
form. It did not require the co-presence of its putative dimer-
ization domain component, revising the previous held views on
the general mechanisms of membrane guanylate cyclase signaling
(Garbers, 1992; Wilson and Chinkers, 1995; Ramamurthy et al.,
2001).

Kinetics of the Ca®* -bound neurocalcin  binding to the ONE-
GC target site assessed by the SPR spectroscopy were: Kp = 2.8 x
1077 M kop = 5.7 X 10° ML ke = 1.56 x 1072 7L,

The study established that ONE-GC has trimodal regula-
tion; two occur intracellularly, GCAP1- and the neurocalcin
d-modulated, and one extracellularly, guanylin-modulated.

GENE KNOCKOUT STUDIES DEMONSTRATED THAT HIPPOCALCIN IS
AN ADDITIONAL CA%*+ SENSOR COMPONENT OF THE ODORANT
RECEPTOR ONE-GC TRANSDUCTION PATHWAY

The hippocalcin gene deleted mouse model studies demonstrated
that the hippocalcin-modulated ONE-GC transduction system
also exists in the olfactory neuroepithelium and it controls ~38%
of the ONE-GC catalytic activity, ~35% is controlled by GCAP1
and 27% by the neurocalcin (Krishnan et al., 2009). In its native
state in the neuroepithelium, (1) it is bound to ONE-GC; (2)
it activates ONE-GC with Cat Ki/z of 0.5-0.7 uM; and (3) Its
ECs value for the activation is 0.7 uM.

THE ODORANT, UROGUANYLIN, SIGNAL TRANSDUCTION MODEL
Given these facts that the odorant uroguanylin signals through
its ONE-GC surface receptor, that the signal is amplified through
its intracellular domain, that the domain is pre-bound with three
of its Ca>* sensors—the neurocalcin, GCAP1 and hippocalcin—
a general odorant signal transduction model has been proposed
(Figure 5). For simplicity, the model regulation is depicted for
only neurocalcin, yet it is applicable to all three of its Ca’* sen-
sors. The specificity of each sensor resides for its target site in
ONE-GC.

A small population of the ORNSs contains a cyclic GMP signal
transduction pathway. This pathway resides at the apical region
of the cilia. Present in the region is ONE-GC membrane guany-
late cyclase. Its outer domain is the uroguanylin receptor. In its
inner domain, at the C-terminus, resides the catalytic domain.
The M80-1°2! segment of this domain is bound to Ca’** sensor
component neurocalcin 3. In resting state, the olfactory receptor
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ONE-GC

Uroguanylin
(Odorant)

FIGURE 5 | Two-step uroguanylin-neurocalcin § signal transduction
model. Upper panel: Resting state (free [Ca?*]; < 100 nM). ONE-GC is in its
basal state, is bound to Ca?*-free neurocalcin § (NCdelta) with low affinity,
and maintains the steady-state cyclic GMP concentration. Calmodulin
(CaM)-bound cyclic GMP-gated Ca2t channel (CNGA3) is closed.

Lower panel: “Step 1,” uroguanylin interacts with the receptor

[Ca?*]; > 100 nM

domain of ONE-GC causing its activation and primes ONE-GC. Cyclic
GMP formed opens some of the CNGA3 channels increasing [Ca?t]; to
semi-micromolar range. “Step 2% Ca%*-bound neurocalcin

3 fully interacts with uroguanylin-primed ONEGC, causing its full
activation. [reproduced and reprinted with permission from: Duda and
Sharma (2009)].

neuron is in a 60—100 nM range of [Ca?T]; and ONE-GC is in its
basal state.

The odorant, uroguanylin, signal starts by its interaction with
the receptor domain of ONE-GC. It is processed through two
sequential steps. In step one, ONE-GC is primed and activated
minimally. In step 2, [Ca?T]; rises. With a Ky of 0.3-0.8 M,
Ca?t binds to the neurocalcin 8, facilitating its interaction with
the ONE-GC’s segment M30-1921 signals full activation of ONE-
GC and production of the odorant second messenger cyclic
GMP.

It is envisioned that the operation of step 2 starts with the gen-
eration of a small amount of cyclic GMP in step 1. This pool
of cyclic GMP opens a limited number of the cyclic GMP-gated
channels causing influx of [Ca?*]; in the ORN. Ca?* binds to
the neurocalcin, which, then fully activates ONE-GC. It is noted
that the ONE-GC downstream components, cyclic GMP-gated
channel (CNGA3) and Ca** are physiologically linked.

The model is unique because it is fundamentally different from
the photo-transduction and the peptide hormone receptor signal
transduction models.
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CA2+-INDEPENDENT, CO, ODORANT ONE-GC SIGNAL TRANSDUCTION
MODEL

ONE-GC in addition to being a direct odorant receptor and trans-
ducer of uroguanylin possesses an additional intriguing feature.
Indirectly, through carbonic anhydrase enzyme it senses atmo-
spheric CO; and gets accelerated in its production of cyclic GMP
(Hu et al., 2007; Sun et al., 2009).

The study to decipher the biochemical and molecular differ-
ences of these two odorant signaling mechanisms demonstrated
that (1) in contrast to uroguanylin, CO, transduction mecha-
nism is Ca2+—independent. (2) CO; transduction site, like that
of uroguanylin and neurocalcin 8, resides in the core catalytic
domain, aa880-1028, of ONE-GC. (3) The site, however, does not
overlap the signature neurocalcin 8 domain, “*®LSEPTE®!3. These
results demonstrated an additional new transduction mechanism
of the membrane guanylate cyclases, which is different from all
the previously recognized modes of the membrane guanylate
cyclase family.

SUMMATION

This review has briefly chronicled the events that have resulted
in the step-by-step development of the field of sensory percep-
tions linked with the different branches of the Ca?*-modulated
ROS-GC transduction systems. Its foundation rests on the ini-
tial seminal findings made about five decades ago that cyclic
GMP exists in rat urine and is synthesized through the mem-
brane guanylate cyclase enzyme (review: Sharma, 2010). For
about a decade, the field passed from the initial euphoria to
a complete chaos, when, barring very few, most of the lab-
oratories denied existence of the membrane guanylate cyclase
enzyme. The field was kept alive with the efforts of those few.
And was ever rekindled with the first purification of a membrane

guanylate cyclase, termed ANF-RGC, which, surprisingly, was
also a hormone receptor. This resulted in the belief that the
membrane guanylate cyclase family is solely comprised of surface
receptor guanylate cyclase. The ROS-GC discovery negated that
belief and dawned a new era where its new sensory perception-
linked transduction mechanisms began to be unfolded. It does
so with its remarkable feature of being a two-component trans-
duction system: Ca?™ sensor, GCAP or CD-GCAP and the trans-
ducer ROS-GC. There are numerous GCAPs and CD-GCAPs;
and ROS-GCs. This architecture enables flexibility, yet speci-
ficity, for the transduction system to respond to the multitude
of Ca’* signals and generate its second messenger cyclic GMP
in the sensory neurons. In this “universal Ca?* signal transduc-
tion” concept (Figure 3) the operation of ROS-GC transduction
is delicately controlled by the Ca?T waves generated inside the
neurons. It senses intensity of the waves and through its bimodal
switch turns itself “on” or “off” Through these and intermedi-
ate operations, it precisely controls the production of cyclic GMP,
which, in turn, via a nearby CNG channel regulates the hyper-
or depolarized state of the neuron membrane. The generated
electric potential in this manner becomes a means of transmis-
sion of the sensory signals to the brain cortical centers for their
perceptions.
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Photoreceptors, the light-sensitive receptor neurons of the retina, receive and transmit
a plethora of visual informations from the surrounding world. Photoreceptors capture
light and convert this energy into electrical signals that are conveyed to the inner
retina. For synaptic communication with the inner retina, photoreceptors make large
active zones that are marked by synaptic ribbons. These unique synapses support
continuous vesicle exocytosis that is modulated by light-induced, graded changes of
membrane potential. Synaptic transmission can be adjusted in an activity-dependent
manner, and at the synaptic ribbons, Ca?t- and cGMP-dependent processes
appear to play a central role. EF-hand-containing proteins mediate many of these
Ca?*- and cGMP-dependent functions. Since continuous signaling of photoreceptors
appears to be prone to malfunction, disturbances of Ca2*- and cGMP-mediated signaling
in photoreceptors can lead to visual defects, retinal degeneration (rd), and even blindness.
This review summarizes aspects of signal transmission at the photoreceptor presynaptic
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INTRODUCTION

Vision belongs to the most important senses of the human body.
The light-sensitive retina within our eyes screens the optical world
around us and transmits this information to the brain. At the
beginning of the complex task of visual perception, photorecep-
tors physically detect light energy and transmit the information to
the inner retina where further processing takes place. The retina
employs two different classes of photoreceptors, rod and cones, to
begin sorting out different components of light. Rod photorecep-
tors are specialized to operate at the lowest level of light, single

Abbreviations: NCS, neuronal Ca®*-sensor proteins; ROS-GC rod outer seg-
ment guanylate cyclase; GC, guanylate cyclase; OS, outer segments; IS, inner
segments; OPL, outer plexiform layer (containing photoreceptor ribbon synapses);
PDE6, cGMP phosphodiesterase 6; CNG, cyclic nucleotide-gated; CNG channel,
cyclic nucleotide-gated channel; HCN channel, hyperpolarization-activated, cyclic
nucleotide-gated channel; LTCC, L-type calcium channels; VGCC, voltage-gated
calcium channels; CSNB, congenital stationary night blindness; GCAP, guany-
late cyclase-activating protein; [Ca**]; cytoplasmic concentration of free Ca’*;
ER, endoplasmic reticulum; CDI, calcium-dependent inactivation; VDI, voltage-
dependent inactivation; KHD, kinase homology domain; CTR, carboxy-terminal
region; LCA, Leber congenital amaurosis; CORD, cone-rod dystrophy; ON-bipolar
cells, bipolar cells that depolarize in response to illumination; OFF-bipolar cells,
bipolar cells that hyperpolarize in response to illumination; ERG, electroretino-
gram; KO, knockout; SIM, structured illumination microscopy.

terminals that involve EF-hand-containing Ca2*-binding proteins.

Keywords: photoreceptor, ribbon synapse, synaptic ribbon, GCAP RIBEYE, CaBP4, Cay1.4 calcium channel,

photon detection, and are thus saturated in daylight (Pahlberg
and Sampath, 2011). Cone photoreceptors mediate color vision
and operate at higher light intensities. In primates, e.g., humans,
three different types of cones with long (L)-, medium (M)-, and
short (S)- wavelength sensitivities provide color vision; simpler,
non-primate mammals, e.g., mice, are dichromatic and possess
only two types of cones (L-S-cones, for review, see Abramov and
Gordon, 1994).

Mammalian photoreceptors in general are slender, highly
polarized neurons with a bipolar morphology (Figure 1). The
outer segment (OS) is the distal process that contacts the pigment
epithelium and this is where phototransduction takes place. At
the molecular level, phototransduction principally occurs via a
light-induced transduction cascade that finally leads to closure of
cGMP-gated cation channels (CNG-channels; cyclic nucleotide-
gated (CNG) channels) which causes the cell to hyperpolarize
from about —35mV to —40mV in the dark to about —70 mV
in very bright light (for review, see Burns and Baylor, 2001;
Chen, 2005). At the “opposite” (vitread) end of the photore-
ceptor, the presynaptic terminal transmits the light information
to dendrites of secondary neurons, bipolar, and horizontal cells
(Figures 1A,B). The vast array of light information detected by
the photoreceptor OS must be transmitted at the first synapse
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FIGURE 1 | (A) Schematic, simplified drawing of rod (R) and cone (C)
photoreceptors. Outer segments (OS) in which phototransduction occurs are
depicted as well as the presynaptic terminal where light information is
passed from photoreceptors to the secondary neurons, bipolar, and
horizontal cells (depicted in yellow and dark green colors in Figure 1B).
Subcellular details of photoreceptors including the inner segments were
omitted for sake of clarity. (B) Schematic, simplified drawing of rod and cone
photoreceptor presynaptic terminals. Rod synapses possess only a single,
large active zone with a single synaptic ribbon (sr) whereas cones possess
multiple active zones (20-50). Only invaginating ribbon synapses are
depicted. Non-invaginating, non-ribbon type synapses (Regus-Leidig and
Brandstatter, 2011) are not shown. (C-E, G-H) Electron micrographs of
photoreceptor terminals. (C) Shows a cross-sectioned ribbon (sr) with its
typical barshaped appearance in a rod terminal. The synaptic ribbon is
associated with large numbers of synaptic vesicles (sv) (D). The rod
photoreceptor in (D) is largely sectioned parallel to the plate-like synaptic
ribbon. In the left part, the section passes through the synaptic ribbon (sr);
more to the right, the plane of section is parallel, but close to the plate-like
synaptic ribbon. Many docked synaptic vesicles can be observed at the base
of the synaptic ribbon (small white arrows). The dashed circle indicates the
site where the postsynaptic dendrites enter the postsynaptic cavity formed

rod terminal

synaptic ribbons
=7\

by the invagination of the presynaptic photoreceptor terminal. (E) Also shows
a tangential view of the synaptic ribbon. The plate-like character of the ribbon
is visible. White arrows denote the ribbon plate which is bended along the
presynaptic plasma membrane in a horseshoe-like manner. The
horseshoe-shaped appearance of the synaptic ribbon can be also visualized
by immunolabeling with anti-RIBEYE antibodies and superresolution,
structured illumination microscopy (SIM) (white arrows in F). White
arrowheads in (F) show spherical synaptic spheres (ss), intermediate
structures in the assembly and disassembly of plate-shaped synaptic ribbons
[see also below; in (H); for review, see Schmitz (2009)]. Figure (G)
demonstrates many docked synaptic vesicles at the base of the synaptic
ribbon (white arrows) which are probably readily releasable. (H) Electron
micrograph of an immature, developing terminal from the early, postnatal
mouse retina (postnatal day 6). The ribbon complex is not yet fully
assembled. Besides barshaped ribbons (sr), spherical precursors of synaptic
ribbons, the synaptic spheres (ss), are also present in the presynaptic
terminal. Abbreviations: C, cone photoreceptor; R, rod photoreceptor; sr,
synaptic ribbon; ss, synaptic spheres; sv, synaptic vesicle; pr, presynaptic
terminal; po, postsynaptic dendrite; h, horizontal cell postsynaptic dendrite;
b, bipolar cell postsynaptic dendrite. Scale bars: 400 nm (C); 800 nm

(D); 320 nm (E); 1 wm (F), 400 nm (G), 500 nm (H).
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of the visual system, the photoreceptor synapse (for review, see
Wiissle, 2004; Heidelberger et al., 2005; Schmitz, 2009; Matthews
and Fuchs, 2010; Regus-Leidig and Brandstitter, 2011).

STRUCTURAL AND FUNCTIONAL SPECIALIZATIONS OF
PHOTORECEPTOR RIBBON SYNAPSES: A SYNAPSE

TUNED FOR PHASIC AND CONTINUOUS RELEASE

Both types of photoreceptors, rods, and cones, form ribbon
synapses to communicate with their secondary neurons, i.e.,
bipolar and horizontal cells in the outer plexiform layer of the
retina. In mammals, ribbon synapses are also made by reti-
nal bipolar cells, photoreceptor-like neurons in the pineal gland
as well as auditory and vestibular hair cells (Schmitz, 2009;
Matthews and Fuchs, 2010; Regus-Leidig and Brandstitter, 2011).
Ribbon synapses are characterized by large, electron-dense struc-
tures, the synaptic ribbons (Figure 1; for review, see Schmitz,
2009). Synaptic ribbons in photoreceptor synapses are plate-like
structures which appear bar-shaped in electron micrographs if
cross-sectioned (Figure 1; Schmitz, 2009). In rod synapses, typ-
ically one synaptic ribbon is contained at a single active zone;
in cone synapses 2050 active zones are present with each usu-
ally containing one synaptic ribbon (Wissle, 2004; Regus-Leidig
and Brandstitter, 2011). In hair cell ribbon synapses, most synap-
tic ribbons are spherical in shape (for review, see Matthews and
Fuchs, 2010). The synaptic ribbon is associated along its entire
surface area with a large number of synaptic vesicles that are
filled with the neurotransmitter glutamate. It is anchored at the
active zone of the presynaptic plasma membrane; in photore-
ceptors via the electron-dense arciform density (for review, see
Schmitz, 2009; Matthews and Fuchs, 2010; Regus-Leidig and
Brandstitter, 2011). RIBEYE is the major component of synap-
tic ribbons (Schmitz et al., 2000; Magupalli et al., 2008; Schmitz,
2009; Uthaiah and Hudspeth, 2010). It consists of a large and
unique aminoterminal A-domain, and a carboxyterminal B-
domain which is largely identical with the nuclear co-repressor
C-terminal-binding protein 2 (CtBP2). The B-domain/CtBP2
and a related protein, CtBP1, have developed from a family of
dehydrogenases and both specifically bind NAD(H) (for review,
see Schmitz, 2009).

Typically, ribbon synapses do not respond to bursts of action
potentials but are specialized to transmit a large bandwidth
of stimulus intensities via fine, graded changes in membrane
potential. To report even small changes of receptor potential in
response to differing light stimuli, ribbon synapses modulate
the rate of tonic vesicle exocytosis (for review, see Heidelberger
et al., 2005; Matthews and Fuchs, 2010; Wan and Heidelberger,
2011). Photoreceptor terminals may contain up to several hun-
dred thousands of highly motile synaptic vesicles depending upon
the species and type of synapse (for review, see Schmitz, 2009;
Matthews and Fuchs, 2010), which support the high basal synap-
tic vesicle turnover driven by the synaptic ribbon (Figure1).
Various studies, mostly done with fish retinal bipolar cells, indi-
cated that ribbon-associated vesicles are primed and readily-
releasable (for review, see Heidelberger et al., 2005; Matthews
and Fuchs, 2010; Wan and Heidelberger, 2011). Synaptic rib-
bons were proposed to capture and prime synaptic vesicles for
immediate release. By this way of thinking, the synaptic ribbons

would provide a battery of ready-to-go vesicles that could sup-
port continuous release for extended periods of time (Jackman
et al., 2009). Synaptic ribbons are hot spots of exocytosis as visu-
alized with TIRF-microscopy (Zenisek et al., 2000), and more
recently by the analyses of terminals with photodamaged synap-
tic ribbons that showed strongly depressed release (Snellman
et al., 2011). At the base of the synaptic ribbons, voltage-gated
L-type calcium channels are highly enriched (tom Dieck et al.,
2005). These channels allow voltage-dependent Ca®*-influx at
the ribbon synapse which triggers synaptic vesicle release (for
review, see Heidelberger et al., 2005; Schmitz, 2009; Striessnig
etal.,2010). L-type calcium channels are considered ideally suited
to serve the continuously active ribbon synapses (see below).
Submicromolar (average) concentrations of Ca’* are capable
of supporting tonic exocytosis in photoreceptors (for review,
see Heidelberger et al., 2005). Specific signaling properties of
ribbon synapses could require higher Ca?*-concentrations that
might be achieved at the base of the synaptic ribbons (Beutner
et al., 2001; Choi et al., 2008; Jackman et al., 2009; Jarsky et al.,
2010; Graydon et al., 2011). A recent study predicted concen-
trations up to 100 WM around the presynaptic Ca?*-channels
(Graydon et al., 2011), which could support coordinated mul-
tivesicular release (Singer et al., 2004; Khimich et al., 2005;
Jarsky et al., 2010; Graydon et al., 2011). RIBEYE is involved in
the clustering of Ca?*-channels in inner ear hair cells (Sheets
et al,, 2011), and in agreement with this, several studies found
a correlation between the ribbon size and the dimension of
Ca?*-microdomains (Johnson et al., 2008; Frank et al., 2009,
2010).

The size and number of synaptic ribbons can vary considerably
(Hull et al., 2006; Johnson et al., 2008; Frank et al., 2009, 2010;
Regus-Leidig et al., 2010; Liberman et al., 2011; for review, see
Vollrath and Spiwoks-Becker, 1996; Schmitz, 2009; Regus-Leidig
and Brandstitter, 2011). The plate-shaped synaptic ribbons in
photoreceptors appear to assemble and disassemble via spheri-
cal intermediates, the synaptic spheres (for review, see Schmitz,
2009; Mercer and Thoreson, 2011b). In the mouse retina, struc-
tural changes of synaptic ribbons are activity- (illumination-)
dependent; structural changes of fish synaptic ribbons are also
strongly influenced by circadian signals (Emran et al., 2010;
for review, see Vollrath and Spiwoks-Becker, 1996; Regus-Leidig
and Brandstitter, 2011). The activity-dependent plasticity of the
synaptic ribbon complex is related to the performance of the
visual system also at the systems level (Balkema et al., 2001). At
photoreceptor ribbon synapses, postsynaptic dendrites of bipo-
lar and horizontal cells contact the presynaptic release sites in
an invagination of the presynaptic terminal (Figure1). At this
site, the released glutamate is detected by the metabotropic glu-
tamate receptor 6 (mGluR6) on the tips of ON-bipolar cells;
horizontal cells as well as OFF-bipolar cells employ ionotropic
glutamate receptors (Wissle, 2004; DeVries et al., 2006; Morgans
et al., 2010).

Recent data revealed that EF-hand-containing proteins play an
important role in the activity-dependent adaptational processes
at the photoreceptor synapse. These findings suggest that the pho-
toreceptor synaptic apparatus is adjusted during changes in illu-
mination, thus allowing synaptic communication to continue in a
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senseful manner if background illumination changes over a broad
range. The processes in the presynaptic photoreceptor terminals
that involve EF-hand-containing proteins, including distinct neu-
ronal Ca**-sensor (NCS) - proteins and Ca>*-binding proteins
(CaBPs), will be summarized in the present review. Postsynaptic
activity-dependent signaling is covered by other recent reviews
(Burgoyne, 2007; Koike et al., 2010; Morgans et al., 2010).

CaZ+-IONS AND EF-HAND-CONTAINING Ca2*-BINDING
PROTEINS: OUTLINE

Ca’*-ions are crucial intracellular messengers that have central
roles in synaptic transmission ranging from triggering of synap-
tic vesicle exocytosis, vesicle recruitment, and recovery as well
as different aspects of synaptic plasticity (for review, Neher and
Sakaba, 2008). Ca’**-binding EF-hand-containing proteins are
perfect candidates for participating in photoreceptor signaling.
These proteins are characterized by high-affinity Ca?*-binding
motifs and consist of a helix-loop-helix motif (Burgoyne, 2007).
The loop region, typically 12 residues long, is rich in acidic
amino acids that chelate the Ca’t (as well as Mg?*). The
founder molecule is calmodulin, and related to calmodulin are
two classes of EF-hand-containing proteins (Figures2 and 3):
(1) the family of neuronal calcium sensor (NCS) proteins that
include the guanylate cyclase activating proteins (GCAPs) and
(2) the family of calcium-binding proteins (CaBPs) that include
calcium-binding protein 4 (CaBP4) (for review, see Haeseleer
et al., 2002; Burgoyne, 2007). Furthermore, individual proteins
contain EF-hand motifs as important functional parts of their
primary structure, e.g., the al-subunit of L-type voltage-gated
Ca?t-channels (VGCCs).

[Ca2*]; IN PRESYNAPTIC PHOTORECEPTOR TERMINALS

EF-hand-containing proteins typically bind Ca?* in the submi-
cromolar range and are regulated by [Ca®*];. In photoreceptor
terminals, presynaptic [Ca®*]; is controlled by various mecha-
nisms. These include [Ca?*];- influx through calcium-permeable
channels in the presynaptic plasma membrane (VGCCs, probably
also CNG- and hyperpolarization-activated, cyclic nucleotide-
gated (HCN)-channels), Ca?*-buffering systems in the presy-
naptic terminals, Ca?*-release from the ER (e.g., Ca**-induced
Ca’*-release) as well as extrusion from the cytosol into the
ER and the extracellular space (e.g., via plasma membrane
Ca’*t-ATPase; Nat/Ca?t, Kt-exchanger) (Rieke and Schwartz,
1994; Savchenko et al., 1997; Krizaj and Copenhagen, 2002;
Suryanarayanan and Slaughter, 2006; Johnson et al., 2007; Knop
et al., 2008; Szikra et al., 2008, 2009; Babai et al., 2010; Seeliger
et al., 2011). Importantly, Ca>*-concentrations in the presynap-
tic terminals of photoreceptors have been imaged in-situ using
two-photon-microscopy (Choi et al., 2008; Jackman et al., 2009).
In the anole lizard (Anolis segrei), 360—600 nm global (average)
Ca** were measured in cone terminals of dark-adapted retinas;
190-250 nm of global average Ca®* after bright illumination at
physiological extracellular Ca?*-concentrations. At the base of
the synaptic ribbon, [Ca?T]; could be much higher than these
average values (>4 pM) (Choi et al., 2008; Jackman et al., 2009).

These [Cat]; values in the presynaptic terminal differ from
[Ca?t]; values in the OS. In the OS of mouse retinas, dark values

of 250 nm were measured; down to 23 nm [Ca2*]; were measured
in the OS of mice at saturating illumination (Olshevskaya et al.,
2002; Woodruff et al., 2002; Koch, 2006; Baehr and Palczewski,
2009). Species-dependent differences in OS [Ca®*]; values have
been observed: dark values of ~700 nm [Ca?T]; were measured
in salamander rod OS; many species have dark [Ca2t]; values
of ~500nm (Olshevskaya et al., 2002; Woodruff et al., 2002;
Koch, 2006; Karan et al., 2010). Differences of [Ca*t]; between
presynaptic terminals and outer/inner segments could result
from the elongated, slender shape of photoreceptors and vari-
ous Ca’*-extrusion mechanisms between OSs and presynaptic
terminals (Krizaj and Copenhagen, 2002). Additionally, signals
in the presynaptic terminals are shaped by feedback responses
from secondary neurons (Jackman et al., 2010; Regus-Leidig and
Brandstitter, 2011).

L-TYPE VOLTAGE-GATED CALCIUM CHANNELS IN
PHOTORECEPTOR PRESYNAPTIC TERMINALS
The rate of synaptic vesicle exocytosis at ribbon synapses is highly
dependent on changes in membrane potential, and the role of
voltage-gated calcium channels in this process has been inten-
sively investigated. Synaptic vesicle exocytosis in rod and cone
photoreceptor synapses is triggered via Ca>*-influx through L-
type voltage-gated calcium channels (LTCCs) at the active zones
(for review, see Morgans et al., 2005; Striessnig et al., 2010;
Catterall, 2011). The al-subunit is the largest subunit of LTCCs.
Cay1.4 (often also denoted as alF-subunit (Cacnalf); Catterall
et al., 2005) is believed to represent the main pore forming
al-subunit of LTCCs involved in neurotransmitter release at
photoreceptor synapses. This assumption is based on several
findings: (1) immunocytochemical analyses (Nachman-Clewner
et al, 1999; Morgans, 2001; for review, see Morgans et al,
2005); (2) analyses of spontaneous and engineered Cay 1.4 mouse
knockouts (for review, see Doering et al., 2007; Striessnig et al.,
2010). (3) human patients suffering from congenital station-
ary night blindness (CSNB) show mutations in the Cay1.4 gene
(for review, see Doering et al.,, 2007; Striessnig et al., 2010).
Some studies also observed expression of Cay1.3 (also denoted
as alD-subunit (Cacnald); Catterall et al., 2005) in photorecep-
tor synapses (Xiao et al., 2007; Kersten et al., 2010). Inner ear
hair cell ribbon synapses employ Cay1.3 as pore-forming Ca>*-
channel al-subunit (for review, see Striessnig et al., 2010). But
while hearing is severely impaired, vision appears to be normal in
Cay 1.3 knockout mice (for review, see Striessnig et al., 2010).
Cay1.4 (alF) is ~2000 amino acids long and organized into
four homologous domains (domain I-IV) (Catterall et al., 2005;
Catterall, 2011). Both N- and C-terminus reside in the cyto-
plasm (Figure2). The C-terminus (CTR) of Cay1.4 possesses
important regulatory functions and consists of a Ca**-binding
EF-hand domain, a pre-IQ and IQ-domain as well as an impor-
tant regulatory region at the very carboxyterminus, the so-called
CTM (C-terminal modulator) or ICDI (inhibitor of CDI) (Singh
et al., 2006; Wahl-Schott et al., 2006; Striessnig et al., 2010). The
CTM performs functionally important intramolecular interac-
tions with the carboxyterminus of Cay1.4 (see below). The al-
subunit associates with cytoplasmic p-subunits, predominantly at
the loop region between domain I and II of Cay1.4 (Dolphin,
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FIGURE 2 | (A) Schematic representation of L-type Ca?*-channel
composition of rod photoreceptor synapses [drawn modified based on
Lacinova (2005)]. The channels are immobilized at the active zone close to the
base of the synaptic ribbon. The a1Fsubunit is considered the pore-forming
subunit that supports voltage-dependent entry of Ca2*. CaZ* ions are
depicted as pink spheres. The cytoplasmic C-terminus of Cay 1.4 a 1-subunit
contains an EF-hand, Pre-IQ-, and IQ-domain. In other Cay1 channels, e.g.,
Cay 1.2, these carboxyterminal domains mediate Ca?* -dependent
inactivation [for review, see Striessnig et al. (2010)]. In Cay 1.4, CDl is
prevented by the additional CTM region that forms an intramolecular
interaction with the above mentioned domains [Singh et al. (2006);
Wahl-Schott et al. (2006)]. The B2-subunit interacts with the al1-subunit at the
cytoplasmic loop connecting domain | with domain Il [Catterall (2011)]. The
alpha2-deltad (a284)-subunit, linked to each other with disulfide-bridges (not
shown), complements the channel composition [Wycisk et al. (2006); Mercer
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et al. (2011a)]. The 8-subunit possesses a single transmembrane segment
which is post-translationally cleaved off and replaced by a GPI anchor [Davies
et al. (2010)] (B,C) Schematic depiction of the synaptic ribbon. Protein-protein
interaction cascades are shown that could link RIBEYE to presynaptic calcium
channels. Although all individual interactions (e.g., RIBEYE-Munc119;
Munc119-CaBP4; CaBP4-Cay 1.4) have been demonstrated [Alpadi et al.
(2008); Haeseleer et al. (2004, 2008)], it is not clear whether all shown
interactions can occur at the same time. Other interactions that might link
the ribbons to presynaptic calcium channels, e.g., via association with
RIM-proteins are not shown. Domain structures of the interacting proteins
are only schematically depicted. CaBP4 contains 4 EF-hands from which EF2
(depicted in red) is non-functional. EF1, EF3, and EF4 are functional EF-hands
(depicted in yellow). Abbreviations: CaM, calmodulin; PrBP/3, prenyl-binding
protein delta homology domain; PRD, proline-rich domain; 1Q, 1Q-domain;
NAD(H), nicotine amide dinucleotide; CTM, C-terminal modulator.
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2003; Buraei and Yang, 2010). The B2-protein appears to be the
main B-channel subunit in photoreceptor LTCCs (Ball et al., 2002,
2011). B-subunits are important for the trafficking of the al-
subunit and for the kinetics of channel opening (Dolphin, 2003;
Buraei and Yang, 2010). The Cay1.4 channel is complemented
by an o 23-subunit, which is the a 23 4 protein in photoreceptor
synapses (Wycisk et al., 2006; Mercer et al., 2011a).

The properties of Cay 1.4 and Cay1.3 can be modulated over a
wide range (for review, see Striessnig et al., 2010). In some con-
texts, Cay1.4 and Cay1.3 open at relatively negative membrane
potentials (below —40 mV) which is an important requirement
for photoreceptors that vary their membrane potential between
—35 and —40 mV (in the dark) to less than —55mV in the light
(see above). Furthermore, for the tonically active photorecep-
tor synapses it is important that a sufficient Ca>*-concentration
is maintained that allows sustained, continuous exocytosis. This
could be well accomplished by a calcium channel that does not
inactivate or inactivates only very slowly. Cay1.4 shows no Ca’*-
dependent inactivation (CDI) and very slow voltage-dependent
inactivation (VDI) (Singh et al., 2006; Wahl-Schott et al., 2006;
Striessnig et al., 2010). This low degree or lack of inactiva-
tion could very well support continuous Ca?*-influx and sub-
sequently tonic exocytosis. Further supplies of Ca?* that may
help maintain sustained release could come from Ca**-induced
Ca’* release or store-operated Ca?T-entry (Suryanarayanan and
Slaughter, 2006; Szikra et al., 2008, 2009; Babai et al., 2010).

The biological purpose of CDI (and VDI), in general, is to
provide neurons with a negative feedback mechanism that can
protect from Ca’*-overflow and subsequent cell death. CDI
is mediated by the EF-hand, the pre-IQ-domain, and the 1Q-
domain in the CTR of Cay1.4 to which Ca%*t/calmodulin can
bind (for review, see Doering et al., 2007; Striessnig et al., 2010).
In Cayl.4, CDI is absent because of a modulatory domain in
the CTR of Cay1.4 that prevents binding of Ca?*-calmodulin to
the pre-IQ/IQ-domain. CDI would probably not be compatible
with the need of continuous, tonic exocytosis at photoreceptor
synapses that also requires tonic Ca>*-influx to drive exocytosis.
Mutations in the Cay1.4 gene are associated with incomplete sta-
tionary night blindness (CSNB2) (for review, see Striessnig et al.,
2010). Inhibition of CDI in inner ear hair cells is mediated by the
binding of CaBP4 to the CTR of Cay 1.3 (Yang et al., 2006). CaBP4
is an EF-hand-containing protein of the CaBP-family (Haeseleer
et al., 2004; Haeseleer, 2008).

In photoreceptor synapses, CaBP4 could have an additional
function. Binding of CaBP4 to the IQ-domain of Cay 1.4 shifts the
activation curve of the channel to more negative values (Haeseleer
et al., 2004), thereby extending the operational range of the
channel. At -40mV, the membrane potential in the dark, the
depolarized condition, the channel is at the very beginning of its
activation curve (for review, see Striessnig et al., 2010). At =50 mV,
a membrane potential which is easily achieved during illumi-
nation, the Cay1.4 channel would be closed. A CaBP4-induced
hyperpolarizing shift of the Cay1.4 activation curve (shift of
approximate 10-15mV) would allow the channel to operate at
more negative membrane potentials. It should be kept in mind
that many of the biophysical characterizations were obtained
from powerful, but simplified, model systems, e.g., transfected

HEK cells. Channel regulation in the synapse could be more
complex.

Mutations in the CaBP4 gene lead to autosomal recessive
CSNB and Leber’s congenital amaurosis (LCA)-like phenotype
in humans (Zeitz et al., 2006; Aldahmesh et al., 2010); CaBP4
knockout mice have severe disturbances in synaptic transmis-
sion emphasizing the physiological importance of this protein.
Interestingly, RIBEYE, the main component of synaptic rib-
bons binds to Muncl19 (Alpadi et al., 2008), a protein which
has been linked with a cone-rod dystrophy (CORD) (Kobayashi
et al., 2000). Muncl19, on the other hand, interacts with CaBP4
(Haeseleer, 2008; Alpadi and Schmitz, unpublished data). This
multicomponent molecular connection could influence the gating
of Ca?*-channels at the active zone of photoreceptors (Figure 2).

The B-subunit of LTCC—together with other channel subunits
(i.e., ®234; Figure 2) and further channel-associated proteins—
plays an important role in the regulation of the kinetics of
Ca’*-channel opening, intracellular channel trafficking, and den-
sity at the plasma membrane (Dolphin, 2003; Davies et al., 2007;
Buraei and Yang, 2010; Striessnig et al., 2010). Deletion of p2-
subunit cause similar phenotypes as in CSNB2 patients with
Cay1.4 mutations (Ball et al., 2002). B-subunit might be involved
in the positional priming of calcium channels and the exocy-
totic machinery. B-subunits of LTCC bind to the RIM family of
active zone proteins (Kiyonaka et al., 2007; Miki et al., 2007;
Gebhart et al., 2010) via a carboxyterminal region that includes
the C2B-domain of RIMs. RIM proteins are important for vesi-
cle exocytosis, various steps of presynaptic plasticitiy and for
the immobilization of Ca?*-channels as shown mostly for con-
ventional synapses (Han et al., 2011; Kaeser et al., 2011). RIMs
are also components of the active zone complex of photore-
ceptors including the synaptic ribbons (Wang et al., 1997). Via
the proline-rich region, RIM proteins bind to the RIM-binding
proteins (RBPs) which associate with the B-subunit of L-type
Ca?*-channels (Hibino et al., 2002). Most interestingly, RIM
knockouts lead to loss of Ca?*-channel immobilization in con-
ventional synapses (Han et al., 2011; Kaeser et al., 2011, for review,
see Kaeser, 2011). RIM proteins are also important in modulating
voltage-gated Ca®*-channels as judged by a mutation in the C2A-
domain of RIM1 that causes cone-rod dystrophy (CORD7) (Miki
et al., 2007).

In conclusion, modulation of L-type Ca?*-channel properties
appears to have a powerful influence on synaptic transmission
at the photoreceptor synapse (Striessnig et al., 2010). The plas-
ticity is mediated by the EF-hand/Pre-IQ/IQ-domain-containing
carboxyterminal region of the a-channel subunits. Tuning of the
Ca®*-channels could be involved in the adjustment of synap-
tic transmission during different levels of illumination and/or
for slower, adaptation of the exocytotic machinery for overall
changes of light- and dark-adaptation during day- and night time.
Interestingly, L-type calcium channel expression in photorecep-
tors is likely under circadian control (Ko et al., 2007).

EF-HAND PROTEINS AND Ca?*-/cGMP-DEPENDENT

PLASTICITY AT THE SYNAPTIC RIBBON

As described above, EF-hand motif-containing proteins
are important Ca’t-dependent modulators of presynaptic
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voltage-gated Ca®*-channel functions. Also the synaptic ribbons
are subject to Ca’'-dependent dynamic changes which in
turn could feedback on presynaptic Ca®*-levels. Presynaptic
Ca?*-channels are anchored at the active zone of photoreceptor
synapses by the synaptic ribbons. RIBEYE appears to have a
central role in the clustering of Ca?*-channels in inner ear hair
cells (Sheets et al., 2011). Ribbon-associated proteins, e.g., the
above mentioned RIM proteins or the protein bassoon, could
potentially also play an important role (Wang et al., 1997; tom
Dieck et al., 2005; Frank et al., 2010; Han et al., 2011; Kaeser
et al,, 2011). The ribbon-associated protein bassoon anchors
synaptic ribbons to the active zone probably via its interaction
with RIBEYE (tom Dieck et al., 2005). Bassoon is important for
ribbon synapse development and maintaining the stability of
the synaptic ribbon complex (Dick et al., 2003; tom Dieck et al.,
2005; Regus-Leidig et al., 2010).

Recent studies suggested that activity-dependent structural
changes of photoreceptor synaptic ribbons, i.e., assembly and dis-
assembly of synaptic ribbons, are mediated by GCAP2, the guany-
late cyclase-activating protein 2 (Venkatesan et al., 2010). GCAP2
belongs to a family of small Ca?*-regulated, EF-hand-containing
proteins of the NCS protein family (Koch, 2006; Burgoyne, 2007;
Koch et al., 2010; Sharma, 2010). GCAPs are well known to reg-
ulate guanylate cyclase (GC) activity in photoreceptor OSs in a
Ca’>*-dependent manner. How GCAPs could work in the presy-
naptic photoreceptor terminals to regulate synaptic plasticity is
unclear. Current knowledge and ideas about GCAP/GC/cGMP-
mediated signaling events in the presynaptic terminals will be
summarized in the present review. To elucidate possible simi-
larities between regulatory mechanisms in the OS and synaptic
terminals, some key events of OS phototransduction will be also
included.

GUANYLATE CYCLASE-ACTIVATING PROTEINS (GCAPs) IN
PHOTORECEPTORS

Guanalyte cyclase-activating proteins (GCAPs) are small, EF-
hand-containing Ca?>*-binding proteins of ~24kDa (Figure 3).
GCAPs belong to the subfamily of NCS proteins (Koch, 2006;
Burgoyne, 2007). They contain four EF-hands, and the first EF-
hand in GCAPs is non-functional due to exchanges of critical
amino acids in the Ca?*-binding loop (Figure 3). Instead, EF1
provides a binding interface for the membrane-bound photore-
ceptor guanylate cyclases (ROS-GCs; Ermilov et al., 2001; see
below). EF2—4 are functionally active and bind Ca?t (as well
as Mg?T). In the OSs, the free intracellular Mg?*-concentration
is largely constant (at ~#1 mM) and not affected by changes in
illumination (Chen, 2005; Peshenko et al., 2011a). In contrast,
free intracellular Ca’* levels change strongly upon illumina-
tion as described above. If Ca?t (and ¢cGMP) is high (in the
dark), Ca?* will replace the bound Mg?* at the EF-hands of
GCAPs (Stephen et al., 2008; Dizhoor et al., 2010; Peshenko
et al,, 2011a). The replacement of Mg** by Ca®t at the EF-
hands of GCAPs is functionally important because this changes
the character of interaction with important effector proteins, the
guanylate cyclases (GC, see below). GCAP proteins are myristoy-
lated at their N-terminus (for review, see Palczewski et al., 2004;
Koch, 2006; Baehr and Palczewski, 2007, 2009). In contrast to

the recoverin-like NCS proteins, GCAPs do not perform a Ca**-
dependent myristoyl-switch (Stephen et al., 2007; Ames and Lim,
2011). Irrespective whether Ca?* is bound or not, the myristoyl
chain remains buried inside the molecule and is not involved in
Ca’>*-dependent membrane anchoring (Figure 3). Instead, the
myristoyl residue has been suggested to stabilize the conformation
of the protein (Stephen et al., 2007).

Three GCAP isoforms (GCAP1, GCAP2, and GCAP3) are
expressed in mammalian retinas with species-dependent differ-
ences (Palczewski et al., 2004; Koch, 2006; Baehr and Palczewski,
2007, 2009; Dizhoor et al., 2010). In rod photoreceptors of mouse
retinas, both GCAP1 and GCAP?2 are expressed. GCAP1 appears
to be the predominant isoform in cones (Palczewski et al., 2004;
Koch, 2006; Baehr and Palczewski, 2007, 2009). Consistently,
mutations of the GCAP1 gene lead to cone-dominated dystro-
phies in the human retina as well as in the respective mouse
models (Jiang et al., 2005; Buch et al., 2011). GCAP3 expres-
sion is restricted to cone photoreceptors in the human retina; in
the mouse retina GCAP3 is not expressed arguing that GCAP3
is probably dispensable for vision in mice (for review, see Bachr
and Palczewski, 2007, 2009). Despite strong sequence similarities,
biophysical and biochemical properties of GCAP proteins differ
(e.g., Ca’T-affinities, dimerization properties, and activation of
GCs; Ermilov et al., 2001; Olshevskaya et al., 2002; Koch et al.,
2010). In photoreceptor outer segments (OS), GCAPs constitu-
tively associate with membranes via interaction with ROS-GCs
(Olshevskaya et al., 2002; Stephen et al., 2007; Ames and Lim,
2011). Mice with a deletion of GCAP1 and GCAP2 genes showed
increased amplitudes of single photon responses and a delayed
recovery phase (for review, see Palczewski et al., 2004; Baehr and
Palczewski, 2007, 2009).

GCAP EFFECTOR PROTEINS IN PHOTORECEPTOR OUTER SEGMENTS

In photoreceptor OSs, GCAP effector proteins have been exten-
sively characterized (Karan et al., 2010; Hunt et al., 2010; Koch
et al., 2010). Main effectors of GCAP proteins are the ~115kDa
membrane-bound rod outer segment-guanylate cyclases (ROS-
GCs). Two ROS-GCs are found in mammalian photoreceptors:
ROS-GCI1 (retGC1, GC-E) and ROS-GC2 (retGC2, GCF) (for
review, see Olshevskaya et al., 2002; Potter, 2011). ROS-GCs
are large, type 1 transmembrane proteins (*1100 aa; Figure 4)
with an extracellular domain, a transmembrane domain, and
a cytoplasmic domain that consists of a short juxtamembrane
domain (JMD), a kinase homology domain (KHD), a dimer-
ization domain (DD), a catalytic domain (CCD) that converts
GTP into ¢cGMP and C-terminal extension (CTE). Both ROS-
GCl1 and ROS-GC2 are expressed in rods; ROS-GC2 appears to
be absent from mouse cone photoreceptors (Haire et al., 2006;
Karan et al., 2010). ROS-GCs play a crucial role in photore-
ceptor OS phototransduction. A light-induced conformational
change of rhodopsin leads to a transducin-mediated activation
of phosphodiesterase 6 (PDE6) and subsequently reduced lev-
els of cGMP (Burns and Baylor, 2001). Thus, light generates a
drop in cGMP levels in the OSs and subsequent closure of cGMP-
gated CNG-channels (Biel and Michalakis, 2009). As a result of
light-induced closure of CNG channels intracellular Ca** levels
drop in the OS from about 250nM (dark) to less than <50 nM
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GCAP2: front view
N

myrGCAP1: front view
b EF

FIGURE 3 | (A) Sequence alignment of GCAP1 and GCAP2 from the
indicated species (MGCAP1: NP032215, Gl: 40254633; mGCAP2:
NP_666191, Gl: 22122571; bGCAP2: NP_777211, GI: 27807519). Amino acid
residues identical in all three indicated GCAP proteins are highlighted in
green. Underlined below the aligned amino acid sequences is the
Ca2t-/Mg?*-chelating loop region located between the E- and F- helices of
the respective EF-hands. It is flanked on both sides by an a-helix (underlined
in amber). The amino acid sequences of the EF-hands of GCAP1 and GCAP2
are highly homologous. Amino acids identical in mGCAP1, mGCAP2, and
bGCAP2 are highlighted in green. EF-hands are highly conserved; the
C-terminus of GCAP1 of GCAP2 is divergent. The CTR of GCAP2, but not of
GCAP1, binds to the NADH-binding sub-domain of RIBEYE(B)

A mGCAP1 NIMEGKSVEELSSTECHQ LTLY 44
MGCAP2 OLSWEEAEAA---GEMDVAELQE LFMH KR K 47
bGCAP2 QF SWEEAEENGAVGAADAAQLOE LFMH 50

~ EF1
MGCAP1 LKNLSPS 44
mMGCAP2 VTG-NEE G T 96
bGCAP2 -VPDNEE 99
|
EF2
mGCAP1 RTINPWSDSSMSAEEF 135
MGCAP2 YKLKKACRAELDLEHQGQLLTP 146
bGCAP2 YKLKKACSVEVEAEQQGKLLTP 149
||
mGCAP1 TBTVEAKIDI QK MLLDTETRSLDLTGIVRRLON 185
MGCAP2 IFLLVDE WVMKM OMDINPGCWITQORR 196
bGCAP2 I LVDE OMDLNPSSWISQQORR 149
EF4
mGCAP1 GEHEEAGTGDLAAEAAG 202
MGCAP2 RSAMF 201
bGCAP2 KSAMF 204

GCAP2: rear view

myrGCAP1: rear view

[Venkatesan et al. (2010)]. Amino acids in GCAP2 highlighted in red appear to
be involved in the interaction with ROS-GCs [Ames et al. (1999)]. Residues in
the loop region of EF1 that are incompatible with CaZ*-chelation and also
involved in ROS-GC target interaction are shown in orange [Ames et al.
(1999); Hwang et al. (2004)]. Abbreviations: mGCAP1, mouse GCAP1;
mGCAP2, mouse GCAP2, bGCAP2, bovine GCAP2. (B) Structure of
unmyristoylated GCAP2 (a) [Ames et al. (1999); pdb-file: 1jbal and
myristoylated GCAP1 (b) [Stephen et al. (2007); pdb-file: 2R2I]. The structure
is shown from the front (left) with the Ca2t-chelating loops on top as well as
from the back (right) to document the location of the CTR region that binds to
RIBEYE(B) in the case of GCAP2 [Venkatesan et al. (2010)]. Cat ions are
schematically depicted as yellow spheres.

Frontiers in Molecular Neuroscience

www.frontiersin.org

February 2012 | Volume 5 | Article 26 | 84


http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Schmitz et al.

EF-hand proteins in photoreceptor synapses

ROS-GCA

extracellular domain

| |
411 436 552

FIGURE 4 | Schematic representation of ROS-GC1 and
ROS-GC1-interaction partners in photoreceptors. ROS-GC1 contains an
aminoterminal extracellular domain, transmembrane domain (TM), kinase
homology domain (KHD), dimerization domain (DD), and the catalytic domain
that converts GTP into cGMP. The aminoterminal portion of the KHD is also
referred to as juxtamembrane domain (JMD) [Lange et al. (1999)]. The
borders of the respective domains are schematically depicted in the amino
acid sequence of human ROS-GC1 (NP_000171, Gl: 4504217). Numbers
indicated correspond to the mature ROS-GC1 protein (without leader
sequence). The borders of the individual domains were determined by the
analyses of various ROS-GC1 constructs; the precise structure of
photoreceptor ROS-GC1 (e.g., X-ray-structure) is not yet available. At the
intracellular domains of ROS-GC1, different NCS proteins bind at different
locations. GCAP1 binds to the JMD, the aminoterminal portion of the
kinase homology domain of ROS-GC1 probably via its aminoterminal

EF1 hand. In contrast, S1008 and GCAP2 bind close to each other to the
catalytic domain. The binding of GCAPs appears to compete with the
binding of the retinal degeneration protein 3 (RD3). While GCAPs inhibit

GCAP1
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mostly ROS-GC1 activity at high Ca?* -concentrations, S100p stimulates
ROS-GC1 activity at high Ca2*. The Ca2*-concentrations needed by

S1008 to stimulate ROS-GC1 activity is high but could be achieved at the
active zone of photoreceptors close to presynaptic Ca2*-channels. The
numbers below the schematic depiction of ROS-GC1 domains depict the
respective borders in human ROS-GC1 sequence. Most of the mapping of
the ROS-GC1 interacting proteins has been done with bovine

ROS-GC1 reviewed in Sharma (20710). For some interactions (e.g., GCAP1),
multiple interaction sites were reported. GCAP1 was also reported to bind to
the catalytic domain though with lower affinity than at the KHD [for review,
Sharma (2002, 2010)]. The respective amino acid regions of bovine ROS-GC1
involved in the interaction with the indicated proteins are indicated in square
brackets. Non-photoreceptorinteracting proteins of ROS-GC1 [Sharma,
(2010)] are not depicted. Abbreviations: TM, transmembrane domain;

JMD, juxtamembrane domain; DD, dimerization domain; CTE,
carboxyterminal extension; RD3, retinal degeneration 3. Proteins

and protein domains are only schematically depicted and not drawn

in scale.

(light) in the mouse retina. Light-induced decreased levels of
c¢GMP need to be replenished in order to be able to detect the
next flash of light. Recovery of cGMP levels is accomplished
by a Ca?>*-dependent feedback mechanism mediated by GCAP
proteins. After illumination (at low Ca?t), GCAPs are in the
Mg?*-bound state and stimulate GC activity. In contrast, in the
Ca’*-bound state (at high Ca?* in the dark) GCAPs inhibit GC
activity (Koch, 2006; Sharma, 2010; Sakurai et al., 2011). Thus,
GCAPs work as bimodal regulators of GCs: as an inhibitor of GC
activity function (if Ca?t is bound) and as an activator of GC
function (and cGMP synthesis) if Mg?* is bound. At low Ca?*
levels (light), GCAPs activate GCs and thus raise cGMP levels to
restore pre-flash cGMP levels. These fundamental properties of
GCAP proteins are crucial for the Ca?*-dependent feedback of
the phototransduction cascade. This is necessary to make the OS
responsive to new flashes of light and to reset the sensitivity of
the phototransduction cascade to different levels of illumination.
Particularly EF-hand 3 (EF3) emerged as key region that deter-
mines whether GCAPs act as an activator or inhibitor of GCs
(Olshevskaya et al., 2002; Baehr and Palczewski, 2007, 2009).
GCAP1 binds to the juxtamembrane KHD of ROS-GCs (for
review, see Koch et al., 2010). GCAP2 binds directly to the cat-
alytic domain of ROS-GCs. Despite high sequence similarities,
GCAPs are not functionally equivalent; many regulatory proper-
ties differ (for review, see Koch, 2006; Dizhoor et al., 2010; Koch
et al., 2010). GCAP2 has a higher affinity for Ca** than GCAP1
(for review, see Koch, 2006; Dizhoor et al.,, 2010). Different
Ca’*-affinities of GCAPs could enhance the operational range of
Ca’*-regulation of GCs and give rise to the Ca?*-relay model of

GC activation/inhibition in the OS (for review, see Koch, 2006;
Burgoyne, 2007). At intermediate levels, Ca>* is still bound to
GCAP2 whereas GCAP1 is already Ca?*-free (Mg?*-bound ver-
sion). As a consequence, GCAP1 would stimulate GC activity at
these intermediate concentrations, whereas GCAP2 would still be
inhibitory. Recently, it was found that the RD3 protein, which is
associated with LCA, also binds to the carboxyterminal of ROS-
GC and inhibits GC activity by an allosteric mechanism (Azadi
et al., 2010; Peshenko et al., 2011b). RD3 binding to ROS-GCs
promotes dissociation of GCAPs from the ROS-GC complex.

GCAPS IN PHOTORECEPTOR PRESYNAPTIC TERMINALS
AND THEIR INVOLVEMENT IN ACTIVITY-DEPENDENT
CHANGES OF SYNAPTIC RIBBONS

Various studies demonstrated the presence of GCAP proteins
in photoreceptor presynaptic terminals (Otto-Bruc et al., 1997;
Kachi et al., 1999; Cuenca et al., 1998; Pennesi et al., 2003; Makino
etal., 2008; Venkatesan et al., 2010). But the significance of GCAP
proteins in the presynaptic terminals is not well understood.
One function of GCAP-mediated signaling appears to medi-
ate the Ca?T-dependent regulation of synaptic ribbon plasticity
(Venkatesan et al., 2010). Synaptic ribbons are dynamic struc-
tures (for review, see Vollrath and Spiwoks-Becker, 1996; Schmitz,
2009). The synaptic ribbon undergoes activity- (illumination-)
dependent changes. Illumination leads to smaller and less numer-
able synaptic ribbons in the mouse retina (Spiwoks-Becker et al.,
2004). The dynamics of these structures is known to be depen-
dent upon Ca?* and cGMP (Vollrath and Spiwoks-Becker, 1996).
Chelating intracellular Ca®* leads to a disassembly of synaptic
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ribbons at the electron microscopic level (Spiwoks-Becker et al.,
2004; Regus-Leidig et al., 2010). Immunocytochemical analyses
of these effects revealed a sequential process (Regus-Leidig et al.,
2010). First, synaptic ribbon components, such as RIBEYE, pic-
colo and RIM1, were removed, in parallel to the disassembly of
synaptic ribbons at the ultrastructural level. In a second step,
bassoon, an important mediator of synaptic ribbon stability and
organizer of the active zone (Dick et al., 2003; for review, see
Joselevitch and Zenisek, 2010; Regus-Leidig and Brandstitter,
2011), is removed from the active zone (Regus-Leidig et al., 2010).
Venkatesan et al. (2010) demonstrated that RIBEYE, the main
component of synaptic ribbons, binds to the carboxyterminal
region of GCAP2 in a NAD(H)-dependent manner (Figure 5).
Overexpression of GCAP2 in the presynaptic terminals of pho-
toreceptors leads to disassembly of synaptic ribbons and a reduc-
tion in their number (Venkatesan et al., 2010). Therefore, one
function of GCAP2 could be to regulate the assembly and disas-
sembly of synaptic ribbons. The molecular mechanisms, how this
could be achieved are currently unknown.

Which GCAP effectors in the synapse might execute its synap-
tic functions? ROS-GC1, the GCAP effector in the OS, has been
localized to the photoreceptor synapses by immunoperoxidase
methods and other sensitive techniques (Liu et al., 1994; Cooper

et al.,, 1995; Duda et al., 2002). Conventional immunofluores-
cence microscopic analyses using mouse retina failed to detect
ROS-GC1 in photoreceptor synapses (Azadi et al., 2010; Karan
et al., 2010). This might be attributed to the lower sensitivity of
immunofluorescence microscopy in comparison to immunoper-
oxidase techniques. Possibly, ROS-GC1 might be masked in the
presynaptic matrix, not accessible to antibodies or the amount
is close to the detection limits. Different antibodies with differ-
ent affinities or species differences might also contribute to the
different levels of immunoreactivities of ROS-GCI in synaptic
terminals. In the bovine retina, a strong ROS-GC1 was observed
in photoreceptor terminals (Venkataraman et al., 2003). GC activ-
ity was demonstrated also histochemically in photoreceptor ter-
minals (Rambotti et al., 2002). Biochemical data supported the
presence of ROS-GCI in photoreceptor synapses (Duda et al.,
2002; Venkataraman et al., 2003). In contrast to the photoreceptor
0OS, ROS-GCl1 in photoreceptor synaptic terminals is stimulated,
not inhibited, by the presence of high concentrations of intra-
cellular Ca?t (Duda et al., 2002; Venkataraman et al., 2003;
for review, see Sharma, 2002, 2010; Koch, 2006). The Ca?*-
stimulated ROS-GC1 activity is mediated by the EF-hand protein
S1008 (previously also called CD-GCAP) that has been local-
ized to the presynaptic photoreceptor terminal (Duda et al., 2002;

A synaptic ribbon

FIGURE 5 | (A) Hypothetical model for the assembly of the synaptic ribbon:
the scaffold of the synaptic ribbon is built by RIBEYE proteins, the major, and
unigue component of synaptic ribbons via multiple RIBEYE-RIBEYE
interactions [Magupalli et al. (2008); Schmitz (2009)]. In this model, the
A-domain is located in the center of the ribbon to build the core of the
synaptic ribbon. The B-domain faces the cytoplasmic side of the synaptic
ribbon where it interacts with various proteins, e.g., Munc119 (see also
Figure 2) and with the GCAP2. Interaction with GCAP2 could regulate
assembly and disassembly of synaptic ribbons which is known to be
Ca2+—dependent [Vollrath and Spiwoks-Becker (1996); Schmitz (2009)].

GCAP2
NN

-
~
-

| <t RIBEYE(A)-DOMain sl ~am RIBE YE (B)-Domain -»l!.'
RIBEYE

Overexpression of GCAP2 leads to ribbon disassembly. The recruitment of
GCAP2 by RIBEYE could influence Ca2*-buffering at the synaptic ribbon thus
also influencing synaptic signaling. The differently colored portions in
RIBEYE(A)-domain represent RIBEYE-RIBEYE interaction sites [Magupalli

et al. (2008)]. How GCAP2 regulates ribbon assembly and disassembly is
unknown but could involve GCAP effectors, e.g., ROS-GCs (Figure 4) which
were reported to be present in the presynaptic terminals. (B) Molecular
dissection of RIBEYE-GCAP2 interaction: the carboxyterminal region (CTR) of
GCAP?2 interacts with the hinge 2 region of RIBEYE(B) [Venkatesan et al.
(2010)].
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Venkataraman et al., 2003; Sharma, 2010). S100p binds to the cat-
alytic domain of ROS-GC and subsequently enhances ROS-GC1
activity at high Ca>*-concentrations. These Ca’*-concentrations
could be achieved close to the synaptic ribbon (Choi et al., 2008;
Jackman et al., 2009; Graydon et al., 2011). Thus, S1008 binds
to ROS-GCl at the catalytic domain, similar to GCAP2 (Duda
et al., 2002, 2005; Sharma, 2002, 2010). It is possible that S100p
competes with GCAP2 for binding to ROS-GC1.

The regulation of cGMP levels could be the key in the reg-
ulation of activity-dependent synaptic ribbon plasticity. cGMP
was reported to stabilize synaptic ribbons in the pineal gland
(Seidel et al., 1990; Spessert et al., 1992). cGMP-dependent pro-
tein kinases could be effectors that might mediate the stabilizing
effect of cGMP on synaptic ribbons. cGMP-dependent kinases
have been localized to photoreceptor synapses (Feil et al., 2005).
But the involvement of these kinases in ribbon dynamics has not
yet been elucidated. Interestingly, the RD3 protein, which blocks
binding of GCAP2 to ROS-GCl, is present in the presynaptic
terminals (Azadi et al., 2010; Peshenko et al., 2011b). Thus, a
complex interplay of several proteins that compete for binding
to ROS-GCs modulates cGMP-dependent signaling in the pho-
toreceptor synapse in a complex manner. The recruitment of
GCAP2 to synaptic ribbons and the subsequent disassembly of
synaptic ribbons could be due to changes in cGMP levels that
induce further downstream effects or due to increased GCAP2-
mediated Ca?"-buffering. Future investigations have to discrim-
inate between these possibilities. The importance of cGMP and
c¢GMP-dependent protein kinases for synaptic ribbon dynamics
is supported by a recent study that showed a synaptic ribbon-
protective effect of cGMP in an inner ear trauma model (Jaumann
et al., 2012). In this study, the authors demonstrated that inhibi-
tion of cGMP-hydrolyzing PDES5 leads to stabilization of synaptic
ribbons in a cGMP-regulated protein kinase 1-dependent man-
ner in inner hair cells. Analyses of GCAP1/2 double knockout
mice also pointed to a synaptic function of GCAPs proteins at the
photoreceptor synapse (Okawa et al., 2010). GCAP1/2 knockout
mice show disturbed signal processing at the synapse: although
the single-photon-responses in OS of GCAP knockout mice were
much larger than in wildtype mice, the synaptic processing of this
information, as measured by recordings from postsynaptic bipo-
lar cells, was more inefficient. A main synaptic function of GCAPs
appears to improve the signal-to-noise ratio of synaptic transmis-
sion (Okawa et al., 2010). The underlying molecular mechanisms
are still unknown but could involve structural changes of the
synapse.

¢GMP IS AN IMPORTANT MODULATOR OF SYNAPTIC
PLASTICITY IN PHOTORECEPTOR TERMINALS

Various other aspects of plasticity in photoreceptor presynap-
tic terminals are mediated by ¢cGMP (Ricke and Schwartz,
1994; Vollrath and Spiwoks-Becker, 1996; Savchenko et al.,
1997; Zhang and Townes-Anderson, 2002; Zhang et al., 2005).
The group of Townes-Anderson showed that outgrowth of
neurites in rods and cones photoreceptor depends upon
influx of Ca?* (for review, see Townes-Anderson and Zhang,
2006). In cones, Ca’t enters the presynaptic terminal through
cGMP-gated Ca?*-channels to mediate this type of synaptic

plasticity. Hyperpolarization-activated, cyclic nucleotide-gated
(HCN) channels could be further effectors of presynaptic cGMP.
HCNI channels have been demonstrated in presynaptic photore-
ceptor terminals (Miiller et al., 2003; Knop et al., 2008; Seeliger
et al., 2011; Tanimoto et al., 2012). ¢cGMP-regulated channels
could extend the range of synaptic transmission e.g., at very
negative membrane potentials at which L-type calcium channels
might already be closed (Ricke and Schwartz, 1994; Savchenko
et al., 1997). Soluble GCs could also contribute to the genera-
tion of cGMP. Several studies suggest that this source of cGMP
production could play a role in neurotransmitter release and
structural plasticity in photoreceptor terminals (Savchenko et al.,
1997; Kourennyi et al., 2004; Zhang et al., 2005; Blom et al., 2009;
Sato et al., 2011).

IMBALANCE OF cGMP AND Ca?+-HOMEOSTASIS IN
PHOTORECEPTORS LEADS TO DISEASE

As described above, cGMP and Ca>t homeostasis are intimately
related and possess a central role for phototransduction and light-
adaptation. Tight control of cGMP and Ca?*-levels are of central
importance for the survival of photoreceptors (Hunt et al., 2010).
Various severe neurodegenerative diseases of the retina are asso-
ciated with disturbances of the cGMP/Ca?*-homeostasis (Fain,
2006; Barabas et al., 2010; Paquet-Durand et al., 2011). These
include Retinitis pigmentosa (RP), LCA, and distinct forms of
cone and rod dystrophies (Baehr and Palczewski, 2009; Jiang
and Baehr, 2010; Paquet-Durand et al., 2011). Mutations in the
ROS-GC1 gene can lead to LCA, a devastating degeneration lead-
ing to childhood blindness, or a cone-rod-dystrophy (CORD
6) (for review, see Hunt et al., 2010). Diseases associated with
ROS-GC2 are not known. The gene for GCAP1 has been asso-
ciated with a form of cone-rod dystrophy, CORD3 (for review,
see Jiang and Bachr, 2010). Missense mutations in GCAP1 cause
loss of photoreceptors, particularly cones. Many of the disease-
causing mutations are located in EF3 and EF4 or indirectly affect
the structure of these EF-hands. The disease mutants lead to a
decrease in Ca®T-sensitivity thus making these mutants to con-
stitutive, Ca®t-insensitive activators of GCs. As a result, cGMP
and Ca?* levels are pathologically increased leading to photore-
ceptor cell death (Baehr and Palczewski, 2009; Jiang and Bachr,
2010; Paquet-Durand et al., 2011). The retinal degeneration 1
(rd1) mouse is characterized by a loss-of-function mutation in
the gene encoding for the B-subunit of the photoreceptor-specific
PDES (for a recent review, see Barabas et al., 2010). Consequently,
rd1 mice have low PDES6 activity and high levels of cGMP which
lead to photoreceptor cell death, predominantly in rods. Also
the proteins discussed above, i.e., Cay1.4, Munc119, RIM, and
CaBP4, have high clinical relevance; mutations in the respective
genes cause various severe degenerative diseases of the retina, as
described above.

OPEN QUESTIONS/PERSPECTIVES

Activity-dependent, adaptative signaling in photoreceptor presy-
naptic terminals is just at the beginning of being understood.
Currently, knowledge about these processes in the synapse lags
behind to what is known about dynamic processes in the
0S. Ca**, cGMP, and EF-hand-containing proteins likely play
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numerous roles in signaling at the photoreceptor synapse and
activity-dependent synaptic changes. Dynamics of synaptic rib-
bons at a molecular level may involve control of RIBEYE-RIBEYE
interactions. How these interactions are controlled at a molecular
level is currently not known. The involved effector molecules and
molecular pathways need to be elucidated. Differences between
rod and cone dynamic signaling need to be worked out since the
purpose of synaptic transmission at these two different types of
photoreceptor synapses is different (although related). Are there
differences in adaptative signaling in cone and rod synapses and
eventually also between the different active zones present in cone
synapses? Recent Ca’*-imaging analyses strongly argue that this
is the case (Johnson et al., 2007; Sheng et al., 2007). Most of
our current knowledge about the physiology of retinal ribbon
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synapses was obtained from goldfish bipolar cells and salamander
photoreceptors. The mouse retina with its powerful genetic pos-
sibilities just entered the stage. Mouse knockout models as well
as the possibility of manipulating the mouse retina with recom-
binant viruses can be expected to provide further important
insights into signal processing at the photoreceptor synapse.
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Guanylyl cyclase activating proteins (GCAPs) are calcium/magnesium binding proteins
within neuronal calcium sensor proteins group (NCS) of the EF-hand proteins superfamily.
GCAPs activate retinal guanylyl cyclase (RetGC) in vertebrate photoreceptors in response
to light-dependent fall of the intracellular free Ca2* concentrations. GCAPs consist of four
EF-hand domains and contain N-terminal fatty acylated glycine, which in GCAP1 is required
for the normal activation of RetGC. We analyzed the effects of a substitution prohibiting
N-myristoylation (Gly2 — Ala) on the ability of the recombinant GCAP1 to co-localize with
its target enzyme when heterologously expressed in HEK293 cells. \We also compared
CaZt binding and RetGC-activating properties of the purified non-acylated G2A mutant and
C14:0 acylated GCAP1 in vitro. The G2A GCAP1 expressed with a C-terminal GFP tag was
able to co-localize with the cyclase, albeit less efficiently than the wild type, but much less
effectively stimulated cyclase activity in vitro. Ca?* binding isotherm of the G2A GCAP1
was slightly shifted toward higher free Ca?* concentrations and so was Ca%t sensitivity
of RetGC reconstituted with the G2A mutant. At the same time, myristoylation had little
effect on the high-affinity Ca2*-binding in the EF-hand proximal to the myristoyl residue
in three-dimensional GCAP1 structure. These data indicate that the N-terminal fatty acyl
group may alter the activity of EFhands in the distal portion of the GCAP1 molecule via

presently unknown intramolecular mechanism.

Keywords: photoreceptors, calcium, guanylyl cyclase, myristoylation

INTRODUCTION

Retinal guanylyl cyclase activating proteins (GCAPs) form a sub-
family within the neuronal calcium sensor (NCS) proteins group
of the EF-hand superfamily (reviewed in: Burgoyne, 2007). The
GCAPs are closely related to neurocalcin, hippocalcin, recoverin,
and other NCS proteins and share a number of typical features
for the group: they consist of two pairs of calmodulin-type EF-
hands (Ames et al., 1999; Stephen et al., 2006, 2007), of which
the N-terminal EF-hand 1 does not bind divalent cation, and are
modified at the N-terminus by fatty acyl group (Figure 1A). The
modification is commonly referred to as myristoylation, although
in mammalian retinal proteins, the N-terminal Gly group can be
fatty acylated by one of four different C14 and C12 derivatives
(Dizhoor et al., 1992; Johnson et al., 1994), all of which can be
found in GCAP (Palczewski et al., 1994).

Among the NCS proteins, GCAPs arguably have the most
clearly understood physiological function. The GCAPs regu-
late activity of retinal membrane guanylyl cyclase (RetGC) in
photoreceptors in a Ca?T-sensitive manner (Koch and Stryer,
1988; Dizhoor et al., 1994, 1995; Gorczyca et al., 1994) and
thus critically expedite recovery and light adaptation of rods
and cones (Mendez et al.,, 2001; Burns et al.,, 2002; Sakurai

Abbreviations: EGTA,  ethylene  glycol-bis(2-aminoethylether)-N,N,N',N’-
tetraacetic acid; GCAP, guanylyl cyclase activating protein; RetGC, retinal
membrane guanylyl cyclase; GFP, green fluorescent protein; NCS proteins,
neuronal calcium binding proteins.

et al,, 2011). Rods and cones maintain partially depolarized
state in the dark by opening a fraction of cGMP-gated chan-
nels in the outer segment, thus allowing influx of Na®™ and
Ca?T. In the light, when bleached photopigment activates pho-
totransduction cascade, cGMP becomes rapidly depleted by
light-activated phosphodiesterase and the ¢cGMP-gated chan-
nels become closed, thus causing hyperpolarization of the
membrane—the first cellular step in visual signal detection
(reviewed in: Fu and Yau, 2007). Photoreceptors can quickly
recover from excitation and adapt to background illumination
by re-opening cGMP-gated channels, and GCAPs control one
of the key biochemical pathways expediting the recovery and
light adaptation. In response to illumination, GCAPs activate
c¢GMP re-synthesis via negative calcium feedback mechanism
that trails the excitation state of the photoreceptor (reviewed
in: Pugh et al., 1997, 1999). Ca** is constantly extruded from
the outer segment via Na/Ca, K-exchanger, in the dark, when
several percent of the cGMP-gated channels are open at any
given time, Ca** can re-enter the outer segment through the
open channels and accumulates in the cytoplasm at submi-
cromolar concentrations. In mouse rods, the measured steady-
state concentrations in the dark approach 250nm (as high
as 410-560 nm free Ca’T were reported in lower vertebrates)
and rapidly fall nearly 10-fold in the light, when the cGMP-
gated channels are shut down (Gray-Keller and Detwiler, 1994;
Sampath et al., 1999; Woodruff et al., 2002). Therefore, GCAPs
bind Ca’t and maintain their inhibitory conformation that
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FIGURE 1 | (A) Structure of myristoylated GCAP1 [Stephen et al. (2007)]. Myristoyl residue buried inside the EF-1/EF-2 pair of EF-hands is shown in red.
(B) Dose-dependence of recombinant RetGC1 activation by myristoylated and G2A GCAP1 (mean =+ SD). For details of the assay—see Materials and Methods.
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decelerates RetGC in the dark (Dizhoor and Hurley, 1996;
Dizhoor et al., 1998). Mg?** can actively compete with Ca®*
binding in EF-hand domains of GCAPs (Peshenko and Dizhoor,
2004), and at the low free Ca®* levels in the light it converts
GCAPs into Mg?*-bound, RetGC activator state. This stimu-
lates cGMP synthesis and, therefore, allows the rod to timely
re-open the cGMP-gated channels and recover from the hyper-
polarization state. Following the completion of recovery, Ca?"
returned through the re-opened cGMP-gated channels converts
GCAPs back to their Ca>"-bound inhibitory form, thus com-
pleting the light-driven functional cycle of GCAP (reviewed in:
Dizhoor et al., 2010).

GCAPs exist in several isoforms (Imanishi et al., 2004), of
which GCAP1 (Gorczyca et al., 1994; Palczewski et al., 1994)
and GCAP2 (Dizhoor et al., 1994, 1995) are ubiquitous among
all tested vertebrate species. They regulate RetGC with dis-
tinctly different sensitivities to Ca?t (Hwang and Koch, 2002;
Hwang et al., 2003; Peshenko et al., 2004, 2011) and, therefore,
sequentially activate RetGC at different phases of rod photore-
sponse (Makino et al., 2008). The two GCAPs also differ in their
requirement of the N-fatty acylation for their function. While
N-myristoylation has relatively modest impact on the regulatory
activity of GCAP2 in vitro (Olshevskaya et al., 1997), it is much
more critically needed for the activity of GCAP1 (Otto-Bruc et al.,
1997; Hwang and Koch, 2002). The best-known Ca2+—dependent
conformational change described for NCS proteins is a “calcium-
myristoyl switch’—Ca?* -dependent release of the myristoylated
N-terminus from the cavity created by alpha-helical structures
of EF-hands 1 and 2 (Zozulya and Stryer, 1992; Dizhoor et al.,
1993; Ames et al., 1995, 1997; Lim et al., 2011). In contrast, NMR
data argue that myristoyl chain does not undergo Ca?* -myristoyl
switch in GCAP1 and GCAP2 (Hughes et al., 1998; Lim et al,,
2009), and it remains buried inside the protein in the X-ray crys-
tal structure of GCAPI1 (Stephen et al.,, 2007) (Figure1A). In
this study, we addressed functional effects of N-fatty acylation in
bovine GCAP1 on its interaction with the target enzyme and the
ability to “sense” Ca*.

MATERIALS AND METHODS

MUTAGENESIS

Mutations were introduced in bovine GCAP1 ¢cDNA by “splicing
by overlap extension” technique using PCR reactions catalyzed by
high-fidelity Phusion Flash polymerase (Finnzymes). The resul-
tant products were ligated into the Ncol/BamHI sites of pET11d
(Novagene) vector, sequenced, and transformed into expressing
cell lines as described previously in detail (Peshenko and Dizhoor,
2006). RetGCl tagged by mOrange was constructed by insert-
ing mOrange (Clontech) cDNA into a modified human RetGC1
c¢DNA-harboring pPRCCMV plasmid (Laura et al., 1996) as fol-
lows. The XhoI-Xhol fragment of the vector was excised by Xhol
digest and self-ligation, then the coding region for the extracellu-
lar domain of RetGC1 was modified by ligating a linker fragment
into the HindIII/Bstell sites to introduce two new restriction
sites, Nhel and Agel beginning after 33 base pairs downstream
from the leader peptide-coding fragment. The mOrange cDNA,
PCR-amplified with the Nhel and Agel sites at the 5'- and 3'-
end, respectively, was ligated into the corresponding restriction
sites of the modified pRetGC1-RCCMYV plasmid. The resultant
construct encoded 238 a.a. mOrange protein sequence down-
stream from the 51 a.a. leader peptide, replacing a short fragment,
Ala63-Phe68, of the RetGC1 extracellular domain.

GCAP1 PURIFICATION

Mpyristoylated bovine D6S GCAP1 was produced in BLR(DE3)
E. coli strains harboring yeast N-myristoyl transferase (NMT),
extracted from inclusion bodies and purified to ~95% elec-
trophoretic purity using Ca’* precipitation, butyl-Sepharose
chromatography, and high-resolution gel-filtration as previously
described in detail (Peshenko and Dizhoor, 2006). The express-
ing strain for non-myristoylated G2A GCAP1 lacked the NMT
plasmid.

Ca®*/EGTA BUFFERS
Ca?t/EGTA mixtures were prepared according to Tsien and
Pozzan (1989), protocol and verified with Ca’* fluorescent
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indicator dyes as described previously (Peshenko and Dizhoor,
2006). The free metal concentrations in assays containg 2 mM
Ca’T/EGTA buffer were calculated using Bound and Determined
and MaxChelator software with proper corrections for pH, salt
and nucleotide concentrations, and temperature.

Ca2+ BINDING ASSAY

Ca’* binding isotherms were obtained using previously described
modification of a fluorescent indicator dye titration approach
(Peshenko and Dizhoor, 2006). Briefly, each GCAP1 was diluted
from 300-350 um stock solution to 20-40 um final concen-
tration in 0.6ml of 100 mm MOPS/KOH (pH 7.2), 40 mM
KCI, 1mM dithiothreitol, and 0.5uM BAPTA 2 (Molecular
Probes/Invitrogen). The mixture assembled in a plastic cuvette
was titrated at 23°C with addition of 3 pl aliquots of calibrated
CaCl, solution.

GUANYLYL CYLASE ASSAYS

RetGC activity was assayed as described previously (Peshenko
and Dizhoor, 2007; Peshenko et al., 2011). Briefly, the assay mix-
ture (25 pl) incubated at 30°C contained 30 mM MOPS-KOH
(pH 7.2), 60 mM KCl, 4 mM NaCl, ImM DTT, 2 mM Ca2*/EGTA
buffer, 1 mM free Mg2+, 0.3 mM ATP, 4 mM cGMP, 10 mM crea-
tine phosphate, 0.5 unit of creatine phosphokinase, 1 mM GTP,
1 nCi of [0-2P]GTP, 0.1 nCi of [8—H]cGMP (Perkin Elmer),
PDE6 inhibitors zaprinast, and dipyridamole. The resultant
[32P]cGMP product and the [*H]cGMP internal standard was
analyzed by TLC using fluorescently backed polyethyleneimine
cellulose plates (Merck) developed in 0.2 M LiCl.

EXPRESSION OF RetGC1 IN HEK293 CELLS

HEK293 cells grown at 37°C, 5% CO», in high-glucose Dulbecco’s
modified Eagle medium (DMEM, Invitrogen) supplemented with
10% fetal bovine serum (Invitrogen) were transfected using the
Ca’>*-phosphate method (a Promega Profection protocol) with
40 g per 100 pm culture dish of pRCCMV plasmid coding for
human RetGCl, and the membranes containing recombinant
RetGC1 were isolated as previously described in detail (Peshenko
et al., 2004).

CO-EXPRESSION OF RetGC1 AND GCAP1 IN HEK 293 CELLS AND
CONFOCAL LASER SCANNING MICROSCOPY

Fluorescently tagged GCAP1 was co-expressed in HEK293 cells
with human RetGCl as previously described (Peshenko et al.,
2008, 2010). Cells grown in 2cm? cover slip chambers were
typically transfected with a mixture of 3pug pRCCMV plas-
mid harboring RetGC1 ¢cDNA and 0.02 pg of the GCAP1-GFP
pQBI25fN3 plasmid. In 24 h the cells were either viewed directly
or fixed with freshly prepared 4% paraformaldehyde at room
temperature for subsequent immunostaining. The images were
collected using FV1000 Spectral laser confocal system and ana-
lyzed using Olympus FluoView FV10-ASW software as previously
described (Peshenko et al., 2008).

RESULTS AND DISCUSSION

We tested the RetGCl—stimulating activity of a non-
myristoylated recombinant bovine G2A GCAP1 produced in

E. coli in comparison with the myristoylated GCAP1 (Figure 1B).
Both myristoylated and non-myristoylated protein were pro-
duced using D6S variant of GCAP1, required for high-efficiency
myristoylation in BLR(DE3) E. coli strain harboring yeast myris-
toyl transferase (Dizhoor et al., 1998; Krylov et al., 1999). To
ensure the complete lack of myristoylation, the N-terminal Gly2
(Figure 1A) replaced with Ala prevents recognition of GCAP1 by
NMT (Otto-Bruc et al., 1997). Molecular masses of the purified
non-myristoylated G2A GCAP1 and myristoylated GCAP1
verified by ESI-QTOF mass-spectrometry matched, within one
mass unit accuracy, their predicted molecular masses (23,365 and
23,561, respectively). Consistently with the previously reported
observations using native photoreceptor membranes (Otto-Bruc
et al., 1997; Hwang and Koch, 2002), the G2A GCAP1 stimulated
the activity of the recombinant RetGCl1 expressed in HEK293
cells much less efficiently (Figure 1B).

The dose-dependence of the RetGC activation suggests that the
binding of the G2A GCAPI to its target enzyme is impeded. It
needs to be emphasized that GCAP binding to RetGC cannot be
measured directly, because detergents required for extraction of
RetGC from the membranes inactivate GCAP/RetGC interaction
(Koch, 1991; Lambrecht and Koch, 1992). We, therefore, tested
GCAP/RetGC complex formation using previously described
semi-quantitative analysis of GCAP1-GFP co-localization with
RetGC in HEK293 cells (Peshenko et al., 2008) (Figure2).
GCAP1-GFP expressed in the absence of the target enzyme
(Figure 2A) distributes in a diffuse pattern throughout the cell,
with similar intensity of the fluorescence in the cytoplasm and
the nucleus (with the exception of the nucleoli and vacuoles)
(Peshenko et al., 2008). The first EF-hand in GCAP1 and GCAP2
does not bind Ca?*, but has been implicated in target recogni-
tion/binding instead (Ermilov et al., 2001; Hwang et al., 2004).
Therefore, a mutation replacing the conserved CysPro in the
EF-hand 1 loop with Gly prevents RetGC stimulation (Hwang
et al., 2004). This mutation results in a diffuse pattern of GCAP1-
GFP, even when it is co-expressed with RetGC1 (Figure2B).
In a sharp contrast, wild type GCAP1-GFP is co-localizes to
the membranes containing co-expressed RetGC1 (Figure 2C),
thus producing a “tennis racquet” membrane localization pattern
specific for GCAP1/RetGC1 binding, as was previously demon-
strated (Peshenko et al., 2008, 2011). The G2A GCAPI1-GFP
co-localization with RetGC1 was generally similar to that of wild
type GCAP1, although not as sharply defined as for the wild
type (Figure 2D). This indicates that the lack of myristoylation
per se does not block RetGC/GCAP interaction, consistently with
the activity assay in Figurel and the earlier observations by
Hwang and Koch (2002) and Dell’Orco et al. (2010). However, a
semi-quantitative analysis performed on a large number of cells
reveals that the efficiency of the complex formation has been
reduced (Figures 2E,F). The quantification analysis is based on
the decrease of the fluorescence intensity in the nucleus relative to
the cell membranes, caused by absorption of the tagged GCAP1
by RetGCl expressed in the membranes (Peshenko et al., 2008,
2011). In the absence of RetGC, the ratio of the GCAP1-GFP
compartmentalization between the cytoplasm and the nucleus
(excluding nucleoli) for average cell is close to 1, but in the pres-
ence of RetGCl it drastically, almost 14-fold (Figure 2), increases
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RetGC in HEK293 cells. (A) GCAP1-GFP expressed in HEK293 cells without
RetGC1 produces diffuse pattern spreading over the cytoplasm and the
nucleus (Peshenko et al., 2008); a—fluorescence of GCAP1-GFR, b—same,
but superimposed on DIC image of the cells, c—GCAP1 GFP fluorescence
profile recorded across the cell along the black line in “b." (B) GCAP1 GFP
mutant, in which a conserved CysPro pair in EF-hand 1 loop required for
interaction with RetGC is replaced by Gly (Hwang et al., 2004), was
co-expressed with RetGC1 tagged at the N-terminus with mOrange

variant of red fluorescent protein using protocol described in (Peshenko et al.,
2008, 2011); notice that the diffuse pattern of GCAP1-GFP persists despite
the presence of RetGC1. (C) Membrane localization of wild type
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GCAP1-GFP b—anti-RetGC1 immunofluorescence of AlexaFluor 568,
c—GCAP1 GFP (green) and anti-RetGC1 (red) fluorescence profile
recorded across the cell along the white line shown in “b"; the nuclei in
“¢" were counterstained with TO-PRO3 (pseudo-blue). (D) Same as C,
but using G2A GCAP1-GFP mutant. (E) Distribution of GCAP1-GFP
fluorescence between the membranes and the nucleus quantified as
described in (Peshenko et al., 2008); each data point corresponds to an
individual cell; o—GCAP1-GFP expressed alone, «+—GCAP1-GFP
co-expressed with RetGC1, e—G2A GCAP1-GFP co-expressed
with RetGC1. (F) The GCAP1-GFP fluorescence distribution ratio (mean +
SEM) averaged from panel £ demonstrates that the G2A GCAP1 mutant
compartmentalizes with the RetGC1, although less efficiently than the
wild type.
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in favor of the membrane localization (Peshenko et al., 2008).
Same analysis for the G2A GCAP1 yields more modest average
value of 6-fold. Therefore, although myristoylation is not essential
for the RetGC/GCAP binding, it evidently improves the efficiency
of the complex formation. At the same time, the lower level
of activation of the cyclase in Figure 1B as compared with the
less prominently decreased co-localization efficiency in Figure 2F
implies that there is additional effect of myristoylation—it has
to be involved in the creation of the conformation required
for the optimal cyclase stimulation within the GCAP/RetGC
complex. It also needs to be noted that the attachment of
the C-terminal GFP tag per se does not affect the regulatory
properties of GCAP1 as the Ca’t sensor of guanylyl cyclase
(Peshenko et al., 2008).

The effect of N-myristoylation in GCAP1 on the cyclase bind-
ing and activation could a priori result from stabilizing effect of
the fatty chain buried inside the protein structure (Stephen et al.,
2007), such that in the absence of myristoylation GCAP1 becomes
more easily misfolded. Previous analysis of the non-acylated
GCAP1 by circular dichroism spectra (Dell’Orco et al., 2010)
argues that the metal-bound non-myristoylated protein is fairly
stable, at least at the level of the secondary structure. On the other
hand, the Ca%t binding isotherms (Dell’Orco et al., 2010) also
suggested that at least one of the EF-hands in non-myristoylated
GCAP1 became unable to bind Ca** within submicromolar Ca?*
range. Hence, one could not rule out the possibility of partial mis-
folding of GCAP1 three-dimensional structure. However, the data
in Figure 3 argue that under the conditions of our experiments
the G2A GCAP1 is affected in a very subtle manner that merely
results in a slight change of its Ca>* sensitivity, rather than critical
loss of Ca?* binding affinity in any of the three metal-binding EF-
hands. The fluorescent indicator dye titration analysis (Peshenko
and Dizhoor, 2006) shows that the G2A GCAP1 has a normal sto-
ichiometry of Ca** binding—three per molecule, saturating at
low micromolar range of free Ca?t (Figure 3B).

The overall apparent affinity of the G2A GCAP1 for Ca’*t
in our experiments (Figure3B) was markedly better than we
could expect for the non-myristoylated GCAP1 based on previ-
ous reports. The respective macroscopic equilibrium constants,
Ki, K, and K3, derived from the three-center binding model
(Figure 3B) were 2.0 x 107,1.7 x 107, and 3.2 x 10° M~! for the
myristoylated and 1.5 x 107, 1.0 x 107, and 2.2 x 10 M ™! for
the non-acylated G2A GCAPI1. These values substantially devi-
ate from those observed by Dell’'Orco et al. (2010)—2.5 x 108,
3.2 x 107, and 7.9 x 107 M~! for myristoylated versus 6.3 x 107,
5.0 x 10%, and 2.0 x 10°M~! for non-myristoylated GCAP1.
The binding isotherm in our study (solid line) looks substantially
different from the isotherm “reconstituted” using the previously
reported (Dell’Orco et al., 2010) constants (dashed line)—both
reach the same binding stoichiometry, but in very different free
Ca’* range. Based on our results, we can positively state that not
only the stoichiometry of Ca?* binding does not change in the
non-myristoylated GCAP1, but it also reaches saturation within
nearly the same low micromolar range as myristoylated protein,
with only a slight right-shift of the binding curve (Figures 3A,B).
It needs to be mentioned that indirect evaluation of Ca?* bind-
ing affinities was also performed previously using a complex

microcalorimetric pattern of heat release by GCAP1 in response
to Ca2+ binding (Lim et al., 2009). However, using the Ca?*
binding isotherm (such as in Peshenko and Dizhoor (2006)
and this study) is a more reliable approach to determine the
actual binding constants, because, unlike microcalorimetry, it
is not affected by a complex relationship between heat release
and absorption resulting from Ca?* binding and conformational
changes in the GCAP1 molecule (Lim et al., 2009).

To verify that our analysis did not simply fail to reveal a
major difference between the two forms of GCAP1 due to an
insufficient resolution of the Ca?T binding assay, we also tested
Ca?* binding by non-acylated GCAP1 mutants in which we
inactivated one (EF-4) or two (EF-3 and EF-4) EF-hands using the
D144N/D148G (EF47) and the D100N/D102G/D144N/D148G
(EF3,47) substitutions, respectively, (Peshenko and Dizhoor,
2006). In both cases, we clearly observed the corresponding
decrease of Ca>* binding by one (Figure 3C) or two (Figure 3D)
mol Ca?* per mol GCAP1, respectively. So we find no indications
that any of the three metal binding EF-hands in the non-acylated
GCAP1 undergo possible misfolding severely affecting binding of
Ca’*. Therefore, the general fold of GCAP1 is highly unlikely
to be critically compromised by the absence of the myristoyl
group. It is much more likely that the fatty acyl group changes
GCAP1 structure in a fairly subtle manner, only slightly affecting
Ca’* binding within the physiological free Ca®* range.

The reason for the difference in the Ca>* binding affinities
in our study and that by Dell’Orco et al. (2010) is not immedi-
ately apparent. The trace amount of EDTA (~1:20 molar ratio
to GCAP1, or 1:60 per mol of Ca?T binding sites) was neg-
ligible in our assays and could not skew the results by more
than few percent [which also would be toward lower, contrary
to the higher than in Dell’Orco et al. (2010), average affinity in
our experiments (Figure 3B)]. In the method we use (Peshenko
and Dizhoor, 2006), the fluorescent chelator indicator was also
present at a very low (~1:60-1:40) molar ratio to GCAP1 (as low
as 1:180-1:120 per mol of Ca** binding sites), quite negligible
in comparison with the calcium buffer capacity of GCAP1 itself
and ~40-60 times lower than in the method used by Dell’Orco
etal. (2010). This may have prevented some potential effect of the
chelator dye itself on the non-myristoylated protein. Alternatively,
the difference could be related to the use of the protein purifica-
tion protocol that more efficiently removes poorly folded fraction
of low-affinity GCAP1 in our study.

Despite the substantial quantitative difference, we would
nonetheless emphasize that we have a qualitative agreement
with the findings by Dell'Orco et al. (2010)—Ca?*-sensitivity
of the G2A GCAPI is reduced compared to the myristoylated
form (Figure 3A). Even though the binding ratio at saturation
remained three Ca?T ions per GCAPI, there was a slight shift of
the curve toward higher micromolar free Ca?* range for the non-
myristoylated GCAP1. Evidently, it is the lack of myristoylation
what alters the properties of GCAP1, not the G2A mutation per se
(Figure 3A).

From the overall shift in Ca?* binding affinity in non-acylated
GCAP1 (Figure 3A), the result shown in Figure 3D appears most
intriguing. The affinity of EF-hand 2, the only metal-binding site
left in the non-acylated D100N/D102G/D144N/D148G GCAP1
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FIGURE 3 | Ca?* sensitivity of GCAP1 is affected by myristoylation. constants; panels (C,D)—by simplified hyperbolic saturation function,
(A-D), CaZ* binding isotherms obtained using fluorescent indicator dye (Capound/GCAP) = Bmax x Cafree/(Cafree + Kg), Where Capoung is the
BAPTA-2 titration protocol (Peshenko and Dizhoor, 2006). (A) CaZt+ concentration of CaZ* bound to GCAP1, calculated as Capoung = Catotal —
binding by myristoylated D6S GCAP1 (o), non-myristoylated Cafree, Bmax is mol of Ca2* bound per mol of GCAP1 at saturation,
WT GCAP1 (e), and non-myristoylated G2A GCAP1 (#). (B) Comparison of Ky is the apparent dissociation constant. The data shown are representative
the experimental data for Ca* binding by G2A GCAP1 (4) with the from 3 to 5 independent experiments producing virtually identical results.
theoretical curve for three-center binding model calculated using previously (E) Normalized activity of the recombinant RetGC1 expressed in HEK293
reported macroscopic association constants, 6.3 x 107, 5.0 x 10°, and cells reconstituted with 10 wM purified myristoylated GCAP1 (o) or G2A
2.0 x 108 M~ (Dell'Orco et al.,, 2010) (- - -); the corresponding dissociation GCAP1 (o) at different free Ca2* concentrations and 1 mm free Mg?*. The
constants are shown next to each trace. (C,D) Change of the binding activities in each series were normalized by the maximal activity in the
stoichiometry in non-myristoylated GCAP1 with one (D144N/D148G, C) or corresponding series. The data were fitted by the equation,
two (DT100N/D102G/D144N/D148G, D) EF-hands inactivated. The data were A= Amax + (Amax — Amin)/(1 4 (Cagree/Cat 2)"), where A is RetGC activity,
fitted using two different models: panels (A,B)—by three-center binding Caq2 is the free Ca?*t concentration producing 50% effect and n is the
model, Capoung/GCAP = (K;Car + 2K; KZCa$ + 3K Ky KgCaﬁ)/G + KiCar + Hill coefficient. For other conditions of the assay see Materials and
K KZCa% + K1 Ky KgCagf), where Kj, Kz, and K3 are macroscopic equilibrium Methods.

mutant (Figure 3D), remains high (Kj~0.04 um +0.01), vir-
tually the same as in the myristoylated D1I00N/D102G/D144N/
D148G mutant [0.03 £ 0.01 pwm, Peshenko and Dizhoor (2006)].
In other words, myristoylation appears to have a surprisingly
little effect on the high-affinity Ca?* binding in the EF-hand 2
proximal to the fatty acyl group in the three-dimensional struc-
ture of GCAP1 (Figure 1). Instead of affecting metal binding in
the neighboring EF-hand 2, the myristoyl moiety, in a rather
paradoxical manner, seemingly influences the efficiency of Ca?*
binding in a more distal portion of the molecule (EF-hand 3 or 4).

In our previous studies (Peshenko and Dizhoor, 2007;
Peshenko et al., 2008), we identified the EF-hand 3/EF-hand
4 portion of the molecule as critical for the Ca?*-dependent
activator-to-inhibitor transition of GCAPIL. In a good qualita-
tive agreement with the earlier observations of Hwang and Koch
(2002) and the shift in the Ca?*-binding isotherm to the higher
Ca®* range (Figure3A), the G2A GCAPI regulated recombi-
nant RetGC1 with a noticeably lower sensitivity to Ca?t [(Ca), /2
increased from 260 nM in wild type to 520 nM in the G2A mutant
(Figure 3E)]. Since the high-affinity binding in EF-hand 2 does
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not seem to be critically affected by myristoylation (Figure 3D),
the observed changes in Ca?" sensitivity of RetGC1 (Figure 3E)
are, again, likely attributable to the change in the function of EF-
hand 3 and/or 4. It also needs to be pointed that even though the
decrease in Ca®™ sensitivity of RetGC regulation by GCAP1 is rel-
atively modest, ~2-fold, a shift like this can be large enough to
adversely affect the levels of free cGMP and Ca®* in the dark and
provoke photoreceptor death in transgenic mice (Olshevskaya
et al., 2004; Woodruff et al., 2007). Therefore, the role of myris-
toylation in maintaining normal Ca’* sensitivity of GCAP1 as a
Ca?" sensor should be rather important for its normal physiolog-

ical function.

Our results indicate that myristoyl residue inside the GCAP1
molecule affects proximal structural element(s) involved in the
target enzyme recognition, such as EF-1 (see Ermilov et al., 2001;
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The membrane guanylate cyclase family has been branched into three subfamilies:
natriuretic peptide hormone surface receptors, Ca?t-modulated neuronal ROS-GC, and
CaZ*-modulated odorant surface receptor ONE-GC. The first subfamily is solely modulated
by the extracellularly generated hormonal signals; the second, by the intracellularly
generated sensory and sensory-linked signals; and the third, by combination of these
two. The present study defines a new paradigm and a new mechanism of Ca2* signaling.
(1) It demonstrates for the first time that ANF-RGC, the prototype member of the surface
receptor subfamily, is stimulated by free [Ca2t];. The stimulation occurs via myristoylated
form of neurocalcin §, and both the guanylate cyclase and the calcium sensor neurocalcin §
are present in the glomerulosa region of the adrenal gland. (2) The EF-2, EF-3 and
EF-4 hands of GCAP1 sense the progressive increment of [Ca2*]; and with a Ki/2 of
100nM turn ROS-GC1 "OFFE" In total reversal, the same EF hands upon sensing the
progressive increment of [CaZt]; with Kq/2 tun ONE-GC “ON." The findings suggest a
universal CaZt-modulated signal transduction theme of the membrane guanylate cyclase
family; demonstrate that signaling of ANF-RGC occurs by the peptide hormones and
also by [Ca?t); signals; that for the Cat signal transduction, ANF-RGC functions as a
two-component transduction system consisting of the Ca2* sensor neurocalcin § and
the transducer ANF-RGC; and that the neurocalcin 3 in this case expands beyond its
NCS family. Furthermore, the study shows a novel mechanism of the [Ca?t]; sensor
GCAP1 where it acts as an antithetical NCS for the signaling mechanisms of ROS-GC1
and ONE-GC.

Keywords: calcium, GCAP1, neurocalcin §, neuronal calcium sensors, membrane guanylate cyclase, cyclic GMP,
atrial natriuretic factor receptor membrane guanylate cyclase, olfactory neuroepithelium membrane guanylate

cyclase

INTRODUCTION

Ca’* sensor proteins form a group of Ca?T binding proteins
that, in defined concentrations of free intracellular Ca>*, function
as modulators of the activities of specific target proteins. They
acquire these modulatory abilities by binding Ca?>* through spe-
cific helix-loop-helix structural motifs called EF hands. Binding
of Ca’* to the EF hand motif triggers conformational changes
in the respective Ca’t sensor protein that enable it to per-
form Ca?*-dependent functions ranging from regulation of ion
channels permeability to gene expression, cellular survival and
apoptosis (reviewed in Bhattacharya et al., 2004; Braunewell,
2005). Neuronal Ca?T sensor (NCS) proteins constitute a sub-
family of Ca?t sensor proteins and were initially considered to
be expressed exclusively in neurons, but now are found in other
tissues as well. NCS proteins are subclassified into five groups
based on their sequence similarities. In mammals, 14 conserved
NCS proteins exist (reviewed in Burgoyne, 2007) and all of them
have 4 EF hand Ca’" binding motifs but inactivating amino
acid substitutions make the first EF hand non-functional for
Ca’* binding. In addition to the first inactive EF hand, recov-
erin and K -channel interacting protein typel (KChIP1) harbor
another non-functional EF hand. Except for KChIP2, 3 and 4 all

mammalian NCS proteins contain a consensus sequence for N-
terminal myristoylation (reviewed in Burgoyne and Weiss, 2001;
Burgoyne et al., 2004). Some isoforms of KChIP2 and 3 are
possibly palmitoylated (Takimoto et al., 2002). Both myristoy-
lation and palmitoylation of NCS proteins allows for some of
them membrane association, either permanently or transiently in
response to changes in the intracellular Ca?* concentration. For
GCAP1 and NCS-1, however, Ca’T plays no role in membrane
attachment of the protein (Hwang and Koch, 2002; O’Callaghan
et al., 2002; Orban et al., 2010).

Neurocalcin § together with visinin-like proteins (VILIPs) and
hippocalcin form a distinct subfamily of NCS proteins. It is acy-
lated at the N-terminus by myristic acid and undergoes a classical
calcium-myristoyl switch (Ladant, 1995) e.g. it buries the myris-
toyl group in a hydrophobic pocket in a Ca**-free form and
expose it in Ca’*-bound form as it is observed for recoverin
(Zozulya and Stryer, 1992). However, once it binds in a Ca**-
dependent fashion to the membrane phospholipids part of it
remains membrane bound even after removing Ca?* by the addi-
tion of EGTA (Krishnan et al., 2004). Although the highest level
of neurocalcin 3 has been detected in neuronal tissues, its expres-
sion level in peripheral tissues is also significant. Functionally,
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neurocalcin 8 has been linked to receptor endocytosis through
interaction with a- and B-clathrin and B-adaptin (Ivings et al.,
2002), trafficking and membrane delivery of glutamate receptors
of the kainate type (Coussen and Mulle, 2006), and due to its
Ca?*-dependent affinity for S100B protein and tubulin B-chain
(Okazaki et al., 1995), with microtubule assembly (Iino et al.,
1995). In the sensory and sensory-linked neurons, the presence
of neurocalcin § has been found in the inner plexiform layer
of the retina, e.g. in the amacrine and ganglion cells (Krishnan
et al., 2004), olfactory sensory neurons (Duda et al., 2001, 2004)
and very recently, it has been identified in type II cells of mouse
circumvallate taste papillae, indicating its possible role in the
gustatory transduction (Rebello et al., 2011).

Further, neurocalcin § can act as Ca2t -dependent modulator
of membrane guanylate cyclase ROS-GCI in the retina and ONE-
GG, in the olfactory neuroepithelium. There, it co-localizes with
its respective target guanylate cyclases (Duda et al., 2001, 2004;
Krishnan et al., 2004). The exact physiological significance of the
ROS-GCl1-neurocalcin 3 signaling system in the retinal neurons
is not known vyet, it has, however, been proposed that the sys-
tem may be involved in synaptic processes (Krishnan et al., 2004).
In the olfactory neuroepithelium neurocalcin § serves as a Ca?*
sensor component of the two-step odorant uroguanylin signaling
machinery (Duda and Sharma, 2009).

Guanylate cyclase activating protein type 1 (GCAP1) is a well
characterized member of the NCS proteins subfamily (reviewed
in Palczewski et al., 2004; Sharma et al., 2004; Behnen et al.,
2010; Koch et al., 2010). Like other homologs and orthologs of
the subfamily, it harbors four EF hand Ca?* binding motifs,
of which the first one is inactive. GCAPI is acylated at the N-
terminus by myristic acid that is buried in a hydrophobic pocket
(Stephen et al., 2007) and changing Ca** concentrations do not
trigger exposure of the myristoyl group (Orban et al., 2010).
Instead the myristoyl group remains buried in a hydrophobic
cavity. Thus, GCAP1 does not interact with the membranes in
a Ca?T-dependent fashion (Hwang and Koch, 2002; Haynes and
Burgoyne, 2008) and does not undergo a classical calcium myris-
toyl switch. Identified first in the retinal photoreceptors (Gorczyca
et al., 1994; Frins et al., 1996), GCAP1 transmits Ca’* signals to
and controls the activity of rod outer segment guanylate cyclase,
ROS-GC. It activates ROS-GC in the absence of Ca’*, when
immediately after illumination the cytoplasmic Ca** drops in
a photoreceptor cell. GCAPs are thought to switch to a Ca®*-
free but Mg?*-bound state, which represents the activating form
(Peshenko and Dizhoor, 2006). Increasing concentrations of free
Ca?t diminish the activation process leading even to an inhi-
bition below the basal cyclase activity level (Duda et al., 1996).
This regulatory process of ROS-GC is essential for the photo-
response recovery of visual cells (Mendez et al., 2001; Howes et al.,
2002).

Here, new observations on Ca2+-dependent modes of neuro-
calcin § and GCAPI in modulating membrane guanylate cyclase
signaling are presented. The results disclose a new model of
Ca?*-neurocalcin 8 signaling of ANF-RGC and a new signal-
ing mechanism of GCAP1 in which it serves as an antithetical
Ca’* sensor in the phototransduction and the olfactory sen-
sory neurons. Thus, they indicate an increasing complexity in

the regulatory modes of membrane guanylate cyclases and this
enables them to perform multiple cellular functions.

MATERIALS AND METHODS

Mutagenesis. Point mutations in ONE-GC and GCAP1 ¢cDNA
were introduced using Quick Change mutagenesis kit (Stratagene)
and appropriate mutagenic primers. ONE-GC F°%°S mutation-
Forward primer 5'-TGGCTGAAGAAGTCTGAGGCAGGC ACG-
3’; Reverse primer 5'-CGTGCCTGCCTCAGACTTCTTCAG
CCA-3' (the mutated sequence is underlined). Construction
of the GCAPI(D!E) mutant is described in detail in
(Kitiratschky et al., 2009). The mutants were verified by
sequencing. To construct the ANF-RGC Ext™ mutant two
Hpal restriction sites were introduced at nucleotide posi-
tions 437-442 (Forward primer 5-GTGGTGCTGCCGCTG
GTAAACAACACCTCGTACCCG-3/, Reverse primer 5-CGG
GTACGAGGTGTTTACCAGCGGCAGCACCAC-3'; Hpal re-
cognition sequence is underlined) and at nucleotide posi-
tions 1697-1702 (Forward primer 5-AATGAGGACCCAG
CCGTAAACCAAGACCACTTT-3'; Reverse primer 5-AAAGTG
GTCTTGGTTTACGGCTGGGTCCTCATT-3'; Hpal recognition
sequence is underlined). The 1242 bp fragment was excised and
the remaining part was religated.

Expression in COS cells. COS7 cells (simian virus 40-
transformed African green monkey kidney cells) were maintained
in DMEM medium supplemented with 10% fetal bovine serum
and penicillin, streptomycin antibiotics on 10 cm diameter cell
culture dishes in humidified atmosphere of 95% 0,/5% CO;.
At approximately 65% confluency the cells were transfected with
25 g of appropriate plasmid ¢cDNA using calcium phosphate
co-precipitation technique (Sambrook et al., 1989). In control
experiments the cells were transfected with 25pg of empty
expression vector. 64 h after transfection cells were washed with
50 mM Tris-HCI pH 7.4/10 mM Mg+ buffer, homogenized and
the particulate fraction pelleted by centrifugation.

Guanylate cyclase activity assay. The membranes were incu-
bated on ice-bath with or without GCAP1 or neurocalcin 3
in the assay system containing 10mM theophylline, 15 mM
phosphocreatine, 20 ug creatine kinase and 50 mM Tris-HCI,
pH 7.5. Appropriate Ca>* concentrations were adjusted with pre-
calibrated Ca?*/EGTA solutions (Molecular Probes). The total
assay volume was 25 pl. The reaction was initiated by addition of
the substrate solution (4 mM MgCl, and 1 mM GTP, final con-
centration) and maintained by incubation at 37°C for 10 min.
The reaction was terminated by the addition of 225 pl of 50 mM
sodium acetate buffer, pH 6.2 followed by heating on a boiling
water bath for 3min. The amount of cyclic GMP formed was
determined by radioimmunoassay (Nambi et al., 1982).

Expression and purification of GCAP1, GCAP1(D'"E) and
neurocalcin 8. GCAP1 was expressed and purified as in (Duda
et al.,, 1999), GCAP1(D!%E) as in (Kitiratschky et al., 2009), and
neurocalcin 8§ as in (Duda et al., 2004).

Antibodies. The specificity of antibody against neurocalcin
8 has been described previously (Duda et al., 2004). Antibody
against ANF-RGC was raised against the kinase homology
domain in rabbits. Specificity of the antibody was tested through
Western blot using membranes of COS cells expressing all three
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receptor guanylate cyclases, ANF-RGC, CNP-receptor guanylate
cyclase (CNP-RGC) and enterotoxin receptor guanylate cyclase
(STa-RGC). The antibody recognized only ANF-RGC (data
not shown). The antibodies were affinity purified. Secondary
antibodies conjugated to a fluorescent dye (DyLight 488 and
DyLight 549) were purchased from Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA.

Immunohistochemistry. Mice were sacrificed by lethal injec-
tion of ketamine/xylazine (the protocol approved by the Salus
University IUCAC) and perfused through the heart, first with a
standard Tris-buffered saline (TBS) and then with freshly pre-
pared 4% paraformaldehyde in TBS. The adrenal glands were
removed and fixed for 1-4 h in 4% paraformaldehyde with TBS
at 4°C, cryoprotected in 30% sucrose overnight at 4°C and cut
into 20 pm sections using Hacker-Bright OTF5000 microtome
cryostat (HACKER Instruments and Industries Inc., Winnsboro,
SC). The sections were washed with TBS, blocked in 10% normal
serum in TBS/0.5% Triton X-100 (TTBS) for 1h at room tem-
perature, washed with TTBS, incubated with respective antibody
in blocking solution overnight at 4°C, washed with TTBS for and
then incubated with DyLight conjugated donkey anti-rabbit anti-
body (200:1) for 1h, washed with TTBS. Images were acquired
using an inverted Olympus IX81 microscope/FV1000 Spectral
laser confocal system, and analyzed using Olympus FluoView
FV10-ASW software. Digital images were processed using Adobe
Photoshop software.

Western blot. After boiling in a gel-loading buffer
[62.5mM Tris-HCI, (pH 7.5), 2% SDS, 5% glycerol, 1 mM
B-mercaptoethanol (BME), and 0.005% bromophenol blue] the
proteins (membranes of transfected COS cells or mouse adrenal
gland homogenate) were subjected to SDS-polyacrylamide gel
electrophoresis in a buffer (pH 8.3) containing 0.025M Tris,
0.192 M glycine, and 0.1% SDS. The proteins were transferred
to immobilon membranes (Millipore) in the same buffer but
containing 5% methanol. The blot was incubated in (TBS pH 7.5)
containing 100 mM Tris-HCI, 0.9% NaCl, and 0.05% Tween-20
(TBS-T) with 5% powdered non-fat Carnation milk (blocking
buffer) overnight at 4°C and rinsed with TBS-T. The antibodies
were added to the solution and the incubation continued for 1 h
at room temperature. After the blot was rinsed with with TBS-T,
the incubation was continued with the secondary antibody con-
jugated to horseradish peroxidase in blocking buffer for another
hour. Finally, the blot was treated with SuperSignal® West Pico
chemiluminescent substrate (Thermo Scienitifc; according to
the manufacturer’s protocol). The immunoreactive band was
visualized by exposing the blot to Kodak X-ray film.

RESULTS AND DISCUSSION

ANF RECEPTOR GUANYLATE CYCLASE, ANF-RGC, IS MODULATED

BY Ca?* SIGNALS

Neurocalcin § transmits Ca%* signal to ANF-RGC

Based on almost three decades of research the family of mam-
malian membrane guanylate cyclases has been firmly divided
into two subfamilies, receptor guanylate cyclases and intracellular
Ca?" regulated guanylate cyclases. The first group included the
receptor for natriuretic factor type A (ANF) and type B (BNP)
guanylate cyclase ANF-RGC, the receptor for type C natriuretic

peptide guanylate cyclase CNP-RGC, and heat-stable enterotoxin
(and also guanylin and uroguanylin) receptor guanylate cyclase
STa-RGC; the second group is comprised of the photoreceptor
guanylate cyclases ROS-GC1 and ROS-GC2 and the olfactory
neuroepithelium guanylate cyclase ONE-GC.

To determine whether a receptor guanylate cyclase could also
respond to Ca?™ signals transmitted to it through a calcium sen-
sor protein, the prototype receptor cyclase ANF-RGC and NCS
protein neurocalcin § were chosen. A clue for selecting neurocal-
cin § was the observation that it targets the conserved membrane
guanylate cyclase catalytic domain of ROS-GCI.

Membranes of COS cells expressing recombinant ANF-RGC
were incubated with series of increasing concentrations of puri-
fied myristoylated neurocalcin § at a fixed 10uM Ca’*. No
extracellular ligand of ANF-RGC, ANF or BNP, was added to
the reaction mixture. ANF-RGC activity was stimulated in the
neurocalcin 8 concentration-dependent manner; half-maximal
activation of the cyclase occurred at ~0.5pM and the maxi-
mal activation of 4.8-fold above the basal value was observed
at 2 uM myristoylated neurocalcin 3 (Figure 1: closed circles).
The calculated Hill’s coefficient for the stimulatory effect was
2.1 & 0.5. In the membranes of cells transfected with the vec-
tor alone the cyclase activity was negligible, 0.2 pmol cyclic GMP
min~!(mg protein)~! (Figure 1: closed diamonds) and was unaf-
fected by neurocalcin 8 in the presence of Ca>*. To verify that
the observed effect of Ca’t-neurocalcin § is specific the cyclase
activity was measured in the presence of neurocalcin  but in the
absence of Ca?t (1 mM EGTA was added to the reaction mix-
ture). The absence of Ca?t did not affect the basal ANF-RGC
activity; it was 12 £ 2 pmol cyclic GMP min~!(mg protein)~!
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FIGURE 1 | Ca?t-bound neurocalcin § stimulates ANF-RGC activity.
COS cells were transfected with ANF-RGC cDNA and their membrane
fraction was analyzed for neurocalcin 8-dependent cyclase activity in the
absence (open circles) and presence of 10 WM Ca?* (closed circles). COS
cells transfected with an empty vector were analyzed identically (closed
diamonds). The extracellular hormone ligand of ANF-RGC, the atrial
natriuretic factor (ANF) was absent from the reaction mixture. The
experiment was done in triplicate and repeated four times. The results
shown are average + SD from these experiments. The ECsg value was
determined graphically. Neurocalcin § used was myristoylated. The
myristoylated form of neurocalcin 8 was expressed and purified as
described in Krishnan et al. (2004).

Frontiers in Molecular Neuroscience

www.frontiersin.org

April 2012 | Volume 5 | Article 44 | 102


http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Duda et al.

Neurocalcin 8 and GCAP1-modulated guanylate cyclase

in the presence of 10 WM Ca®** and 11.9 % 1.8 pmol cyclic GMP
min~!(mg protein)~! in the presence of 1 mM EGTA. In the
absence of Ca?* neurocalcin 3, however, did not stimulate ANF-
RGC activity (Figure 1: open circles). Thus, ANF-RGC activity is
not only regulated by ANF or BNP; in vitro it is also regulated by
myristoylated neurocalcin 3 in the presence of Ca’*.

Neurocalcin § targets the intracellular domain of ANF-RGC

It is well established that ANF and BNP, the hormone-ligands
of ANF-RGC, signal through the cyclase’s extracellular domain
(Duda et al., 1991; Ogawa et al.,, 2004; reviewed in Sharma,
2002, 2010). Neurocalcin 8, on the other hand, is an intracellu-
lar protein, therefore the respective target sites of these two types
of ligand, ANF/BNP and neurocalcin 3, reside on the opposite
sites of the transmembrane domain of ANF-RGC. To determine
the biochemical requirements for neurocalcin 3 effect on ANF-
RGC activity namely, whether the isolated intracellular portion
of ANF-RGC is sufficient for neurocalcin 3 to exhibit its stimula-
tory effect or whether the intact ANF-RGC protein is necessary,
an ANF-RGC deletion mutant was prepared in which the extra-
cellular receptor domain (aa 12-433) was deleted. The mutant,
however, had retained the leader sequence to ensure its proper
membrane targeting. This mutant was transiently expressed in
COS cells and their membranes were appropriately treated with
ANF or myristoylated neurocalcin § and 10 uM Ca?*. Both pro-
teins had comparable basal guanylate cyclase activities, 13 and
12.2 pmol cyclic GMP min~!(mg protein)~! for the full-length
ANEF-RGC and the deletion mutant, respectively. As expected, the
mutant was unresponsive to ANF (Figure 2: open circles), how-
ever, neurocalcin § stimulated its activity in a dose-dependent

Guanylate cyclase activity
[pmol cGMP min 1(mg prot) 1]

301 —8— ANF-RGC+ NC3
——Ext +NC3
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FIGURE 2 | The intracellular portion of ANF-RGC is sufficient for
neurocalcin § and Ca?* to stimulate ANF-RGC activity. The ANFRGC
deletion mutant lacking the extracellular receptor domain aa12-433, was
constructed and expressed in COS cells. The particulate fraction of these
cells was assayed for guanylate cyclase activity in the presence of
increasing concentrations of myristoylated neurocalcin 8 and 10 uM Ca?* or
0.5 mM ATP and increasing concentrations of ANFE Membranes of COS
cells expressing full-length ANF-RGC were processed in parallel as positive
control. The experiment was performed in triplicate and repeated two
times. The results shown are mean 4 SD from these experiments.

fashion (Figure2: closed diamonds). The stimulatory profile
was indistinguishable from that of the full-length ANF-RGC
(Figure 2: closed circles). Also the Hill’s coefficients for the neu-
rocalcin 3 effect on both cyclases were identical 2.1 £ 0.5 and
2.05 = 0.4 for the full-length ANF-RGC and for the deletion
mutant, respectively. It is, therefore, concluded that the extra-
cellular domain has no structural role in ANF-RGC ability to
respond to and be stimulated by myristoylated neurocalcin 8.

ANF-RGC and neurocalcin § co-exist in the glomerulosa cells of the
adrenal gland

Are these in vitro biochemical findings on ANF-RGC activity
modulation by Ca’* via neurocalcin § of physiological rele-
vance? A first hint could be the co-expression of both proteins
in the same tissue, organ or cell type. Guided by intuition the
mouse adrenal gland was analyzed for the presence of ANF-
RGC and neurocalcin 3, first by Western blot and then through
immunocytochemistry.

The gland was homogenized and the homogenate after SDS-
polyacrylamide gel electrophoresis was analyzed for the presence
of ANF-RGC or neurocalcin 3 by Western blot. As shown in
Figure 3, with antibody against ANF-RGC as a probe (panel
“ANF-RGC”) an intense immunoreactive band was observed at
expected molecular weight of ~130kDa. With neurocalcin §
antibody as a probe (Figure 3: panel “NC8”) the presence of an
immunoreactive protein with mobility of ~23 kDa correspond-
ing to the molecular weight of neurocalcin 8§ was observed. These
results show that both ANF-RGC and neurocalcin 8 are expressed
in the mouse adrenal, they, however, do not provide information
whether these proteins are expressed in the same type of adrenal
gland cells. To determine whether these proteins co-localize in the

A ANF-RGC B NCa&
MW (kDa) MW (kDa)
170 —  — 170 — —
130 —  —— - 130 —  —
100 —  — 100 —  —
70 — == 70 — o
55 — e— 55 —  o—
40 —  — 40 — —
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25 — — 25 —  —
| —
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FIGURE 3 | ANF-RGC and neurocalcin 3 are expressed in the mouse
adrenal gland. Mouse adrenal gland was homogenized in 50 mM
Tri-HCI/10 mM MgCl, buffer (pH 7.5) containing protease inhibitor cocktail
(Sigma). The proteins (~40 pwg/lane) were subject to SDS-polyacrylamide
gel electrophoresis and analyzed by Western blot using antibody against
ANF-RGC or neurocalcin § as described in the “Materials and Methods”
section. (A) immunoreactivity with ANF-RGC antibody.

(B) immunoreactivity with neurocalcin 8 antibody.
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ANF-RGC

FIGURE 4 | ANF-RGC and neurocalcin § are co-expressed in the
glomerulosa cells of mouse adrenal gland. (A) Serial cryosections of the
mouse adrenal gland were immunostained with neurocalcin § (panel “NC8")
or ANF-RGC (panel "ANF-RGC") antibodies. The DIC image showing the
integrity of the adrenal gland sections are presented at the left (“DIC").
"Z.G!" and “Z.F-R." denote zona glomerulosa and zona fasciculata-reticularis,
respectively. Intense staining with either antibody was observed

ANF-RGC

in the zona glomerulosa. (B) The immunostaining with the primary
antibodies is specific. The mouse adrenal gland cryosections were
processed identically as in (A) except that the primary antibody for ANF-RGC
or neurocalcin § was omitted in the respective incubation mixture but
incubation with fluorescently labeled secondary antibody was carried out as
in (A). The DIC image showing the integrity of the sections are presented
("DIC").

adrenal gland immunocytochemical analyzes were carried out.
Sections of the adrenal gland were immunostained with specific
antibodies against ANF-RGC and neurocalcin 3. Because both
antibodies used were raised in rabbits, co-immunostaining was
not feasible, therefore, staining of consecutive sections was per-
formed. The results are shown in Figure4A. Intense staining
with anti neurocalcin 8 antibody was observed in the adrenal
zona glomerulosa (Figure 4A: panel “NC3” Z.G.). Also, strong
immunoreactivity with ANF-RGC antibodies was observed in
zona glomerulosa (Figure4A: panel “ANF-RGC” Z.G.). This
localization of ANF-RGC within the mouse adrenal gland is
consistent with the protein’s localization in the bovine adrenal
gland (Meloche et al., 1988). To verify the specificity of the
staining, in control reactions the primary antibodies were omit-
ted but secondary antibody was added. Without the primary
antibodies there was no specific staining in the sections ana-
lyzed (Figure 4B: control). It was therefore concluded that both
ANF-RGC and neurocalcin 3 co-exist in the adrenal glomeru-
losa cells. Although some faint staining in both sections was
observed for the fasciculate-reticularis cells (Z.F-R. region in both
“NC8” and “ANF-RGC” panels), without detailed co-localization
experiments it is not possible to conclude on ANF-RGC and
neurocalcin 3 co-existence there.

The second question asked was: are ANF-RGC and neurocal-
cin § co-existing in the adrenal gland functionally linked? Mouse
adrenal gland was homogenized in the presence of 1 mM EGTA
or 10 WM Ca®*, the particulate fraction was prepared and ana-
lyzed for guanylate cyclase activity. In the absence of Ca’*t the
activity was 70 £ 9 pmol cyclic GMP min~! (mg protein)~!
and in the presence of Ca’", 245 + 28 pmol cyclic GMP
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FIGURE 5 | Neurocalcin 3 stimulates ANF-RGC in membranes of mouse
adrenal gland. Mouse adrenal gland was homogenized in Tris-Mg?* buffer
pH 74 with or without 10 wM CaZ*. The particulate fractions were prepared
from each homogenate and assayed for guanylate cyclase activity. The
experiment was done in triplicate and repeated two times. The results
shown are average + SD from these experiments.

min~!(mg protein)~! (Figure 5). At this stage it is not possible
to conclude with certainty, however, if native neurocalcin § in
the adrenal gland is pre-bound to ANF-RGC or if it is under-
going a Ca’t mirystoyl switch and interacts with ANF-RGC
in a reversible manner, the guanylate cyclase activity measured
at 10 M Ca?" reflects the neurocalcin §-stimulated ANF-RGC
activity.
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What is the physiological significance of neurocalcin § mod-
ulation of ANF-RGC activity in the adrenal zona glomerulosa?
At this moment there is no definite answer to this question. A
clue, however, may be provided by the facts that the adrenal
glomerulosa cells are the site of aldosterone synthesis, that aldos-
terone synthesis is triggered by the increase in cytosolic Ca?*
concentration, and that the ANF-RGC activity offsets the renin-
angiotensin-aldosterone system and inhibits aldosterone synthe-
sis (Burnett et al., 1984; Brenner et al., 1990; Aoki et al., 2000;
Shi et al., 2001). Because a measurable time is necessary for hor-
monal (ANF) turning “ON” the ANF-RGC signal transduction
system resulting in the inhibition of aldosterone synthesis, it is
tempting to hypothesize that before the hormonal ANF signal
is activated, Ca?T-bound neurocalcin § stimulates ANF-RGC.
In this situation ANF-RGC response will be very rapid and the
cyclic GMP produced will start to inhibit aldosterone synthesis
almost immediately. Cyclic GMP synthesized by ANF-RGC affects
number of effectors of aldosterone synthesis. They include cyclic
GMP-gated channels, cyclic GMP-dependent protein kinases, and
cyclic GMP-regulated phosphodiesterases (reviewed in Lohmann
et al., 1997; Pfeifer et al., 1999). Several reports indicate that
cyclic GMP-driven inhibition of aldosterone synthesis is, at least
in part, mediated by cyclic GMP-stimulated phosphodiesterase
(PDE 2) that is expressed at high levels in adrenal glomerulosa
cells (MacFarland et al., 1991; Coté et al., 1999). This hypothesis
needs now experimental validation.

GCAP1 - ANTITHETICAL CALCIUM SENSOR

Since its discovery, GCAP1 has been exclusively regarded as the
component of the phototransduction machinery sensing the fall
in Ca?* concentration after illumination, transmitting this infor-
mation to photoreceptor guanylate cyclase ROS-GC and stimu-
lating it to synthesize cyclic GMP at a faster rate (reviewed in
Pugh et al.,, 1997; Koch et al., 2010). With the ensuing raise
of Ca’t concentration, Ca**-bound GCAP1 inhibits ROS-GC
activity bringing it to the basal level. This activator/inhibitor
mode of GCAP1 operation is well established both in vivo and
in vitro.

Recent work, however, indicated that GCAP1 could target to
another sensory membrane guanylate cyclase, an odorant recep-
tor ONE-GC [alternatively termed GC-D (Fille et al., 1995)]
expressed in a subpopulation of olfactory sensory neurons (Duda
et al., 2006; Pertzev et al., 2010).

GCAP1 transmits the Ca?*-stimulatory signal to the odorant
receptor guanylate cyclase, ONE-GC

Recombinant ONE-GC expressed in COS cell was exposed to
increasing Ca’* concentrations and constant, 4 WM, GCAPI1
concentration. As a positive control, recombinant ROS-GCl1
was treated identically. Both cyclases were expressed in COS to
approximately the same level as verified by Western blot (Figure 6
inset). As expected, based on previous reports (Duda et al., 1996),
at or below 10nM Ca’?*, GCAP1 maximally stimulated ROS-
GCl1 (Figure 6: closed circles). The stimulation decreased with
increasing free Ca?" concentration and the half-maximal inhibi-
tion was at about 100 nM Ca?*. Contrary to that, at about 100 nM
Ca?" there was practically no effect on GCAP1-dependent ONE-
GC activity (Figure6: open circles). However, with the Ca’*
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FIGURE 6 | Antithetical Ca?* modulated GCAP1 effect on ONE-GC and
ROS-GC1 activities. Membranes of COS cells expressing ONE-GC or
ROS-GC1 (control) were individually assayed for guanylate cyclase activity
in the presence of 4 wM GCAP1 and indicated concentrations of Ca?*. The
experiment was carried out in triplicate and repeated three times. The
results shown are shown are average + SD from these experiments. The
IC50 and ECsq values were determined graphically. Inset: Expression levels
of ROS-GC1 and ONE-GC in COS cells were monitored by Western blot
using antibodies against ROS-GC1 or ONE-GC.

concentrations increasing beyond 100nM there was a dose-
dependent increase in ONE-GC activity. The half-maximal acti-
vation of the cyclase occurred at 0.7 uM Ca?* and the maximal
activation at about 2.5 WM. At Ca®* concentrations above 2.5 uM
there was no statistically significant increase in the cyclase activity.
The expression levels of ROS-GC1 and ONE-GC in COS cells was
comparable (Figure 6: inset). These results essentially confirm
the previous published in Duda et al. (2006). The main conclu-
sion is that GCAPI can function as calcium-dependent regulator
of guanylate cyclase activity, but depending on the target it can
activate the cyclase in a Ca’*-dependent manner with reverse
premise making it an antithetical modulator.

How can GCAP1 exhibit these opposite modulatory effects?
To answer this question GCAP1 and ONE-GC mutants were
employed.

Several mutations in the GCAP1 gene have been found in
patients suffering from autosomal dominant cone-rod dystro-
phies (Behnen et al., 2010). All these mutations except one are
located within the regions coding for EF hands 3 and 4. The
D!'F mutation is within EF hand 3; it causes perturbation in
Ca** coordination, and leads to a dramatic decrease in affinity for
Ca”*. As a consequence, the D'°E mutant remains in an active
conformation at 10 WM Ca?T. The activation is half-maximal at
20 wM Ca®* and the cyclase activity returns to the basal level only
at approx. 60 WM free Ca®t (Behnen et al., 2010; Dell’Orco et al.,
2010). This mutant was tested for its effect on ONE-GC activity
in the presence of two Ca’T concentrations, 10 nM and 10 WM.
For comparison, in parallel experiment, the effect of the D!°E
mutant on ROS-GCI1 activity at the same Ca’* concentrations
was determined. The results are shown in Figure 7. The mutant
stimulated ROS-GC1 activity at both tested Ca?* concentrations.
It, however, had no effect on ONE-GC activity at 10 nM CaZt
but stimulated its activity at 10 uM Ca**. Thus, dysfunctional EF
hand 3 does not have any effect on Ca?*-dependent GCAP1 stim-
ulation of ONE-GC. Because the third EF hand has the highest
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FIGURE 7 | The D'°°E GCAP1 mutant stimulates both ONE-GC and
ROS-GC1 at high Ca?t concentration but only ROS-GC1 in the
absence of CaZt. The membrane fraction of COS cells expressing ONE-GC
or ROS-GC1 (control) were assayed for guanylate cyclase activity in the
presence (2 LM) or absence of D'°°E GCAP1 mutant and 1 mM EGTA

(10 LM Ca?*) or 10 wM Ca?*. The experiment was done in triplicate and

repeated two times for reproducibility. The results shown are average + SD
from these experiments.

affinity for Ca?* (Lim et al., 2009) these results indicated that
low affinity Ca®* binding to GCAP1 is sufficient for ONE-GC
stimulation. These results further showed that the D'°°E muta-
tion in GCAP1 leads to a protein conformation that can act
as a constitutive activator with Ca?*-sensing properties that are
significantly shifted to higher free Ca?*. One can deduce from
these results that the interaction sites of GCAP1 in ROS-GC1
and ONE-GC are different, i.e., are not located in correspond-
ing homologous regions. This hypothesis was tested by creating a
mutant of ONE-GC with a point mutation in a region that is con-
served among sensory guanylate cyclases and that is critical for
GCAPI1-dependent regulation of ROS-GCl.

GCAP1 signaling modes in its Ca?*-free and Ca?*-bound states

are different

The first ROS-GC1 gene mutation linked with visual disorder
was the F>!4S mutation identified in cases of Leber’s congenital
amaurosis type 1 (LCA1) (Perrault et al., 1996). Studies aimed
at explaining the molecular basis of LCA1 demonstrated that
this mutation totally disables GCAP1 modulation of ROS-GC1
activity (Duda et al., 1999). Because phenylalanine in this posi-
tion is conserved in all membrane guanylate cyclases, the obvious
question to ask was: would a similar mutation in ONE-GC dis-
able GCAP1-mediated Ca®* signaling of its activity? ONE-GC
F>85S mutant (corresponding to the F°!#S in ROS-GC1) was con-
structed and its activity was determined in the presence of 10 uM
Ca?* and increasing concentrations of GCAP1 (Figure 8A: closed
circles). The results show that contrary to ROS-GC1 and its F°14S
mutant (Figure 8A: open and closed triangles, respectively; the
activity was measured in the absence of Ca?t), the F—S mutation
in ONE-GC does not affect the Ca”t-GCAP1-dependent activa-
tion of the cyclase (Figure 8A: compare the profiles with closed
and open circles). The Hill’s coefficients calculated for the GCAP1
stimulation of wt ONE-GC and of its F®>S mutant were virtually
identical, 1.83 & 0.3. The mutation also does not affect the Ca®*
sensitivity of the mutant (Figure 8B: compare the closed and
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FIGURE 8 | F°85S mutation does not affect Ca?*-GCAP1 signaling of
ONE-GC activity. (A) Membranes of COS cells expressing ONE-GC or its
F®85S mutant were assayed for guanylate cyclase activity in the presence
of increasing concentrations of GCAP1 and constant 10 wM Ca®*;
Membranes of COS cells expressing ROS-GC1 or its F?'4S mutant were
analyzed for GCAP1 effect in the absence of Ca* (1 mM EGTA was
present in the assay mixture). (B) Membranes of COS cells expressing
ONE-GC and its F8°S mutant or ROS-GC1 and its F°'4S mutant were
analyzed by Western blot using antibodies against ROS-GC1 and ONE-GC.
Approx 20 ug of membrane protein was applied on each lane of the gel.
Lane 1, ONE-GC; Lane 2, ONE-GC F®85S; Lane 3, ROS-GC1; Lane 4,
ROS-GC1 F514S. (C) Membranes of COS cells expressing ONE-GC or its
F585S mutant were assayed for guanylate cyclase activity in the presence
of increasing concentrations of Ca2* and constant, 4 uM GCAP1. The
experiments were done in triplicate and repeated for reproducibility with
different preparations of transfected COS cells. The results presented
(mean = SD) are from one representative experiment.

open circles). It is, therefore, concluded that Ca®*-free and Ca*-
bound GCAP1 exert different signals for activation of membrane
guanylate cyclase. They probably do so by acting on different
target regions, since the mutation F°!4S is located in a previ-
ously identified interaction and/or regulatory region of ROS-GC1
(Lange et al., 1999). Finally, while the F>'#S mutation in ROS-
GCl1 results in blindness at birth or soon thereafter (Perrault et al.,
1996), the corresponding F>#°S mutation in ONE-GC would not
result in anosmia.
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Phosphorylation of photoactivated rhodopsin by rhodopsin kinase (RK or GRK1), a first step
of the phototransduction cascade turnoff, is under the control of Ca?*/recoverin. Here, we
demonstrate that calmodulin, a ubiquitous Ca2*-sensor, can inhibit RK, though less effec-
tively than recoverin does. We have utilized the surface plasmon resonance technology to
map the calmodulin binding site in the RK molecule. Calmodulin does not interact with
the recoverin-binding site within amino acid residues M1-525 of the enzyme. Instead, the
high affinity calmodulin binding site is localized within a stretch of amino acid residues
V150-K175 in the N-terminal regulatory region of RK. Moreover, the inhibitory effect of
calmodulin and recoverin on RK activity is synergetic, which is in agreement with the exis-
tence of separate binding sites for each Ca?*-sensing protein. The synergetic inhibition
of RK by both Ca?*-sensors occurs over a broader range of Ca2*t-concentration than by
recoverin alone, indicating increased Ca?*-sensitivity of RK regulation in the presence of
both CaZ*-sensors. Taken together, our data suggest that RK regulation by calmodulin in
photoreceptor cells could complement the well-known inhibitory effect of recoverin on RK.
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INTRODUCTION

Key aspects of the neuronal activity from neurotransmission to
gene expression are regulated by changes in the intracellular free
calcium concentration. Effects of calcium on various processes in
the cell are mediated by Ca®* sensor proteins. The important prop-
erty of these proteins is the ability to change their conformation
upon Ca’*-binding, thereby transmitting the signal to the effector
enzymes. The effects of calcium in different cells of the most tissues
are mediated primarily by ubiquitous calcium sensor calmodulin
(Hoeflich and Tkura, 2002), belonging to the large group of EF-
hand calcium-binding proteins. In addition to calmodulin, the
other EF-hand calcium-sensitive proteins of the neuronal calcium
sensor (NCS) and caldendrin/calneuron families are expressed in
neurons (McCue et al., 2010). These proteins regulate different
aspects of neuronal function including neurotransmitter release,
channel and receptor regulation, control of gene transcription,
neuronal growth, and survival. NCS proteins provide a fine-tuning
of regulatory mechanisms triggered by changes in calcium level
in neurons while calmodulin operates more as an universal sen-
sor of calcium signals. Some of the protein targets are common
for both calmodulin and NCS proteins and in a number of cases
they were shown to compete for the same binding sites in target
molecules (Schaad etal., 1996; Haynes et al., 2006; Few et al., 2011).

The concentration of calmodulin in neurons (including rod outer
segments, ROS) is normally 10-25 WM (Liebman, 1972; Kohnken
et al., 1981; Kakiuchi et al., 1982) and is comparable to the level
of NCS family proteins (maximum intracellular concentration of
30—40 WM was observed in the case of hippocalcin in hippocam-
pal neurons and recoverin in photoreceptors; Klenchin et al., 1995;
McCue et al., 2010; Mikhaylova et al., 2011). In this case, one of
the possible mechanisms underlying the effective functioning of
the NCSs is based on the different affinities of NCSs and calmod-
ulin to calcium. This is for example realized when calmodulin and
NCS proteins regulate a specific target protein in different ranges
of cytoplasmic calcium (for review, see Burgoyne, 2007; McCue
et al., 2010).

In addition to competitive regulation based on the variable
Ca2 ™ -sensitivity, the effective functioning of NCSs, and calmod-
ulin can be implemented through their interaction with target
proteins using separate binding sites. The examples of simul-
taneous regulation of the effector enzymes by several Ca’*-
binding proteins are quite common. In photoreceptor cells, reti-
nal guanylyl cyclase 1 contains independent binding sites for
four Ca?T-binding proteins: guanylyl cyclase activating protein
1 (GCAP1; Lange et al., 1999), GCAP2 (Duda et al., 2005), S100B
(Duda et al., 2002), and neurocalcin (Venkataraman et al., 2008).
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Four Ca?* binding EF-hand proteins are involved in regula-
tion of sodium/proton exchanger 1 (NHE) via different sites on
either juxtamembrane region of NHE1 (calcineurin homologous
proteins 1, 2, and tescalcin) or C-terminal regulatory domain
(calmodulin; Koster et al., 2011). Another example includes Cat-
dependent regulation of chimeric calmodulin-dependent protein
kinase from plants (Sathyanarayanan et al., 2000). This enzyme
contains visinin-like domain, which serves as an intramolecu-
lar NCS-like regulator. Such a structure allows the enzyme to
complement the external regulation of its activity by calmod-
ulin with intramolecular regulation utilizing the visinin-like
domain.

Recoverin is an NCS protein that is primarily expressed in
the photoreceptor cells, where it plays a key role in the recov-
ery phase of phototransduction by regulating the activity of
rhodopsin kinase (RK; Gorodovikova and Philippov, 1993; Kawa-
mura, 1993; Gorodovikova et al., 1994a,b; Chen et al., 1995;
Klenchin et al., 1995; Senin et al., 1995; Makino et al., 2004).
Recoverin consists of two domains each containing a pair (func-
tional and non-functional) of EF-hand-type Ca’**-binding sites
(Flaherty et al.,, 1993). The N-terminus of the protein is acy-
lated with myristic acid (Dizhoor et al., 1992). Upon binding of
two calcium ions, recoverin undergoes a series of conformational
changes allowing the exposure of the amino acid residues of its
hydrophobic pocket intended for interaction with RK (Tanaka
et al, 1995; Ames et al., 1997, 2006; Komolov et al., 2005).
In parallel, the myristoyl group of recoverin becomes exposed
imparting the interaction with photoreceptor membranes (so-
called Ca?*/myristoyl switch mechanism; Zozulya and Stryer,
1992; Dizhoor et al., 1993). In the photoreceptor cells, recoverin
inhibits RK in the dark while this inhibition is relieved upon illu-
mination and the subsequent drop of the intracellular calcium
level (Senin et al., 2002b). It allows RK to phosphorylate bleached
receptor, rhodopsin, which is the first step to its desensitization
(Wilden et al., 1986).

RK (or GRK1) is a member of the G protein-coupled receptor-
kinase (GRK) family that specifically phosphorylate agonist-
occupied G protein-coupled receptors (GPCRs) and initiate the
recruitment of arrestins that induces further receptor desensitiza-
tion and internalization (Pronin et al., 2002). The common feature
of GRKs is the central catalytic domain flanked by two sections of
the regulatory RH-domain [from regulator of G protein signal-
ing (RGS) homology] (Singh et al., 2008; Boguth et al., 2010). A
C-terminal cysteine residue in RK is modified by a farnesyl group
which is involved both in the binding of the enzyme to membranes
and in the interaction with its substrate rhodopsin (Inglese et al.,
1992; McCarthy and Akhtar, 2000). The recoverin-binding site in
RK s localized in the N-terminal portion of the molecule upstream
of the RH-domain and consists of the first 25 amino acid residues
of the enzyme (Ames et al., 2006; Higgins et al., 2006). Binding
of recoverin to this site does not prevent receptor-kinase interac-
tion and thus formation of a transient ternary complex between
the kinase, recoverin, and the receptor. Instead, recoverin affects
a conformational transition in the RK molecule that is necessary
for the phosphorylation of the receptor (Komolov et al., 2009).
Previous work has provided some quantitative characteristics of
RK regulation by recoverin. The equilibrium dissociation constant

(Kp) of recoverin—RK complex is about 6 uM (Satpaev et al.,
1998). The half-maximal inhibition of rhodopsin phosphorylation
occurs at 3-6 WM recoverin and at 1.5-3 WM [Ca®* ] gee (Klenchin
etal., 1995; Senin et al., 1997; Weiergriber et al., 2006; Zernii et al.,
2011).

While retina-specific GRK1 (RK) and GRK7 are regulated by
Ca?*/recoverin, other GRKs (GRK2-6) are found to be inhibited
by the universal mediator of Ca** signaling calmodulin (Chuang
et al., 1996; Pronin et al., 1997). It was shown that calmodulin
binding sites in GRK2 and GRKS5 are located at both the N- and
C-terminal regions of their RH domains and seem to be indepen-
dent (Levay et al., 1998). Another report suggests that the activity
of RK can be regulated not only by recoverin, but also by some
additional NCSs as well as by the other Ca?* -binding proteins pre-
sented in the photoreceptor cell (De Castro etal., 1995). Among the
latter is calmodulin (Kohnken et al., 1981) which in surface plas-
mon resonance (SPR) studies binds to RK in a Ca2+—dependent
manner. The apparent Kp of that complex was 0.1 uM and the
half-maximal binding was observed at 3uM Ca?t (Levay et al.,
1998). Since calmodulin and recoverin are colocalized with RK
in photoreceptor cells (Kohnken et al., 1981; Dizhoor et al., 1991;
Palczewski et al., 1993; Eckmiller, 2002), the actual process of the
Ca?*-dependent regulation of rhodopsin phosphorylation by the
enzyme could involve both Ca®*-sensors. In the present study, we
demonstrate that a Ca>*-dependent regulation of the RK activity
is indeed jointly mediated by recoverin and calmodulin. In partic-
ular, we show the synergetic inhibition of the enzyme activity by
these Ca?T -sensitive regulators. Additionally, we study the struc-
tural basis of this process by mapping the calmodulin binding site
in the RK molecule.

MATERIALS AND METHODS

PURIFICATION OF RECOVERIN AND CALMODULIN

Heterologous expression and purification of myristoylated wild-
type recoverin has been described in detail in a previous study
(Senin et al., 2002a). Calmodulin was purified from bovine brain
according to Gopalakrishna and Anderson (1982) with some mod-
ifications. Briefly, 100 g of brain tissue was extracted with 200 ml of
50 mM Tris—HCl pH 7.5, 1 mM EDTA, 1 mM 2-mercaptoethanol,
0.5 mM phenylmethylsulfonyl fluoride (PMSF). The extract was
subjected to isoelectric precipitation at pH 4.3 followed by heat
denaturation of the dissolved pellet at 100°C. Further, renaturated
calmodulin was loaded onto a phenyl-Sepharose 6B column (GE
Healthcare) equilibrated with 50 mM Tris—HCI pH 7.5, I mM 2-
mercaptoethanol, 0.1 mM CaCl,. The column was washed with
the same buffer containing 0.5M NaCl, and calmodulin frac-
tions were eluted with 1 mM EGTA. The resulted fractions were
pooled and loaded onto a 5-ml HiTrap DEAE FF anion exchange
chromatography column (GE Healthcare) pre-equilibrated with
50 mM Tris—HCI pH 7.5, 1 mM 2-mercaptoethanol at 1 ml/min.
After washing the column with the same buffer (~10 column vol-
umes), calmodulin was eluted by 30 ml of a linear ionic strength
gradient (0-500 mM NaCl) at 0.5 ml/min. Calmodulin contain-
ing fractions as revealed by SDS-PAGE were pooled, dialyzed
overnight versus 20 mM Tris—=HCl pH 8.0, concentrated, and
stored at —80°C.
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PREPARATION OF ROD OUTER SEGMENTS AND UREA-WASHED ROS
MEMBRANES

Bovine ROS were prepared from frozen retinae according to a
well-established procedure (Papermaster and Dreyer, 1974) with
some modifications. All procedures were performed under dim
red light. 200 frozen retinae were thawed in 200 ml of buffer A
[20mM Tris—HCI pH 8.0, 0.1 mM EDTA, 1 mM dithiothreitol
(DTT)] containing 45% (w/v) sucrose and the resulted mixture
was vigorously shaken for 10 min. The suspension was then cen-
trifuged (3,000 g 4°C) for 20 min and the pellet was discarded. The
ROS containing supernatant was diluted twice with buffer A and
centrifuged (8,600 g 4°C) for 30 min. The supernatant was dis-
carded and the pellet containing crude ROS was resuspended in
minimal volume of buffer A with addition of 34% (w/v) sucrose,
layered over a freshly prepared 34-36% sucrose density step gra-
dient and centrifuged (72,000 g, 4°C) for 2 h. The centrifugation
resulted in formation of the compact band containing ROS frac-
tion, which was carefully removed, diluted twice with buffer A and
centrifuged for 15 min at 27,200 g, 4°C. The resulting intact ROS
pellet was stored at —80°C. Urea-washed ROS membranes were
prepared by homogenizing ROS in 5 M urea followed by five-times
washing with buffer A as previously described (Senin et al., 2002a).

PREPARATION OF RK CONSTRUCTS AND NATIVE RK

Standard cloning techniques were applied to generate seven RK
constructs from a full-length RK ¢cDNA template in a pT7-7 plas-
mid. DNA fragments corresponding to the RK amino terminal
region (N-RK: M1-G183), RK carboxy terminal region (C-RK:
1455-S561) as well as to RK amino terminal region stretches
M1-S25, M1-L102, L102-G183, D100-V150, and F125-K175 were
PCR-amplified and inserted into the pGEX-5x-1 vector to achieve
expression as glutathione S-transferase (GST) fusion proteins.
Procedures for heterologous expression and affinity chromatog-
raphy purification of GST-RK constructs were the same as pre-
viously described (Komolov et al., 2009). Native RK was purified
from ROS as described in detail elsewhere (Senin et al., 2011).

PHOSPHORYLATION ASSAY

RK activity was measured using an in vitro rhodopsin phos-
phorylation assay essentially as described (Weiergriber et al,
2006). Briefly, the assay was performed in 50 pl reaction mixture
containing 10 WM rhodopsin (urea-washed ROS membranes),
20mM Tris—-HCl pH 7.5, 2mM MgCl,, 1 mM y->?P-ATP (30—
100 dpm/pmol), 1mM DTT, 1mM PMSE and 0.3-0.5 units
of rhodopsin kinase with addition of either 200 uM CaCl, or
1 mM EGTA. Recoverin and/or calmodulin at concentrations indi-
cated in the figure legends was added, as appropriate. 1,2-bis
(0-amino-5-bromophenoxy) ethane-N,N,N’,N’-tetraacetic acid
tetrapotassium salt (5,5 -dibromo-BAPTA) was used as a Ca?™-
buffer in Ca?*-titration experiments according to our previous
work (Senin et al., 2002a). The reaction was initiated by addi-
tion of ATP and samples were incubated under continuous light
for 30 min at 37°C. Incubation was terminated by adding 1 ml of
10% (w/v) trichloroacetic acid. The resulting precipitate was col-
lected by centrifugation and washed three times with 1 ml of 10%
trichloroacetic acid; the final pellet was used for Cherenkov count-
ing. The data were analyzed in SigmaPlot 11 (Systat Software)

by plotting relative RK activity [assuming 100% activity at no
inhibitor(-s) added] versus Ca2+—sensing protein(-s) or free Ca?t
concentration and by fitting the plot to four parameter Hill
sigmoidal (Eq. 1):

axl’

cb 4 xb

y=)+ (1)
where y is the relative RK activity and x is the recoverin and/or
calmodulin or free calcium concentration. The resulting values b
(Hill coefficient, n) and ¢ (half-maximal inhibition, ICsy) were
expressed as best-fit value = SE of the fit.

SURFACE PLASMON RESONANCE

Surface plasmon resonance measurements were performed on a
BIACORE 2000 instrument (GE Healthcare) at 25°C. Details of
the operation principle, the immobilization procedures and of
the evaluation of sensorgrams had been described before (Koch,
2000; Komolov et al., 2006). The analysis of how various GST-RK
constructs interact with calmodulin was performed as described
recently for recoverin (Komolov et al., 2009) with some modifi-
cations. GST-RK fusion proteins were captured on the surface
of a CM5 sensor chip (GE Healthcare) with pre-immobilized
goat anti-GST antibodies (GE Healthcare) resulting in a surface
density of approximately 1 ng/mm?. Calmodulin was applied in
the mobile phase in running buffer (20 mM Tris—=HCI pH 7.5,
100 mM NaCl, 2mM CaCl,, 1 mM MgCl,, 0.005% Tween 20)
at 10 pl/min flow rate. Calmodulin concentration in steady-state
affinity analysis was varied from 10 to 150 wM. Each calmodulin
response was double-referenced by subtracting a blank (buffer)
and control (injection over GST-coated surface lacking the RK
fragments) response (Myszka, 1999). The sensorgrams were also
normalized to the amount of immobilized GST-RK. The apparent
Kps for calmodulin—RK peptide complexes were determined by
equilibrium analysis as follows: the SPR amplitudes recorded at
steady-state of the association phase of each calmodulin injection
versus calmodulin concentrations in the mobile phase were plot-
ted using SigmaPlot 11 software and the plots were fitted to the
one site saturation ligand-binding model (Eq. 2):

_ Braxx
Kp +x

y (2)

where Kp is the apparent equilibrium dissociation constant and
Bmax is @ maximal SPR signal. The resulting Kp values were
expressed as best-fit value & SE of the fit.

ANALYTICAL PROCEDURES

Rhodopsin content in urea-washed ROS membranes was deter-
mined as described previously (Senin et al., 1995). Concentrations
of purified recoverin and calmodulin were determined spec-
trophotometrically assuming €,59 of 27,500 and 3,030 M~ lem™l
respectively (Wallace et al., 1983; Johnson et al., 1997). Con-
centrations of GST-RK constructs were measured using Brad-
ford protein assay (Bio-Rad Laboratories) calibrated with bovine
serum albumin. The purity of all the proteins obtained was
assessed by SDS-PAGE with Coomassie Brilliant Blue R250

staining.
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FIGURE 1 | Ca**-dependent inhibition of rhodopsin kinase by calmodulin.
Rhodopsin kinase activity was measured as a function of either calmodulin or
free Ca** concentrations by in vitro phosphorylation assay. (A) Inhibition of RK
activity by increasing calmodulin concentrations at saturating Ca?*
concentration (200 M, @) or at 1 mM EGTA (O). Fitting of the data as
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described in Section “Materials and Methods" yielded ICs, = 14.1 £ 0.9 uM
and n=1.85+0.18. (B) Inhibition of RK activity by 30 .M calmodulin at
different concentrations of free Ca?*. Half-maximal inhibition was observed at
[Ca?*]iee Of 0.36 +0.03 wM with a Hill coefficient of 1.563 £0.13. Data points
represent mean + SE of the mean from three independent experiments.

RESULTS

CaZ*-DEPENDENT INHIBITION OF RHODOPSIN KINASE BY
CALMODULIN

It is well-known that recoverin inhibits RK in vitro in the micro-
molar range of free Ca?T concentrations ([Ca®T |free). Taking into
account previous data (Pronin et al., 1997; Levay et al., 1998) it can
be supposed that the RK activity can be additionally regulated by
calmodulin. We performed a detailed investigation of the ability of
calmodulin to affect rhodopsin phosphorylation by RK in a Ca®* -
dependent manner. For this purpose we applied the in vitro phos-
phorylation assay in the reconstituted system consisting of 0.3-0.5
units of RK purified from ROS, 10 uM dark-adapted rhodopsin in
the content of urea-washed ROS membranes, and various concen-
trations of calmodulin ranging from 0.01 to 100 uM (Figure 1A).
The experiment was conducted at high (200 uM [Ca®**]fee) or
low (1 mM EGTA) Ca2™ levels.

According to our data, calmodulin inhibited RK in the presence
of Ca’*; the inhibition was half-maximal at 14 M protein con-
centration. In the absence of Ca?*, calmodulin was ineffective. We
further examined rhodopsin phosphorylation by RK as a function
of free Ca®* concentration in the presence of saturating concentra-
tion (30 wM) of calmodulin (Figure 1B). Inhibition reached half
maximum at 0.36 uM [Ca?T ] with a Hill coefficient of 1.53.
In summary, these findings indicate the ability of calmodulin to
operate in vitro as a Ca’* -dependent inhibitor of RK.

MAPPING OF THE CALMODULIN BINDING SITE IN RHODOPSIN KINASE
The observed ability of calmodulin to inhibit RK in a Ca®*-
dependent manner poses a question whether it binds to the same
site in the RK molecule as recoverin does or whether these two
Ca’*-sensors interact with separate specific sites in the enzyme.
We employed a biosensor-based technique, the SPR spectroscopy,
to study the interaction of recoverin and calmodulin with GST-
fused N-terminal RK peptide M1-S25 containing the recoverin-
binding site (Higgins et al., 2006; here and below, see Figure 2A
for a schematic representation of RK fusions constructed and

tested). The RK peptide was captured on the anti-GST antibody-
coated sensor chip and the binding of Ca?*-loaded forms of
calmodulin and recoverin (both at concentration of 40 wM) to the
immobilized RK fragment was monitored in real-time resulting in
sensorgrams shown at Figure 2B.

As expected, recoverin interacted with the RK fragment con-
taining the first 25 amino acids of the enzyme (Figure 2B). The
apparent Kp of recoverin for M1-525 fragment was about 17 .M,
as determined in titration series (data not shown). The inter-
action of calmodulin with the same RK peptide was negligible
(Figure 2B). These results suggest the existence of separate bind-
ing sites for calmodulin and recoverin. To identify calmodulin
binding site(s), we constructed two recombinant GST fusion frag-
ments that encompass amino terminal (N-RK: M1-G183) and
carboxy terminal (C-RK: 1455-S561) regulatory regions of RK.
Only the N-RK fragment readily captured supplied calmodulin
(Figure 3A), while the calmodulin binding to C-RK fragment
was almost absent. To further localize the calmodulin binding site
within N-RK, we tested the ability of calmodulin to interact with
N-RK fragments of smaller size: M1-L102 and L102-G183. The
interaction occurred in both cases but the response was much
more pronounced for M102-G183 (Figure 3B). Moreover, we
showed that within the RK sequence L102-G183 the calmodulin
binding site is presumably localized within a short stretch of 25
amino acids present in positions 150—175 since the N-RK fragment
F125-K175 bound calmodulin, but the fragment D100-V150 did
not (Figure 3C). The additional low affinity site for calmodulin
is localized within the RK sequence S26-L102 since the inter-
action of RK fragment M1-S25 with calmodulin was negligible
(Figures 2B and 3B). To evaluate the quantitative characteristics
of the effects observed, we carried out steady-state affinity analysis
of calmodulin interaction to those GST-RK constructs, which dis-
played a significant binding to the Ca®*-sensor. The analysis was
performed by recording series of sensorgrams at different calmod-
ulin concentrations (in the range of 10-150 wM) and measuring
SPR signal amplitudes at steady-state (Figure 3D). The apparent
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FIGURE 2 | SPR analysis of calmodulin interaction with
recoverin-binding site in RK. (A) Schematic representation of RK
polypeptide according to Singh et al. (2008) and corresponding GST-RK
fusion proteins used in this study. Inset: Coomassie-stained SDS-PAGE of
the GST-RK fusion proteins obtained. (B) Overlay of sensorgrams recorded
during consecutive injections of Ca**-loaded recoverin or calmodulin at

40 LM concentration over the sensor chip surface with immobilized RK
fragment corresponding to the residues M1-S25 fused with GST. The
reference signal recorded from the surface with immobilized GST was
subtracted.

equilibrium dissociation constants were determined as concentra-
tions required for half-maximal saturation of the binding signal.
The obtained Kp values were 63 uM for the full-length N-RK,
54 uM for the M1-L102 fragment, 23 uM for the L102-G183
fragment, and 17 uM for the F125-K175 fragment.

Thus, both high and low affinity calmodulin binding sites are
localized within the N-terminal regulatory part of RK, and they
are separated from the recoverin-binding site consisting of M1-
S25 sequence of the enzyme. Together, our findings indicate that
both Ca’*-sensors, recoverin, and calmodulin, are able to bind
RK using separate specific sites, suggesting the possibility of their
simultaneous binding to and inhibition of RK.

SYNERGETIC INHIBITION OF RHODOPSIN KINASE BY CALMODULIN
AND RECOVERIN

We have found that calmodulin displays an inhibitory effect
on RK at free Ca?" concentrations ranging from 0.01 to 1 uM
(Figure 1B). The range overlaps with the physiological changes of
Ca’* concentrations found in the photoreceptor cell (Gray-Keller
and Detwiler, 1994). Moreover, the revealed inhibitory action of
calmodulin was observed at Ca?*concentrations even below the
Ca’*-sensitivity of recoverin, the well-established RK regulator.
Since both proteins colocalize in photoreceptor cells with RK, we
asked whether these two Ca**-sensors could have a joint effect on
RK activity. Thus we utilized the in vitro phosphorylation assay
examining the ability of calmodulin and recoverin to simultane-
ously regulate the activity of RK. Urea-washed ROS membranes
containing 10 uM rhodopsin were incubated with 0.3-0.5 units of
RK in the presence of increasing concentrations of either calmod-
ulin, recoverin, or their 1:1 mixture at the saturating free Ca>*
concentration (200 wM).

Remarkably, calmodulin and recoverin were able to synergis-
tically inhibit the RK activity (Figure 4A). While the ICsy for
calmodulin or recoverin alone were 14.1 and 5.8 WM, respec-
tively, their joint action resulted in half-maximal RK inhibition
at 4.6 WM of the total Ca’*-sensing protein concentration in
the mixture. Approximation of the experimental data was per-
formed with the Hill equation and revealed that the interaction
between RK and recoverin was cooperative with Hill coefficient
of 1.6. A good curve fit was also possible when approximating
the same data with one site (Langmuir) ligand-binding model
(data not shown). Collectively, these results point out that the
inhibition of RK by recoverin occurs at equimolar stoichiomet-
ric ratio of the proteins. In contrast, the inhibition of RK by
calmodulin alone as well as the synergetic inhibition by both
Ca?" sensors had Hill indexes of about 2. The latter fact evi-
dences for the cooperative binding of two molecules of Ca?*-
sensor per one RK molecule. The inhibitory effect of calmodulin
on RK was found to occur at lower free Ca’t concentrations
than the effect of recoverin. Calmodulin inhibited RK at a half-
maximal free Ca?* concentration of 0.36 |LM while the inhibitory
effect of recoverin was at 1.36 uM Ca®* (Figure 4B). The syn-
ergetic inhibition of RK by the 30-uM calmodulin/recoverin
mixture was observed at a half-maximal free Ca’t concen-
tration of 1.07 WM. Apparently, the synergetic action of both
Ca’*-sensors caused a shift in the affinity of the target—effector
interaction and at the same time an extension of the operating
Ca’*-range. In Ca" -titration experiments where the RK inhibi-
tion by calmodulin or recoverin was studied, the Hill coefficients
were within the range of 1.53-1.66, indicating similar coopera-
tive action of the cation in the case of both Ca?*-sensors. Thus,
our data indicate that calmodulin complements the inhibitory
action of recoverin on RK and increases the sensitivity of RK
inhibition to Ca’*.

MODELING OF EQUILIBRIUM BETWEEN RK, RECOVERIN, CALMODULIN,
AND CALCIUM IONS

We further used the parameters obtained to create a model of the
synergetic inhibition of RK by calmodulin and recoverin. Since
the combined use of both Ca?T-sensors increases efficiency of
RK inhibition (Figure 4A), the fully competitive scheme of RK
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FIGURE 3 | Mapping of the calmodulin binding site in the N-terminal
region of RK. (A-C) A representative overlay of SPR sensorgrams showing
real-time binding of calmodulin to RK fragments anchored on the sensorchip
surface via GST tags using anti-GST antibodies covalently coupled to the
dextran matrix. Sixty micromolar calmodulin in running buffer containing
2mM Ca?* was injected over the surfaces with immobilized N-terminal or
C-terminal regions of RK (termed N-RK and C-RK, respectively) (A), N-RK and
its fragments corresponding to the residues M1-L102 and L102-G183 (B), or
N-RK and its fragments corresponding to the residues D100-V150 and
F125-K175 (C). The sensorgrams were normalized to the amounts of
immobilized fragments, and the reference signal from a control surface with
immobilized GST was subtracted. Insets show relative responses at the end
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of the injection observed for each GST-RK fragment indicating the amount of
calmodulin bound. (D) Steady-state affinity analysis of calmodulin binding to
the full-length N-RK or its fragments M1-L102, L102-G183, or F125-K175.
Binding of calmodulin was recorded at concentrations ranging from 10 to

150 wM. The amplitudes of binding signals at equilibrium were determined,
normalized, and are shown as a function of calmodulin concentration.
Apparent Kps were determined as half-maximal calmodulin concentrations
required for saturation of SPR amplitudes as described under Section
“Materials and Methods.” The obtained values for N-RK, M1-L102, L102-G183,
and F125-K175 are 63+ 3, 54 +2, 23+ 2, and 17.0 + 1.5 uM, respectively. Data
points represent mean & SE of the mean from two independent experiments.
The calculated Kps are expressed as best-fit value + SE of the fit.

regulation was excluded. The SPR experiments strongly evidence
for the presence of separate recoverin- and calmodulin binding
sites. The simplified scheme of chemical equilibria describing this
case looks as follows (the rationale behind the use of this scheme is
explained in the Modeling of Equilibrium Between RK, Recoverin,
Calmodulin, and Calcium Ions in Appendix):

Kr
RK + n-R <« RK - Ry
+ +
m-C m-C [1]
Kc 3 3 Kcr
Ch-RK + n-R <« Cj-RK-Ry
Krc
Kmr
Ry + v-M < R
Knvc (2]
Co + w-M <« C

Here, M denotes calcium ion, R and C denote Ca**-bound
states of recoverin and calmodulin, respectively, while Ry and Cy
denote their Ca’*-free states. Each of the equilibria is character-
ized by its own association constant (see Modeling of Equilibrium
Between RK, Recoverin, Calmodulin, and Calcium Ions in Appen-
dix; Table 1). Fitting of the experimental data shown in Figure 4 to
the Hill equation gives estimates of the most of the constants and
binding stoichiometries of Schemes [1] and [2]. Notably, these val-
ues implicitly take into account the presence of membranes, which
are known to increase the affinity of recoverin to Ca®* (Zozulya
and Stryer, 1992) and to affect the distribution of RK between sol-
uble and membrane-bound forms (Sanada et al., 1996). Therefore,
these values should be considered as effective. The analysis of the
experimental data shown in Figure 4A (see Modeling of Equilib-
rium Between RK, Recoverin, Calmodulin, and Calcium Ions in
Appendix) enabled us to estimate all parameters of the Scheme [1]
(Table 1). According to our analysis, the binding of Ca?*-loaded
recoverin molecules to RK facilitates its further association with
Ca’*-bound calmodulin, as manifested by 1.55-fold increase in
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FIGURE 4 | Synergetic inhibition of rhodopsin kinase by recoverin and
calmodulin. Rhodopsin kinase activity was measured as a function of
Ca**-sensor protein or free Ca** concentration by in vitro phosphorylation
assay. (A) Inhibition of RK by increasing concentrations of either calmodulin
(O), recoverin (0J), or their mixture in the 1:1 ratio (A) at saturating free Ca**
concentration (200 wM). Fitting the data to the Hill equation as described in
Section “Materials and Methods” resulted in ICso =14.1 £ 0.9 M,
n=18=£0.2 for calmodulin, ICs, =5.8+ 0.7 uM, n= 1.6+ 0.3 for recoverin,
and I1Csy =4.6 0.2 wM, n=2.2 £0.2 for calmodulin/recoverin 1:1 mixture.
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(B) Inhibition of RK activity by either calmodulin (O), recoverin (), or their 1:1
mixture (A) at different free Ca?* concentrations. Concentration of each
Ca?*-sensing protein including their mixture was 30 wM. Fitting the data to
the Hill equation as described under Section “Materials and Methods”
resulted in values of 1C5, =0.36 +0.03 uM, n=1.53 £ 0.13 for calmodulin,
[Cso=1.36£0.13uM, n=1.66 £ 0.23 for recoverin, and ICs, = 1.07 £ 0.15 M,
n=12=x0.1 for their 1:1 mixture. The fitted curves are drawn solid for
calmodulin or recoverin data sets, and dashed for their mixture. Data points
represent mean + SE of the mean from three independent experiments.

Table 1 | The parameters of the equilibrium between RK, recoverin,
calmodulin, and calcium ions.

Equilibrium association Value, M~! Hill coefficient Value
constant

Kr 1.7e5 n 1.6
K¢ 71e4 m 1.8
KRC 2.7eb - -
KCR 1.1eb - -
KmR 7.4eb % 1.66
KMC 2.8e6 w 1.53

The parameters of Schemes [1] and [2] are derived from fitting of the experimen-
tal data shown in Figure 4 to the Hill equation, except for the Kge and Kex values,
which were estimated from analysis of the data shown in Figure 4A using Eqs
A11 and A12 in Appendix (see Modeling of Equilibrium Between RK, Recoverin,
Calmodulin, and Calcium lons in Appendix), respectively.

the constant of calmodulin binding to RK. Similarly, association
of calmodulin with RK increases its recoverin-binding constant
1.59-fold (Table 1). Thus, the modeling results suggest that recov-
erin and calmodulin could act in a concerted manner, mutually
facilitating inhibition of RK.

The changes in RK-inhibiting activity shown in Figure 4B
reflect association of the Ca?t-sensing proteins with calcium
ions. These processes can be approximated by the Hill equation
based model (Scheme [2]), which is widely used for simplified
description of such complex processes. Alternatively, the Ca?*-
dependence of interaction between calmodulin and its target
could be described by the model of sequential filling of EF-
hands (Dagher et al., 2011). However, this approach requires

the introduction into the Scheme [2] of additional chemical
equilibria, which would drastically complicate modeling of the sys-
tem. According to our analysis based on Scheme [2] (see Modeling
of Equilibrium Between RK, Recoverin, Calmodulin, and Calcium
Ions in Appendix), the half-maximal synergetic inhibition of RK
by calmodulin and recoverin occurs at free Ca?* concentration of
0.71 wM. This value is between the respective values obtained for
calmodulin (0.36 wM) and recoverin (1.36 uM). The correspond-
ing experimental value equals to 1.07 uM (Figure 4B) which is
close to the theoretical estimate.

DISCUSSION

In the present work we have demonstrated that the ubiquitous
Ca?*-sensor calmodulin is able to function as an inhibitor of RK.
Moreover, we found that the inhibition of RK by calmodulin can
complement the inhibitory action of the well-known RK regulator
recoverin. Previous attempts to study the ability of calmodulin to
regulate GRKSs, including GRK1 (RK), were performed using rel-
atively low concentrations of calmodulin (not exceeding 10 wM;
Chuang et al., 1996; Pronin et al., 1997) at which its inhibitory
effect could not be seen to the full extent. According to our data,
the inhibition of RK by calmodulin at saturating Ca?* concentra-
tions was observed in the range of calmodulin concentration from
2 to 30 WM and was half-maximal at 14 WM of the Ca?*-sensor,
whereas recoverin was a more effective inhibitor, as it showed
a half-maximal inhibitory effect on the RK activity at 5.8 WM.
The calcium range of RK inhibition by calmodulin (0.05-1 uM of
[Ca?T]gee) overlapped with the physiological range of the cation
concentration (0.05-0.55 WM of [Ca®*]gee) in ROS (Gray-Keller
and Detwiler, 1994). The synergetic action of calmodulin and
recoverin on the RK activity was within 0.05-1 WM of [Ca®T Jge.
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These values are slightly above the physiological range of Ca’*
concentration in ROS. However, the recoverin affinity for CaZt
is significantly increased in the presence of RK and ROS mem-
branes (Zozulya and Stryer, 1992; Ames et al., 1995; Senin et al.,
1995,2004). Similarly, the affinity of calmodulin for Ca®* increases
upon binding to target enzymes (Shifman et al., 2006). Therefore,
extrapolation to the in vivo conditions (including high membrane
content and presence of target proteins) indicates that the appar-
ent Ca>*-dependence of the synergetic action of calmodulin and
recoverin on RK activity could reach the physiological (i.e., submi-
cromolar) range of the calcium concentration. Our experimental
results were supplemented with theoretical validation of the ability
of calmodulin and recoverin to synergistically bind RK. Different
approaches could be applied to modeling of equilibria between
RK, recoverin, calmodulin, and calcium ions. Full description of
the system would require characterization of each step of the
calcium-binding to the calcium-sensing proteins (Dagher et al.,
2011), as well as characterization of all protein—protein interac-
tions in the system. Considering that membranes are known to
affect the distribution of RK and recoverin between soluble and
membrane-bound fractions, as well as to modulate calcium affinity
of recoverin (Zozulya and Stryer, 1992; Senin et al., 1995; Sanada
et al.,, 1996), it can be concluded that the total number of chemi-
cal equilibria is significantly higher (see Modeling of Equilibrium
Between RK, Recoverin, Calmodulin, and Calcium Ions in Appen-
dix). This objective difficulty can be compensated via usage of the
Hill model-based representation of the system, which describes
the multiple processes of ligand-binding as a single event. Despite
being phenomenological, this approach enabled us to estimate the
synergy of binding of calmodulin and recoverin to RK. According
to our analysis (see Modeling of Equilibrium Between RK, Recov-
erin, Calmodulin, and Calcium Ions), binding of either calcium
sensor to RK results in 1.5-fold increase of the affinity of the com-
plex to another Ca?*-sensing protein. The analysis also showed
that the half-maximal synergetic inhibition of RK by calmodulin
and recoverin occurs at free Ca>t concentration of 0.71 pM, which
is close to the corresponding experimental value of 1.07 M.

The structural aspects underlying the synergetic regulation of
RK by calmodulin and recoverin can be identified from the exper-
iments on mapping of the calmodulin binding site in RK using
a biosensor-based approach (SPR spectroscopy). Our findings
indicate that the interaction of calmodulin and recoverin with
RK occurs by means of separate binding sites in the N-terminal
region of the enzyme, which makes the co-inhibitory action of the
two Ca?*-sensors possible. The recoverin-binding site is known
to be located in the first 25 amino acid residues of RK (Ames
et al., 2006; Higgins et al., 2006). According to our data, RK con-
tains two calmodulin binding sites. The first, low affinity site is
located within the sequence S26-L102 of N-terminal regulatory
region of RK, which is in agreement with a previous report (Levay
etal.,, 1998). The second high affinity site was identified within the
residues V150-K175 of the same RK region. In other studies this
fragment was not tested for the ability to bind calmodulin. The
C-terminal regulatory region of RK (I455-5S561) did not interact
with calmodulin both in the current and in the earlier studies.
In addition, the report by Levay et al. (1998) suggested another
calmodulin binding site within the residues A341-E400. This site

is located in the large lobe of the catalytic domain of the enzyme
(Singh et al., 2008). However, calmodulin apparently has no effect
on the catalytic activity of RK since in our experiments it did not
affect the ability of the enzyme to phosphorylate the C-terminal
peptide of rhodopsin containing phosphorylation sites (data not
shown). Thus, the suggested interaction of calmodulin with A341-
E400 site seems to be out of the physiological relevance. Moreover,
it was shown that the recombinant fragment corresponding to
the full-length catalytic domain of RK (E184-D454) is not able
to interact with rhodopsin (Komolov et al., 2009), although the
domain function should include this interaction. The latter sug-
gests that this fragment does not fully acquire its native structure.
These observations led us not to consider parts of the catalytic
domain in the context of Ca?*-dependent regulation of RK by
calmodulin.

It should be mentioned that the affinities of calmodulin and
recoverin to the RK peptides determined in our SPR experiments
were lower than in the previous work (Levay et al., 1998). The
possible reason of this discrepancy can be the different strate-
gies applied for the immobilization of the interaction partners
on the sensor chip. Levay et al. (1998) immobilized calmodulin
and recoverin on the chip via cysteine residues. Calmodulin was
biotinylated via the cysteine residue and further captured on the
streptavidin-coated surface while recoverin was directly attached
to the sensor chip surface via thiol coupling with its cysteine
residue. These cysteine residues were shown to play a critical role
in the Ca?*-dependent operating of both proteins (Lukas et al.,
1984; Permyakov et al., 2007, 2012). Thus, the functional state
of calmodulin and recoverin on the sensor chip could be signif-
icantly affected upon the immobilization procedure. We used an
experimental configuration opposite to their approach with RK
fragments being retained on the sensor chip surface and recov-
erin/calmodulin being supplied in the mobile phase. RK fragments
in this case were captured on the surface under mild conditions
using antigen—antibody interaction. This strategy might better
preserve the protein integrity in BIACORE experiments and there-
fore affinity constants determined by SPR for calmodulin interac-
tion with its binding site (17 wM) correlate better with the ICsq
for calmodulin-mediated RK inhibition (14 wM).

Based on the location of the recoverin and calmodulin binding
sites in RK one may suggest the putative mechanisms underlying
the intrinsic inhibition activity in the case of each Ca®*-sensor.
As it was previously mentioned, recoverin inhibits RK by affect-
ing the conformational transitions of the enzyme required for the
formation of the efficient enzyme-substrate complex between RK
and rhodopsin C-terminus. Such a mechanism is due to the ability
of recoverin to bind to the N-terminal site M1-S25 of RK that is
critical for the function of the enzyme (Higgins et al., 2006; Huang
et al., 2009; Komolov et al., 2009; Zernii et al., 2011). It is likely
that the mechanism of RK inhibition by calmodulin involves a
Ca’*-dependent interference with the interaction between RK and
photoexcited rhodopsin. This is possible, if the calmodulin bind-
ing site in RK overlaps with the receptor docking site. The sequence
F150-K175 in RK identified in our work as the high affinity
calmodulin binding site contains amino acid residues Y167, Q173,
W174, L177 which could be involved in rhodopsin recognition
since the corresponding residues in the GRKs 5 and 6 were recently
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found to be critical for the phosphorylation of the activated recep-
tors (Baameur et al., 2010). Thus, calmodulin may be suggested
to inhibit RK by blocking sterically the association of the enzyme
with the responsive sites in its receptor substrate rhodopsin. Pre-
liminary observations made by us further support this conclusion,
namely that the fragment F150-K175 of RK is indeed capable of
direct binding to rhodopsin in a light-dependent manner. Such
a mechanism does not contradict the current hypothesis of the
formation of the heteromeric complex between RK, rhodopsin,
and Ca%t-sensor(s) (Komolov et al., 2009), since it is known that
the receptor binding involves not only the N-terminal regulatory
region of RK containing the above mentioned fragment but also
the C-terminal farnesyl modification of the enzyme (McCarthy
and Akhtar, 2000).

Considering the above speculations the question arises what
could be the mechanism underlying the synergetic inhibition of
RK by both Ca?*-sensors. The SPR experiments strongly evi-
dence that the recoverin- and calmodulin binding sites in RK
are separate. Since combined action of recoverin and calmodulin
increases efficiency of RK inhibition, the competitive scheme of the
enzyme regulation by two Ca’*-sensors is unlikely. The modeling
of equilibrium between RK, recoverin, calmodulin, and calcium
ions revealed that the binding of Ca?*/recoverin to RK results in
1.5-fold facilitation of binding of the enzyme to Ca**/calmodulin,
and vice versa. Taking into account the higher affinity of recoverin
to RK and its higher intracellular concentration as compared to
calmodulin it can be suggested that the binding of Ca?*/recoverin
to the enzyme precedes that of Ca?*/calmodulin. Presumably, the
binding of recoverin to the first 25 amino acid residues of RK
allosterically increases the availability of the high affinity calmod-
ulin binding site V150-K175 for the interaction with calmodulin.
This is consistent with the fact that the presence of recoverin
shifts the binding of calmodulin to RK (and consequent inhi-
bition of the enzyme) to the lower calmodulin concentration.
The suggested sequential filling of Ca?*-sensor binding sites in
RK, namely recoverin followed by calmodulin, is in agreement
with the fact that the Ca®*-dependence of the synergetic inhi-
bition effect is close to the recoverin Ca?*-dependent inhibition

profile. Thus, the following consecutive mechanism of RK regu-
lation by recoverin and calmodulin in photoreceptors can be sug-
gested. At high calcium concentration (0.5-0.6 LM of [Ca®T ]¢cc)
present in dark-adapted photoreceptors, RK is strongly inhib-
ited by the synergetic action of both Ca>*-sensors. Shortly after
the light absorption, when the Ca?*-concentration has not yet
decreased, recoverin still allosterically inhibits phosphorylation of
rhodopsin by RK however not affecting the interaction between
the enzyme and the cytoplasmic loops of the receptor. In the
same time calmodulin prevents this interaction thus allowing the
receptor to effectively activate transducin. This is important for
the ability of rod photoreceptors to respond to even low illu-
mination levels. During the lowering of the intracellular Ca**
concentration associated with phototransduction, recoverin dis-
sociates from the complex with RK, which decreases the affinity
of the enzyme to calmodulin. In these conditions calmodulin
alone can still inhibit the enzyme though less effectively than
it does in combination with recoverin. Further light-induced
decrease in free Ca’* concentration down to 0.025-0.05puM
triggers the dissociation of calmodulin from RK switching the
enzyme to the full active form, which causes desensitization of the
receptor.

In summary, our study suggested a novel mechanism of reg-
ulation of rhodopsin desensitization by rhodopsin kinase involv-
ing Ca’*-sensor proteins. Further studies are required for firm
establishment of the physiological role of this phenomenon and
unraveling the molecular details of the proposed mechanism.
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APPENDIX

MODELING OF EQUILIBRIUM BETWEEN RK, RECOVERIN, CALMODULIN,
AND CALCIUM IONS

In the simplest case the process of binding of two ligand (L)
molecules by a protein (P) is described with the “four-states”
scheme:

P + L < PL

+ +
L L
¢ ?

LP + L <« LPL

This scheme may be approximated by the scheme of sequential
filling of the ligand-binding sites of the protein upon certain ratio
of the equilibrium binding constants, describing the scheme. In the
case of equilibrium between RK, recoverin, calmodulin, and cal-
cium ions the following equilibria should be taken into account:
(1) two four-states schemes, describing the calmodulin—calcium
and RK—calmodulin interactions (overall, eight equilibria); (2)
one sequential binding scheme, describing the recoverin—calcium
interaction (two equilibria); (3) one equilibrium between RK and
recoverin; (4) additional equilibria related to the presence of mixed
RK forms with simultaneously bound calmodulin and recoverin
molecule(s). Overall, the number of chemical equilibria describ-
ing this system exceeds 11. Furthermore, the experiments were
performed in the presence of membranes, which affect the distrib-
ution of recoverin and RK between soluble and membrane-bound
forms (Zozulya and Stryer, 1992; Sanada et al., 1996). Hence,
the number of equilibria describing this system is actually much
higher. The complexity of this system prevents from usage of
microscopic constants for its description. The alternative approach
is the use of effective equilibrium constants, describing separate
stages of the process. Although this approach is phenomenolog-
ical, it greatly facilitates description of the system and enables to
establish the synergy between calmodulin- and recoverin-binding
sites of RK.

The following simplified scheme of chemical equilibria describ-
ing the interactions between RK, recoverin, calmodulin, and
calcium ions can be suggested:

Kg
RK + n-R <« RK - R,
+ +
m-C m-C [A1]
Ke $ $ Kcr
Ch-RK + n-R <« C, -RK-R,
Kre
Kvr
Ry + v-M < R
[A2]
Kme

Co + w-M <« C

Here, M denotes calcium ion, R and C denote Ca2*-bound states
of recoverin and calmodulin, respectively, while Ry and Cy denote

their Ca®* -free states. Each of the equilibria is characterized by its
own effective association constant:

KR = [RK- Ry]/([RK] - [R]") (A1)
K& = [Cm - RK]/([RK] - [C]™) (A2)
K§c = [Cm - RK- Ry ] /([Cm - RK] - [R]") (A3)
K& = [Cm -RK- Rn]/([RK R,] - [C]™) (A4)
Kyir = [R]/([Ro] - [M]" (A5)
Kyic = [C1/([Co] - [ ]W) (A6)

Combining the Eqs A1-A4, the following relationship between
the parameters of the Scheme [A1] can be derived:

Kic/Ker = Ky /KE

The changes in RK-inhibiting activity (see Figure 4A) reflect
association of the Ca?*-sensing proteins with RK under saturat-
ing Ca’* level, so at the middle of the transition the following
condition takes place:

(A7)

[RK - Ry] + [Cpn - RK] 4 [C - RK - Ry] = [RK] (A8)
Using Eqs A1-A3, the latter equation can be rewritten:
KR - [R]" + K& - [C]™ - (1 + Kgc - [R]") = 1 (A9)

Assuming that the synergetic inhibition of RK by recov-
erin/calmodulin mixture occurs at [C]=[R]=4.6 uM (see
Figure 4A; other numerical values are taken from Table 1),

K2+ K2 [RI™™ . (14 K& - [R]) = [R] ™" (A10)
Kic = [RI7"-[([RI™" = K§) - [RI" ™ /K& — 1] (A11)
Kpc = 2.7e5M ™!

Hence, from Eq. 7,
Kcr = K¢ - (KRc/KR)n/m =1l.1e5M! (A12)

The Ca**-dependence of RK-inhibiting activity of recoverin and
calmodulin (see Figure 4B) reflects association of the Ca®t-
sensing proteins with calcium ions, so at the middle of the
transition the following equation takes place:

[R] +[C]+n:[RK:Ry] +m: [Cy - RK] 4 (m + n)

“[Cm - RK - Ry] = [Ro] + [Co] (A13)

Since total concentration of RK was about 20 nM, the concen-
trations of all RK states may be neglected in comparison with
concentrations of the RK-free forms of recoverin and calmodulin:

[R] + [C] = [Ro] + [Co] (A14)
Considering the material balance in the system,

[R] + [Ro] =Ry (A15)
[C] + [Co] = Co (A16)

where Rg and Cy are total concentrations of recoverin and
calmodulin, respectively.
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The system of Eqs A14-A16 and A5-A6 can be solved with
respect to [M].
Substituting Eqs A5-A6 into Eqs A14-A16,

Kyr - [Ro] - [M]Y + Kyjc - [Co] - [M]™ = [Ro] + [Co]  (A17)

Kyr - [Ro] - [M]Y 4 [Rg] = [Ro] (A18)

Kyic - [Col - IM]™ + [Co] = [Co] (A19)
From Eqs A17-A19:

[Ro] - (Kyr - [M]¥ — 1) 4 [Co] - (Kyic - [M]¥ — 1) =0 (A20)

[Ro] =Ro/(1 + Kyg - [M]") (A21)

[Col = Co/ (1 + Kpic - [M]Y) (A22)

Substituting Eqs A21-A22 into Eq. 20, and considering that
Ry =Cp:

(Kyr - IM]Y = 1) / (1 + Ky - [IM]Y)

+ (Kyie - IMIY = 1) /(1 + Ky - IM]Y) =0 (A23)
Kk - MY = 1+ Ky - Kyie - IMIYY = Kyje - [M]™

+ Kl - IM]Y — 1+ K¥ip - K¥ie - [IM]YTY

—Kyr - [M]" =0 (A24)
Kyg - Kyie - [IM]"™Y =1 (A25)
[M] = (K - Kg) /O = 071 um (A26)
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It is well-known that the opening of L-type voltage-gated calcium channels can be regulated
by calmodulin (CaM). One of the main regulatory mechanisms is calcium-dependent
inactivation (CDI), where binding of apo-CaM to the cytoplasmic C-terminal domain of
the channel can effectively sense an increase in the local calcium ion concentration.
Calcium-bound CaM can bind to the 1Q-motif region of the C-terminal region and block
the calcium channel, thereby providing a negative feedback mechanism that prevents the
rise of cellular calcium concentrations over physiological limits. Recently, an additional
Ca?*/CaM-binding motif (NSCaTE, N-terminal spatial Ca?t transforming element) was
identified in the amino terminal cytoplasmic region of Ca,1.2 and Ca,1.3. This motif
exists only in Cay1.2 and Cay1.3 channels, and a pronounced N-lobe (Ca%t/CaM) CDI
effect was found for Ca,1.3. To understand the molecular basis of this interaction, the
complexes of Ca2t/CaM with the biosynthetically produced N-terminal region (residues
1-68) and NSCaTE peptide (residues 48-68) were investigated. We discovered that the
NSCaTE motif in the N-terminal cytoplasmic region adopts an a-helical conformation,
most likely due to its high alanine content. Additionally, the complex exhibits an unusual
1:2 protein:peptide stoichiometry when bound to Ca?t-CaM, and the N-lobe of CaM
has a much stronger affinity for the peptide than the C-lobe. The complex structures
of the isolated N- and C-lobe of Ca%?*/CaM and the NSCaTE peptide were determined
by nuclear magnetic resonance spectroscopy and data-driven protein-docking methods.
Moreover, we also demonstrated that calcium binding protein 1, which competes with
CaM for binding to the C-terminal cytoplasmic domain, binds only weakly to the NSCaTE
region. The structures provide insights into the possible roles of this motif in the calcium
regulatory network. Our study provides structural evidence for the CaM-bridge model
proposed in previous studies.

Keywords: calmodulin, NSCaTE, L-type voltage-gated calcium channel, calcium-dependent inactivation, NMR

It has long been known that calmodulin (CaM) can regu-
late the activity of the voltage-gated calcium channels (VGCCs)
(Qin et al., 1999; Zuhlke et al., 1999, 2000; Kim et al., 2004).
The interactions between CaM and the IQ-motif in the C-
terminal cytoplasmic tail of VGCC occupy the central position
in the calcium-dependent feedback regulation loop (Fallon et al.,
2005; Van Petegem et al., 2005; Dunlap, 2007). CaM seems
to be mainly involved in two opposing mechanisms to control
the calcium influx: calcium-dependent inactivation (CDI) and

Abbreviations: CaM, calmodulin; CaBP1, calcium binding protein 1; NSCaTE,
N-terminal spatial Ca?* transforming element; VGCCs, voltage-gated calcium
channels; SCaM4, soybean calmodulin isoform 4; SCaM4-CT, the C-lobe of soy-
bean calmodulin isoform 4; MAPK, mitogen-activated protein kinase; NtMKP1,
N. tabacum MAPK phosphatase; GAD, plant glutamate decarboxylase; SUMO,
small ubiquitin-like modifier protein; RMSD, root mean-square deviation; ITC,
isothermal titration calorimetry; NMR, nuclear magnetic resonance; CD, dircular
dichroism; CD], calcium-dependent inactivation; CDF, calcium-dependent facili-
tation; VDI, voltage-dependent inactivation; HADDOCK, high ambiguity-driven
biomolecular docking.

calcium-dependent facilitation (CDF). Depending on the type
of channel, CaM can bind to the IQ-motif with either a par-
allel (L-type) or an anti-parallel (P/Q type) orientation (Fallon
et al., 2005; Van Petegem et al., 2005; Kim et al., 2008; Mori
et al., 2008). Apo- and Ca?T-CaM both have a flexible dumb-
bell structure in solution (Yamniuk and Vogel, 2004; Ishida and
Vogel, 2006). The N- and C-lobe of CaM play different roles in
CDI and CDF (Zuhlke and Reuter, 1998; Peterson et al., 1999;
Zuhlke et al., 1999, 2000; DeMaria et al., 2001; Pitt et al., 2001;
Dick et al., 2008). Recently, complexes of Ca’t-CaM with the
IQ-motifs from both L-type and P/Q-type channels have been
crystallized. These high-resolution structures have resolved many
ambiguities from previous studies but have also raised some new
questions (Fallon et al., 2005; Van Petegem et al., 2005; Houdusse
et al., 2006; Mori et al., 2008).

In addition to CaM, the main channel-pore forming o sub-
unit of the channel is also regulated by Ca,f subunits, CaMKII
and the CaBP-family proteins (Yuan and Bers, 1994; Hudmon
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et al., 2005; Grueter et al., 2006; Buraei and Yang, 2010). Recently,
it has been found that a sequence of ~10 amino acid residues
in the N-terminal cytoplasmic domains of Cay1.2 and Cay1.3,
known as the N-terminal spatial Ca’t transforming element
(NSCaTE) motif (Dick et al., 2008), is also involved in CDI reg-
ulation. The functional significance of this particular region has
been clearly demonstrated for Cay1.2 and Cay1.3 in vivo (Dick
et al., 2008). Interestingly, P/Q-type VGCCs lack this motif in
their N-terminal region. However, upon the artificial introduc-
tion of this motif into the Ca,2.2 N-terminus, local calcium
selectivity could also be demonstrated. The results of these exper-
iments illustrate an important function for the NSCaTE region in
the regulation of specific L-type VGCCs.

To better understand the function of this motif at the molec-
ular level, the complex of Ca?>*/CaM and the NSCaTE peptide
was investigated in this work. First, two constructs [long (1-68)
and short (48-68)] of the Cay1.2 N-terminus, both including
the NSCaTE sequence, were made biosynthetically. The inter-
actions between these peptides and CaM were characterized
by isothermal titration calorimetry (ITC), steady state fluores-
cence and nuclear magnetic resonance (NMR) spectroscopy.
Although the majority of the N-terminal domain is unstruc-
tured, surprisingly, a helical conformation was found for the
NSCaTE Ca’**/CaM-binding motif even in aqueous solution.
Moreover, an unusual 1:2 stoichiometry of CaM to peptide bind-
ing was observed. It was also found that the N-lobe of CaM
could bind to Cay1.2NT more tightly than the C-lobe. We also
demonstrate that the NSCaTE region binds poorly to the related
calcium binding protein 1 (CaBP1) protein (Oz et al., 2011).
The relatively low affinity between CaM and the NSCaTE pep-
tide prevented the determination of a complex structure of
the intact protein by NMR spectroscopy. Instead, the struc-
ture of each lobe of CaM in complex with the NSCaTE was
determined separately, making use of the fact that the two iso-
lated lobes of CaM are known to retain their native structure
(Thulin et al., 1984). The N-lobe Ca*t-CaM/NSCaTE complex
was solved by routine NMR methods, and a comparison between
the NMR determined complex structure and a high ambiguity-
driven biomolecular docking (HADDOCK)-generated complex
structure was made (Dominguez et al., 2003). The C-lobe Ca?t-
CaM/NSCaTE complex structure was generated by a combined
NMR and data-driven docking strategy. In this paper, we present
a model for this complicated regulatory network. The cytoplas-
mic N- and C-termini of the calcium channel, CaM and CaBP1
are all involved in this network, and the possible roles for these
interacting partners are discussed below.

MATERIALS AND METHODS

CaBP1, CaM, AND ITS N/C-LOBE CONSTRUCTS

Both CaM (and its N- and C-lobes) and CaBP1 were expressed
using the pET30b vector (Novagen). The N-lobe of CaM con-
tains residues 1-77, and the C-lobe contains residues 78—1438.
The gene for human CaBP1 was synthesized by BlueHeron, Ltd.
(Rockville, MD, USA) and was optimized for Escheichia coli
expression. Compared with the wild-type S-CaBP1, the first 15
AAs of this CaBP1 variant are missing, similar to the CaBP1(A2-
15) construct used in the recent CaBP1 structure determined

by X-ray crystallography (Findeisen and Minor, 2010). The
calmodulin protein and its isolated lobes were purified using
a phenyl-Sepharose hydrophobic column (Pharmacia). A pre-
viously described protocol for the purification of most CaBPs
was used with minor modifications (Queiroz et al., 2001).
The frozen pellet was resuspended in 50 mM Tris-HCI, 2 mM
ethylenedimainetetraacetic acid (EDTA), ImM DTT, 150 mM
KCl, 1.5 mg/ml phenylmethanesulfonylfluoride (PMSF), pH 7.5.
The sample was always incubated on ice, and all operations
were performed in the cold room (~4°C). The sample was
homogenized, and a French press was used to lyse the cells. The
soluble protein and debris were separated by centrifugation at
18,000 rpm for 1h. The supernatant was loaded slowly onto
the first hydrophobic column, which had been pre-equilibrated
with 50 mM Tris-HCl, 2mM EDTA, I mM DTT, 150 mM KCI,
pH 7.5 (buffer A). A total of 200-250 mL of the flow-through
solution was collected. CaCl, and MgCl, were then added to
give final concentrations of 10 mM Ca?* and 5mM Mg?* prior
to loading onto the second column, which was pre-equilibrated
with 50 mM Tris-HCI, 1 mM CaCl,, 1 mM MgCl,, 1 mM DTT,
100 mM KCl, pH 7.5 (buffer B). After loading, the column was
washed with approximately 100 mL of buffer B, after which the
proteins were immediately eluted with buffer C (50 mM Tris-HCI,
50 mM KCl, 2mM EDTA, and 1 mM DTT; pH 7.5) because of the
relatively low affinity of the N- and C-lobes of CaM and CaBP1
for the hydrophobic column. The fractions were then pooled
together and were further purified using anion exchange. An
AKTA purifier system with a Resource Q anion-exchange column
(GE Healthcare) was used. Following the anion-exchange purifi-
cation, all fractions containing the desired protein were collected
and dialyzed against 1 g/L ammonium bicarbonate. After five or
six buffer exchanges, the sample was flash frozen and lyophilized.
The protein powder was stored at —20°C for further studies.

SHORT AND LONG CONSTRUCTS OF Cay1.2NT

The DNA sequence of the full-length (124 AAs) N-terminal cyto-
plasmic domain of Cay1.2, was ordered from GENEART, Life
Technologies. The codons of this construct were optimized for
expression in E. coli. The expression constructs were made in a
modified pET15b vector that included a 6x His tag and a small
ubiquitin-like modifier protein (SUMO) tag before a tobacco etch
virus (TEV) protease-cleavage site (Panavas et al., 2009). Two
DNA sequences were successfully cloned between the Kpnl and
BamHI sites. In initial expression experiments, multiple bands
were observed for the 1-124 construct; we, therefore, analyzed
shorter constructs and found that a 1-68 construct gave rise to
one band. A shorter construct (residues 48—68), which is slightly
longer than the NSCaTE motif (residues 52—60) was also made.
The longer construct started at the N-terminal end of Cay1.2,
and ended in the same region as the short peptide (residues 1-68).
The proteins were purified on a Ni-NTA column. After the cleav-
age of the SUMO tag with TEV protease, the cleaved protein was
reloaded onto the Ni column. The flow-through solution con-
taining the peptides was concentrated, and the concentration was
determined by ODyg( using extinction coefficients obtained from
ProtParam (ExPASy), 8480 M~!cm™! for the long peptide and
5500 M~! cm ™! for the short peptide. Since the peptides contain
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Trp residues, their concentration can be accurately determined.
Also the concentration of Ca?*-CaM can be readily determined
from the absorbance spectra of the two Tyr residues. The peptide
purity was verified by SDS-PAGE and mass spectrometry.

Circular dichroism (cd) spectroscopy

Circular dichroism (CD) spectra were recorded on a Jasco J-810
spectrometer (Jasco, Inc., Easton, MD, USA). Samples were pre-
pared in 10 mM Tris (pH 7.0) with a concentration of 20 uM.
Trifluoroethanol (TFE) was added as a co-solvent in solution. A
1 mm pathlength cuvette was used for all spectra.

ISOTHERMAL TITRATION CALORIMETRY

All ITC experiments were performed on a Microcal VP-ITC
instrument. The ITC buffer consisted of 20 mM HEPES, 100 mM
KCl, and 5mM CaCly, pH 7.0. For experiments with apo-CaM,
5mM EDTA was used instead of 1 mM CaCl,. The ITC cell was
filled with 50 wM intact CaM, N- or C-lobe CaM, or CaBP1. A
highly concentrated solution of the NSCaTE peptide was then
injected (5 wL each) into the cell. The concentration of the C-lobe
of CaM was determined by the absorbance at OD,g9. However,
the N-lobe of CaM has no Trp or Tyr residues. The N-lobe con-
centration, therefore, was estimated by weight and verified by
the Bio-Rad protein assay. The concentration of CaBP1 was mea-
sured by OD;g with an extinction coefficient of 2980 M~ tem™!,
All experiments were run at 25°C. The data were fit to either
a one-site binding model (N-/C-lobe of CaM and CaBP1) or a
two-site binding model (intact CaM). Control experiments were
performed to adjust the baseline of each experiment.

FLUORESCENCE SPECTROSCOPY

All experiments were performed on a Varian Cary Eclipse spec-
trofluorimeter. The NSCaTE peptide contains one Trp residue
and was selectively excited at 295 nm with a 5nm excitation slit
width. The emission spectra were recorded from 300 to 450 nm
with a 10 nm emission slit width. All samples were dissolved in a
solution of 20 mM HEPES and 100 mM KCl at pH 7.0. A 50 uM
peptide concentration was used in the cell. Concentrated CaM or
N-/C-lobe CaM (0.7-1.0 mM) was titrated into 1 mL of the pep-
tide in 5L aliquots. The changes in the fluorescence intensity
for each titration at A, were recorded and used to calculate the
binding constant, Kj:

JC+ D

2
C = ([Ply + [L]1 + Ka)?
D = C — 4[PI7[Lly

[P-L] =

where [P]7 and [L]7 are the total concentrations of the protein
and the peptide. The Caligator 1.05 software, developed by the
group of S. Linse, was used to calculate the K, (Andre and Linse,
2002).

NMR EXPERIMENTS

All NMR samples were prepared in buffer containing 20 mM
Bis-Tris, 100 mM KCl, pH 7.0. For all complexes, the saturation
of the labeled component was monitored with 'H-">N HSQC

experiments. The titrations were complete when no further peak
shifts were observed.

All 'H-'SN HSQC experiments were performed at 25°C on
500 MHz and 700 MHz NMR instruments. For the 'H(F2) and
I>N(F1) dimensions, 1024 x 256 real data points were used.

The backbone assignments were completed for the follow-
ing peptides/proteins in the free or bound state: the *C/">N-
labeled free-state long NSCaTE peptide, the '*C/!>N-labeled
short NSCaTE peptide saturated with the unlabeled N-/C-lobe
CaM and the '*C/'*N-labeled CaM N-/C-lobe bound to the
unlabeled short NSCaTE peptide. Routine 3D NMR backbone
assignment experiments (CBCACONH, HNCACB, HNCO, and
HNCACO) were used. The side chain assignments were made
using CCCONH, HCCCONH, and HCCH-TOCSY experiments.
All of these experiments are the same as those used in the
structure determination of the soybean calmodulin isoform 4
(SCaM4)/MAPK-phosphatase peptide complex (Ishida et al.,
2009).

A sample containing the *C/!>N-labeled Ca**/CaM N-lobe
saturated with the unlabeled NSCaTE peptide was used to
acquire the 3C/!°N double-filtered 2D-NOESY spectrum, and
the intramolecular NOEs between the CaM N-lobe and peptide
were determined. To obtain the structures of the short peptide
in complex with the N-lobe of CaM, another sample containing
the 13C/!°N-labeled NSCaTE peptide saturated with the deuter-
ated Ca’*/CaM N-lobe was examined. The side chain and the
I>N-edited 3D-NOESY experiments were performed to obtain
unambiguous chemical shift assignments for the NSCaTE peptide
and intrapeptide NOEs.

Heteronuclear '"H-'>N NOE experiments were performed for
the long Ca,1.2NT peptide. A 5 sec pre-saturation time was used.
The experiment was performed on a 500 MHz NMR instrument.

The structures of the complex of the Ca?t/CaM-NT with
the NSCaTE peptide and of Ca?T/CaM-CT saturated with the
NSCaTE peptide were determined using the NOE-based proton—
proton distances derived from the '°N-edited 3D-NOESY. The
dihedral angles along the sequence of each protein were calculated
by TALOS (Cornilescu et al., 1999). These restraints were used
in the calculation of the final structure by CYANA 2.0 (Guntert,
2004).

RESULTS

THE NSCaTE REGION ADOPTS A HELICAL CONFORMATION IN
AQUEOUS SOLUTION

The NSCaTE motif only exists in the Cay1.2 and Ca,1.3 L-type
calcium channels (Figure 1). This sequence does not conform to
any other known CaM-binding motif. Most linear peptides do not
adopt stable secondary structures in aqueous solution. However,
our experimental results show that part of the long NSCaTE
(1-68) peptide can adopt a relatively stable helical conforma-
tion in aqueous solution from residue S51 to residue A62. The
'H-1>N HSQC peak dispersion of the isotope-labeled peptide is
only around approximately 1 ppm (7.7-8.7 ppm; see Figure 2A),
which is normal for a peptide in a random coil conformation.
However, the NSCaTE region, which extends from S51 to A62,
is helical according to the secondary structure prediction based
on the chemical shift index (CSI) of the backbone heavy atoms
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L-type voltage-gated calcium channels Cav1.2 and Cav1.3 indicating performed with ClustalW, and the default color settings were used.
the position of the various regulatory elements. (B). Sequence The Ca?*/CaM and CaBP1 binding motifs are highlighted with black
alignment of the N-terminal sequences of the human boxes.

(Figure 2B). The remainder of the N-terminal domain of the
channel is unstructured, which is consistent with the outcome
of protein disorder predictions (see Appendix Figure A1) NMR
relaxation experiments were also performed with the long peptide
(Figure 2C). The {!H}-'°N NOE experiments only showed posi-
tive values for the structured helix portion, while all other residues
had negative values. The average NOE values for the structured
region were also quite small (0.251 £ 0.033), indicating the rel-
ative flexibility of this region. The CD spectrum of this peptide
indicated the presence of a mixture of random coil and helical
conformations. We also showed that the percentage of the helical
conformation with increasing amounts of TFE as a co-solvent in
solution (see Appendix Figure A2). As expected, the TFE cosol-
vent appeared to further stabilize the small helix (Zhang et al.,
1993). The intensities of the 'H-"N HSQC peaks were not evenly
distributed along the sequence; the peaks for the helical portion
had the strongest intensity. The backbone sequence assignment
could be completed for almost the entire peptide sequence. We
noticed that the NSCaTE region had a high percentage of ala-
nine (4/11, residues L50-R60). Of all amino acids, alanine has
the highest helix-forming propensity (Pace and Scholtz, 1998),

which could be a likely reason for the spontaneous helix forma-
tion in this region. However, the severe overlap of the alanine
signals hindered a complete backbone assignment. Several small,
unassigned peaks in the spectrum may have arisen from a minor
conformation of the peptide, possibly arising from a cis-trans con-
formational exchange from several proline residues in the random
coil region.

THE NSCaTE PEPTIDE BINDS TO Ca2*/CaM WITH A 2:1
STOICHIOMETRY

The ITC experiments demonstrated that the binding of the
NSCaTE peptide to wild-type CaM is exothermic (Figures 3A,B).
An unusual 2:1stoichiometry (peptide:protein) was observed,
which is similar to the binding between the GAD peptide
and CaM (Yuan and Vogel, 1998) and the binding of MAPK-
phosphatase to CaM (Rainaldi et al., 2007). The NMR titration
experiments also confirmed this result, as the HSQC peaks only
ceased to shift after more than two equivalents of peptide were
added (data not shown). It should be noted that this stoichiome-
try is different from the 1:1 binding reported by Benmocha et al.
(2009). The two-site binding model showed that the two sites
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FIGURE 2 | (A) "H-"5N HSQC spectrum of the long NSCaTE (AA 1-68) peptide. (B) Secondary structure prediction based on the '3C chemical shifts of the
long NSCaTE construct (Cay1.2NT1_gg). (C) Heteronuclear {' H}-'®N NOE data for the long NSCaTE construct (Cay, 1.2NT1_gg).

had different binding affinities, which was confirmed by studying
the binding of each isolated lobe to the peptide (Figures 3C,D).
This sequential mode of binding resembles that reported for the
MAPK-phosphatase, where both lobes of CaM can bind with
different affinities (Rainaldi et al., 2007). A 1:1 stoichiometry
was found for each lobe, and the N-lobe had a stronger affin-
ity than the C-lobe (Table 1). However, the binding affinities of
the NSCaTE peptide (Kg ~ uwM) to both domains were relatively
weaker than other CaM-binding peptides, such as the IQ pep-
tide from the C-terminal tail of the same channel (Kg ~ nM)
(Van Petegem et al., 2005). Compared with the IQ peptide, which
has a total of 21 AAs (K1617-E1637) involved in binding with
residue Ile1624 in the middle, the effective binding region of the

NSCaTE peptide was much shorter (10 AAs, S51-R60). This short
region could not span both lobes of Ca**/CaM in the classical 1:1
mode. The same was observed for the MAPK-phosphatase/Ca?* -
CaM interaction, where the CaM-binding domain is also only 10
residues long (Ishida et al., 2009).

From previous in vivo studies, we know that three residues
(W52, 156, and R60) are critical for the binding of Ca?*/CaM to
the NSCaTE peptide in causing the CDI effect (Dick et al., 2008).
W52 is especially important, as the W52A mutation completely
abolishes the NSCaTE CDI function in vivo. Using site-directed
mutagenesis, we also made W52A and I56A mutations in our
long construct as well as an L64A mutation. Whereas the L64A
mutation had no effect on the binding to CaM (as determined
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FIGURE 3 | ITC characterization of the interactions of Ca2*/CaM with
the long NSCaTE peptide. (A) NSCaTE peptide titrated into Ca?*/CaM.
(B) Ca2*/CaM titrated into NSCaTE peptide. (C) NSCaTE peptide titrated
into Ca2t/CaM-NT. (D) NSCaTE peptide titrated into Ca2+/CaM-CT.

by ITC), the W52A mutation completely abolished and the I56A
mutation decreased the Ca*t-CaM affinity (data not shown),
thereby confirming the importance of these two residues for
productive binding. As CaM has no Trp residues, the chemi-
cal environment of the indole-ring of the W52 residue of the
NSCaTE peptide in the complex could be directly investigated

by steady state fluorescence spectroscopy (Figure A3). Similar to
other unstructured CaM-binding peptides containing tryptophan
residues, the highest intensity of the broad fluorescence emission
of the long peptide in aqueous solution occurred at approxi-
mately 355nm, indicating a fully solvent-exposed Trp. As the
peptide was saturated with the intact CaM or with the separate
N- and C-lobes of CaM, a blue shift was observed for the high-
est emission peak at approximately 325 nm with an increase in
the fluorescence intensity. This result is similar to those obtained
upon the binding of CaM-binding domain peptides from MLCK,
CaMKI, and CaMKII (Van Lierop et al., 2002; Yamniuk and Vogel,
2004). The 1:2 stoichiometry was also confirmed by fluorescence
spectroscopy titration experiments. The maximum fluorescence
emission intensity did not increase after one peptide was sat-
urated with the N-lobe of CaM. However, the intensity slowly
increased even after a 2.5-fold excess of C-lobe CaM bound to
the peptide. The binding constants determined by this method
were 1.39 x 10° M~! for the N-lobe and 2.32 x 10° M~! for the
C-lobe, which were similar to the values determined by the ITC
experiments.

STRUCTURE DETERMINATION

Severe peak broadening in the NMR spectra prevented us from
determination of the structure of the complex formed between
the intact CaM and the NSCaTE peptide. We investigated dif-
ferent strategies in an attempt to overcome this problem. First,
we tried to use the fast structure determination method that
relies on the use of CaM’s methionine-methyl NOEs (Gifford
et al., 2011). However, because of the intermediate binding affin-
ity, the methionine-CH3 group peaks involved in the binding
interface was too broad to be confidently assigned. A similar
situation has been encountered for the CaM-binding peptide
of the N-terminal B-subunit of the olfactory rod CNG chan-
nel (Orsale et al., 2003). Because each lobe of CaM can bind
one peptide, we superimposed the 'H-'>N HSQC from the N-
and C-lobe complexes onto the intact CaM complex (Figure 4B).
The high degree of overlap indicated that the truncation induced
only minor perturbations in the complex structure of each lobe.
We first determined the solution structures of the protein lobes
in the complex using regular NMR methods. To obtain unam-
biguous chemical shifts of the peptide in each lobe complex,
the backbone and side-chain experiments were also run for the

Table 1 | Isothermal titration calorimetry data?.

Fitting mode® N
Ca?t-CaM° One 2.04 + 0.01
Two 143 £0.04
0.79 +0.03
Ca?t-CaM NT¢ One 1.16 £ 0.01
Ca?+-CaM CT® One 112 £ 0.02
Ca?t-CaBP19 One 0.80 + 0.01

Kg (uM) AH (kcal mol~!) AS (cal mol~! K~1)
290+ 0.1 —-9.22 £ 0.04 —5.59

0.16 £ 0.03 —-8.84 +0.04 1.44

3.80+£0.18 —6.39 +0.28 3.36

0.65 + 0.06 —6.91 +0.07 5.13

1.33 + 0.30 —3.86 + 0.09 13.9

25.8 +4.81 3.98 £0.29 34.3

2All data obtained at 25°C.

bData fitting with one or two binding sites.
°Data obtained with Ca?t-CaM is endothermic.
9Data obtained with Ca>*-CaBP1 is exothermic.
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FIGURE 4 | "H-"5N HSQC for the binding of Ca?*/CaM to the intact Ca®*/CaM, Ca?*/CaM-NT (red) and Ca?*/CaM-CT (green) in the
short NSCaTE peptide. (A) Ca2t/CaM is shown in black, and fully complex with the peptide. (C) "H-"®N HSQC spectrum of the
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13C/15N-labeled peptides in the complex. Compared with the
peptide in aqueous solution (Figure 2A), the bound peptides
had better dispersed peaks (Figures 4C,D). Secondary structure
predictions were performed based on the CSI, and the helical
conformation we observed for the unbound state of NSCaTE was
maintained in both peptides in the complex. The peaks from the
C-lobe CaM-bound peptide were broader than those for the N-
lobe, which is consistent with the lower affinity of the C-lobe
complex. The '*C/F3-filtered and '*C/F;-edited NOESY-HSQC
exhibited only a few intermolecular NOEs for the C-lobe com-
plex, much fewer than those obtained for the N-lobe complex.
These differences prevented the direct determination of the C-
lobe complex structure based on isotope-filtered NMR methods.
On the other hand, the N-lobe complex could be defined in this
fashion.

We also made several comparisons between the isolated lobe
and the intact CaM protein-peptide complex. From the back-
bone assignments for the intact Ca?+-CaM/NSCaTE complex, we
calculated the weighted average secondary shifts (WASS) along
the sequence (Figure A4A). Combined with the heteronuclear
'"H->N NOE data (Figure A4B), we confirmed through the
WASS, as expected from the isolated structures, that the regular
secondary structures of Ca**/CaM are maintained in this com-
plex, including the flexible N-/C-termini and the central linker.
The residues of the loop region between the two EF-hands for
each lobe also had lower NOE values, which indicated their higher
flexibility. In the sequence, eight continuous segments had pos-
itive WASS values. These segments corresponded to the eight
helices of the four EF-hands that are normally observed in CaM
complexes.
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The Ca?*/CaM N-lobe complex structure was determined
with a routine NMR method. The backbone and side chain
chemical shifts of both the CaM N-lobe and the NSCaTE pep-
tide were assigned with various triple-resonance NMR experi-
ments, and the intermolecular NOEs were acquired from the
half-filtered NOESY-HSQC experiments. In total, more than
95% of the backbone and side chain heavy atoms and protons
were assigned. Many of the intermolecular NOEs came from the
N-lobe methionine-methyl or aromatic ring protons to the pep-
tide protons. About half of the intermolecular NOEs in the half-
filtered spectrum were confirmed and used in the final complex
structure determination. To validate our structure calculation, we
also generated a complex model with the protein—protein dock-
ing program HADDOCK 2.0. The structures determined for the
Ca**/CaM N-lobe and the peptide in the complex were used as
the initial models. The hydrophobic pocket of the N-lobe (A15,
L18, F19, L32, V35, M36, L39, M51, V55, F65, M71, and M72)
was used as the N-lobe binding interface. The three residues of
the peptide (W52, 156, and R60) that have been confirmed to
be critical for CaM-binding were defined as the active peptide
residues, and the remainder of the peptide residues was defined
as passive residues. All of the residues involved in the bind-
ing surface were semi-flexible, which allows for the rotation of
the side chain atoms. In total, 1000 structures were calculated
with the HADDOCK web server (http://haddock.chem.uu.nl)
(Dominguez et al., 2003), and the first 20 structures in the cluster
with the lowest Haddock score were chosen as the representa-
tive complex ensemble. Because the intermolecular NOEs were
not available for the C-lobe complex, this data-driven docking
method was the only way to generate the complex structure. The
Ca**/CaM-CT structure in this complex was calculated first, and
the hydrophobic surface was defined as the following residues:
A88, V91, F92, L105, V108, M109, L112, M124, A128, F141,
M144, and M145. The peptide structure from the N-lobe com-
plex was used as the initial peptide structure, and the same three
residues (W52, 156, and R60) were used as the active residues
for the HADDOCK calculation. Both Ca**-CaM NT/CT in the
complex were further refined with the addition of backbone H-
N RDC restraints [XPLOR-NIH, version 2.21 (Schwieters et al.,
2003)].

STRUCTURE OF Ca2*/CaM N-/C-LOBE BOUND TO THE NSCaTE

PEPTIDE

Both complexes of the separate N- and C-lobes of CaM bound to
the NSCaTE peptide are shown in Figure 5. For the N-lobe com-
plex, the 20 lowest energy solution structures based on the NMR
restraints are shown as an ensemble on the top left (Figure 5A).
The backbone root mean-square deviation (RMSD) was 0.54 A
(For a summary of the NMR data see Table2). As indicated
in the 'H-'>N heteronuclear NOE experiment, the loop region
connecting the two EF-hands had a larger RMSD. Similar to
most Ca’*/CaM-target peptide complexes, the N-lobe of CaM is
composed of two EF-hands. Each EF-hand contains two helices
connected by a calcium binding loop, and the two EF-hands were
bridged by a short pair of anti-parallel B-strands from the two
calcium binding loops (Gifford et al.,, 2007). The two helices
in each EF-hand were perpendicular to each other and exposed

FIGURE 5 | NMR solution structures of the complexes of the N-lobe
(A, B, C) and the C-lobe (D, E, F) of Ca2*-CaM with the short NSCaTE
peptide. (A, D) Backbone representation of the ensemble of the 20 lowest
energy structures of the Ca2t/CaM-NTNSCaTE complex (A, calculated by
CYANAZ2.1) or the Ca?*/CaM-CT-NSCaTE complex (D, generated by
HADDOCK). The CaM lobes are shown in black, and the peptide bundles
are red. The calcium ions in the EF-hand loop are yellow. The peptide is
shown in white, and the three critical residues (W52, 156, and R60) are
highlighted in red. (B, E) Ribbon representations of the lowest energy
structures for the CaZ*/CaM NT (B) and CT (E) complexes. The four helices
in each lobe follow the default PyMOL rainbow color setting
(blue—green—yellow—orange) from the N-terminus to the C-terminus. (C, F)
Binding surface representations of the Ca2t/CaM NT (C) and CT (F)
complexes. The binding pocket of each lobe is highlighted in yellow
(hydrophobic residues) and red (negatively charged residues). The NSCaTE
peptide is shown in a stick representation (white), and the two critical
hydrophobic residues (W52 and 156, red) and the positively charged residue
(R60, blue) are highlighted.

hydrophobic residues, forming a continuous hydrophobic surface
which can interact with the NSCaTE peptide. As shown using
site-directed mutagenesis and fluorescence spectroscopy, W52 of
the peptide is the most important residue for CaM binding. In
Figure 6, we list the contact residues that are within 4 A for the
side chains of CaM and the peptide. As expected, W52 con-
tacted the most residues of CaM. The total W52 side chain contact
surface was 208.5 A%, which was much larger than the 95.4 A2
side chain contact surface of the other hydrophobic residue, 156.
The total interacting interface between the NSCaTE peptide and
CaM was 1520.7 A2, The peptide and CaM-NT adopted more
of an anti-parallel orientation in which the N-terminus of the
peptide was close to the C-terminus of CaM-NT. As not all
intermolecular NOEs could be confidently assigned (shown in
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Table 2 | Statistics for the Ca?*-CaM/Ca,1.2NT NSCaTE peptide
structural ensemble?.

CaMyy/ CaMcr?
peptide complex
DISTANCE RESTRAINTS
Total 1345 886
Sequential 733 503
Medium range 358 188
Long range 254 195
Intermolecular 37 N/A
Residual dipolar 70 69
coupling restraints
Dihedral angle restraints 140 128
Hydrogen bonds 84 46
COORDINATE PRECISION (A)
Backbone 0.47 +0.10 0.45+0.08
All heavy atoms 0.90+0.12 0.98 £ 0.06

RMS DEVIATIONS FROM EXPERIMENTAL DATA

Average distance restraint 0.0169 £ 0.0011 0.0101 4+ 0.0009

violation (A)

Average dihedral angle 0.7595 + 0.0714 0.5460 + 0.1449
restraint violation (degree)

RAMACHANDRAN STATISTICS (%)

Most favored 90.0 90.9
Additionally allowed 9.9 9.1
Generously allowed 0.1 0.0
Disallowed 0.0 0.0

2PDB ID: NT 2LQC; CT 2LQR BMRB access code: NT, 18302, CT, 18323.
bin the presence of the NSCaTE peptide.

Figure 6C), we compared the HADDOCK-generated structures
to the NOE-based complex structures. When we overlaid the
CaM region of the 20 Haddock complex structures, the pep-
tide backbone structures were not as convergent (RMSD = 2.34
+ 1.08 A) as we found for the NOE-based structure due to the
relatively wide hydrophobic interacting interface on Ca?*-CaM
N-lobe. Additionally, in the ribbon representation (Figure 6B),
we observed a different arrangement of the W52 aromatic ring.
However, the overall orientation of the peptide backbone rel-
ative to CaM-NT was not significantly different in the two
methods. This consistency validated the NOE-based structure.
Interestingly, the peptide complexed with the C-lobe adopted
a parallel orientation. Compared with the CaM/GAD complex,
which also exhibits 2:1 stoichiometry, the orientation between the
C-lobe of CaM and the peptide was reversed. This difference may
be a result of the position of the tryptophan residue in the peptide
sequence.

The structure of the C-lobe complex structure generated
by HADDOCK had a much higher peptide backbone RMSD
(Figure 5D) than the N-lobe structure (Figure 5A). While the
backbone of the Ca?T-CaM C-lobe in the complex is well defined,
the position of the peptide is not well defined, which gives rise
to the relatively high numbers. In addition, the area near the
anchoring residue W52 had low RMSDs, while the C-terminal
part of the peptide had diverse orientations. This finding was
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FIGURE 6 | (A). Structure ensemble of the complex of the Ca?*/CaM NT
and the NSCaTE motif (generated by HADDOCK 2.0). The colors used here
are similar to those in Figure 4A. (B) Ribbon representation of the overlap
of the calculated (red) and HADDOCK-generated (yellow) structures.

(C) Contact residues between the CaM lobe (NT, calculated by CYANA 2.1,
or CT, generated by HADDOCK 2.0) and the NSCaTE peptide (<4 A). The
peptide is shown in the middle, and each residue is listed along the
sequence. The contact residues from the N-lobe of CaM are listed above
the peptide diagram. The residues with the actual NOE restraints used in
the calculations are highlighted with blue circles. The contact residues from
the C-lobe of CaM are listed below the peptide diagram.

consistent with the lower peptide affinity observed for the CaM
C-lobe. To better understand the preferential peptide binding
of the CaM NT, we compared the two complex structures. The
average total binding interface area for the C-lobe complex was
1440.0 A, which is smaller than the interface area we found for the
N-lobe. The buried surface for W52 in this complex was 194.4 A,
which was also somewhat smaller than the corresponding value
in the N-lobe. However, the contribution from the sidechain of
the I56 residue was similar to that in the N-lobe. In both com-
plexes, the tip of the sidechain of the R60 was in close proximity
to negatively charged residues (E11 of the N-lobe and E123/127
of the C-lobe). Possible salt bridges between these residues could
provide extra anchoring contacts.

It is always interesting to compare different CaM-binding pep-
tides, as many different complex structures have been found
(Ishida and Vogel, 2006). The NSCaTE is the first peptide
known to bind preferentially to the Ca?’t/CaM N-lobe. The
Nicotiana tabacum MAPK phosphatase (NtMKP1) peptide from
N. tabacum MAPK-phosphatase is one of the few naturally occur-
ring CaM-binding peptides that can bind only to the Ca?*/CaM
C-lobe (Ishida et al., 2009). However, although both the NSCaTE
and NtMKP1 peptides could bind to the CaM C-lobe, the
NtMKP1 peptide bound much more tightly and in an opposite
orientation than the NSCaTE peptide (Figure 7E). By comparing
the sequences of both peptides, we detected many more positively
charged residues at the N-terminus of the NtMKP1 peptide, along
with two hydrophobic “double-anchoring” residues (W3620 and
L3623) (Ishida et al., 2009). There were no positive charges close
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FIGURE 7 | (A) Sequence comparisons of different calmodulin-binding
motifs (NSCaTE, NtMKP1, CaMKI, and GAD). (B) Complex

structure representations of the NSCaTE peptide and CaZ*-CaM NT.
(C) Complex structure representations of the NSCaTE peptide and

NSCaTE ——=——=—=-—~- GAALSWQAATDAARQAKLMGSA-----
NEMKP1 === === ———————— NGWSRLRRKFSS--———-—--—-—
CaMKl ——=———=——————- AKSKWKQAFNATAVVRHMRKLQ- ——-

GAD -HKKTDSEVQLEMITAWKKFVEEKKKK—~-——-——--—~—

Ca?*-CaM CT. (D) Complex structure representations of the GAD
peptide and Ca?+-CaM (PDB ID: TNWD). (E) Complex structure
representations of the NtMKP1 peptide and Ca2t-CaM CT

(PDB ID: 2KN2).

to the main anchoring residue, W52, of the NSCaTE peptide. The
positively charged residue R60 of NSCaTE was close to the nega-
tively charged residue E123 on the third helix of the CaM C-lobe
(Figure 7C). Similar to the 2:1stoichiometry of the NSCaTE
peptide to Ca?*/CaM that we found in this study, two carboxy-
terminal peptides of plant glutamate decarboxylase (GAD) could
interact with the two lobes of Ca?"/CaM simultaneously (Yap
et al., 2003). These two GAD peptides were anti-parallel to each
other and formed an X shape in the complex, which could not be
identified in our complex. As noted in the paper by Yap et al., the
high percentage of negative charges in the GAD peptide could pair
with the basic residues, and the electrostatic interactions between
charged residues were critical for creating the dimer interface.
This result was confirmed by examining the potential surface of
the GAD peptide dimer in the complex (Figure 7D). The N/C ter-
minal positively charged residues of one peptide could approach
the C/N terminal negatively charged residues of the second GAD
peptide in the bound butterfly-shaped peptide dimer. A contin-
uous positively charged patch was formed on each side of the

peptide dimer and facilitated the binding with each CaM lobe.
However, we found only one positively charged residue (R60)
and one negatively charged residue (D57) in the NSCaTE pep-
tide, which would not provide enough electrostatic interactions
for a peptide dimer similar to GAD in the complex of CaM
with NSCaTE. The lack of multiple anchoring hydrophobic and
positively charged residues combined with the short length is the
main reasons for the unique binding character of the NSCaTE
peptide.

DISCUSSION

As one of the main sources for calcium influx in a cell, voltage-
gated calcium channels play a variety of important roles in neuron
transduction, in smooth and cardiac muscle contraction and in
gene transcription. Each type of calcium channel has its own
build-in control mechanisms, depending on the presence of var-
ious additional channel subunits (Cayf) (McGee et al., 2004;
Takahashi et al., 2005; Grueter et al., 2006), regulatory calcium
binding proteins and other molecules (Peterson et al., 1999;
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DeMaria et al., 2001; Fallon et al., 2005). Among the four types
of voltage-gated calcium channel (L-, P/Q-, N-, and R-types),
the NSCaTE motif was found only in two subtypes (Cay1.2 and
Cay1.3) of the L-type VGCCs, which is clearly evident from
the alignment of the N-terminal sequences of the four L-type
channels (Figure 1B). The C-terminal portion of the N-terminal
cytoplasmic domains of the L-type channels has nearly identical
sequences, but their N-terminal ends are very different. Each of
these four types of channels has a unique and preferred expres-
sion pattern. Cay1.1 is mainly expressed in skeletal muscle, and
its full function relies on ryanodine receptors. Cay1.4 is mainly
located in neurons, especially in the retina. Both Cay1.1 and 1.4
have a relatively weak CDI and play important functions in the
dark-adapted light sense (Zhou et al., 2004). Compared with
Cay1.1/1.4, Cay1.2 and 1.3 exhibit much stronger CDI, consis-
tent with their functions in cardiac muscle-related EC coupling,
which requires rapid and regular muscle contraction and relax-
ation. Recently, the importance of Cay1 L-type channels in the
nervous system has been summarized by Calin-Jageman and Lee
(2008). Cayl channels are widely expressed in pre- and post-
synaptic region of neuron in the cerebral cortex, hippocampus
and retina. Through the regulation of the neuronal Ca?" signal,
Cay1 channels can trigger electrical and signaling cascades of var-
ious activities, such as synaptic plasticity, gene expression, and
long-term memory. CDI and CDF are the main mechanisms of
the VGCCs-related regulation. It has been shown that the binding
of the C-terminal IQ-motif to CaM provides the main basis for
the self-control of the VGCC through the mechanisms of CDI and
CDF. The CDI and CDF effects, however, do not only depend on
the sequences and CaM-binding patterns of the IQ-motif in the
C-terminal cytoplasmic region of the channels. These processes
are also finely tuned by other interaction partners, including the
amino terminal cytoplasmic region of the channel. The whole N-
terminal sequence was re-examined by the Lee group (Oz et al,,
2011), and they found that the initial sequence is critical for the
voltage-dependent inactivation (VDI) kinetics of both long and
short isoforms. Interestingly, they also identified a new motif at
the C-terminal end of N-terminal cytoplasmic domain of the
channel. This new motif cannot bind CaM, but it can bind to
CaBP1 in either the calcium- or apo-form in vivo. Considering the
high conservation of this motif in L-type channels, a consistent
function for this region can be expected.

In our in vitro experiments with NSCaTE, a 1:2 stoichiomet-
ric ratio was identified with various techniques. However, CaM
is considered as an associated channel subunit currently in most
research, with a stoichiometry of 1:1. Although channel dimer-
ization has also been observed, more evidence is still needed to
support such a model. If the model presented in this study is cor-
rect, this unique 1:2 CaM to NSCaTE peptide ratio could affect
channel dimerization in the presence of exogenousCaM. In addi-
tion, we found that the NSCaTE motif spontaneously adopted a
helical conformation in aqueous solution, which was observed
by both NMR and CD spectroscopy. This conformation is dif-
ferent from the conformation observed in most CaM-binding
domain peptides, where a transition from the random coil of the
unbound state to the helical conformation of the bound state is
required for most peptides. The high alanine content of NSCaTE

is a likely reason for the naturally occurring helical conforma-
tion. Considering the relative weak-binding affinity of this motif
toCaM, the presence of the preformed helical conformation is
consistent with its role as a minor CDI regulator in special chan-
nels, as smaller entropy—enthalpy changes would occur due to the
lack of a drastic conformational change.

Another interesting property of the NSCaTE motif is that the
motif bound more tightly to the Ca>"-CaM N-lobe than to the
C-terminal lobe of Ca?*-CaM. This binding preference is differ-
ent from that of most CaM-binding peptides, especially when
compared with the IQ-motif from the C-terminal cytoplasmic
domain of the same calcium channel. From the crystal structure
of the CaM/Cay1.2 IQ-motif complex (Fallon et al., 2005; Van
Petegem et al., 2005), we already have a deeper understanding of
the fundamental channel self-control mechanism in L-type chan-
nels, as apo-CaM can also bind to the IQ region, and thereby it
can provide a quick response to the elevation of the local cal-
cium ion concentrations close to the channel pore. Once bound
to calcium, CaM binds to the IQ-motif in an unique parallel
mode due to the higher positive charge in the C-terminal half
of the IQ-peptide. This special binding mode allows the Ca’*-
CaM C-lobe to dominate the regulation of CDI. A single mutation
(IQ/AQ) or double mutation (IQ/AA) will abolish CDI and alle-
viate an apparent CDF that is severely blocked in the wild-type
protein. Van Petegem et al. (2005) proposed a possible in vivo
model where the Ca?>-CaM C-lobe is anchored to the C-terminal
IQ-motif, but other regions of the channel can compete for the
N-lobe of Ca?*-CaM and finely tune the CDI dominated by the
C-terminal IQ-motif. This model provides a reasonable explana-
tion for the real function of NSCaTE. Although a trial pull-down
assay failed to provide in vitro evidence for this model, in vivo
FRET experiments revealed a FRET ratio (FR) larger than one
and a meaningful dissociation constant of approximately 20-30
uM in both chimeric and wild-type constructs (Dick et al., 2008).
The removal of the critical tryptophan residues of NSCaTE will

[ca*

Activate
—_—

FIGURE 8 | Overview of the regulatory network of the Cay 1.2 («1c). Two
motifs (NSCaTE, Ca%*/CaM specific, red; CaBP1 binding motif, blue) in the
N-terminus and the 1Q motif (yellow) in the C-terminus are represented by
oval bars. The regulatory calcium binding proteins CaBP1 and CaM are
shown in red and blue, respectively. These proteins are bound to the
N-terminus of the channel and the 1Q motif in the resting state. Upon
membrane depolarization and channel opening, both CaM and CaBP1 bind
calcium ions and interact with different motifs. The cross-interference
among these binding partners is critical for the distinct regulatory functions
of each type of channel.
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abolish any interactions between the N-/C-terminal regions
bridged by CaM and the corresponding CDI. The mutations of
the other two important residues within the motif (Ile and Arg)
did modulate its regulatory action by weaker binding and atten-
uated CDI. The correlation between the NSCaTE motif affinity
to CaM and the CDI effect has been systematically investigated by
alanine scanning along the motif sequence, and the concept of the
local Ca** selectivity for this motif has been strengthened in the
work done by Tadross et al. (2008).

Other calcium binding proteins, known as CaBPs, are often
coexpressed with VGCCs in addition to CaM in neurons, espe-
cially those in the presynaptic density. One isoform, CaBP1, can
alleviate the CDI caused by CaM and induce CDE. Zhou et al.
demonstrated that the N-terminus of Cay1.2 is critical for CaBP1
function and that the removal of the N-terminus will completely
abolish the effect of CaBP1 (Zhou et al., 2004, 2005). In addition,
another sequence, which does not overlap with the N-terminus
of oy, has been identified as a CaBP1-specific binding motif.
However, this identification cannot completely exclude the pos-
sibility of an interaction between CaBP1 and the NSCaTE region,
due to the high amino acid sequence similarity between CaM and
the C-terminal lobe of CaBP1. We, therefore, also investigated the
binding of CaBP1 to the NSCaTE region (See Figure A5). Our
data indicate that the calcium-bound CaBP1 interacts only very
weakly with the NSCaTE motif through its C-lobe. A recently
solved CaBP1 X-ray structure (Findeisen and Minor, 2010) can
help us understand the possible role of NSCaTE in the compli-
cated CDI regulatory network involving CaM, CaBP1, IQ, and
the N-terminus (containing NTT, NSCaTE, and the CaBP1 bind-
ing motif) of Ca,1.2 and Cay1.3. Extensive mutation and domain
swap studies have shown that the N-lobe and residue E94 in the
central linker are critical for CaBP1-inhibited CDI and induced
CDEF. However, we also notice that Ca?T-CaBP1 can bind to
the IQ-motif, and unlike CaM, the binding site is the same for
the N- and C-lobes of CaBP1. In addition, the C-lobe of Ca’*-
CaBP1 cannot compete with the C-lobe of Ca?*-CaM for the IQ
motif binding, and mutating either or both EF-hands of C-lobe

CaBP1 will partially recover inhibited CDI (Findeisen and Minor,
2010).

In conclusion, although the interactions between the IQ-motif
in the C-terminal cytoplasmic region of the channels and CaM
seem to dominate the regulation of the voltage-gated calcium
channel, other parts of the channels and channel-binding pro-
teins can further fine tune each channel, to allow them to carry
out their unique function in various cells and tissues. A simpli-
fied model is presented in Figure 8 to describe this complicated
regulatory network for Cay1.2 and Cay1.3 at different calcium
binding stages. In the resting state, apo-CaM is bound near the
IQ-motif region, and apo-CaBP1 interacts with its N-terminal
binding motif. Once the channel opens due to a change in the
membrane potential, the calcium flows into the cytoplasm and
initially saturates CaM and CaBP1 that are located near the
channel pore. Ca?t-CaM then binds to the IQ-motif with a par-
allel domain arrangement and induces CDI/CDEF. The N-lobe of
Ca’*-CaM can also bind to the NSCaTE motif and accelerate
the closing of the channel. In doing so, Ca?*-CaM acts almost
like an “adaptor” protein bridging between the two cytoplas-
mic domains of the channel [for discussions see Yamniuk et al.
(2007)]. Simultaneously, the N-lobe of CaBP1 continues to inter-
act with its motif in the N-terminal, while its C-lobe adopts an
open conformation. The C-lobe of Ca**-CaBP1 can also interact
with NSCaTE and compete weakly with the N-lobe of Ca?*-CaM,
which in turn may inhibit the acceleration of CDI. However, this
simplified model does not include other regulatory partners, such
as the I-II loop of the o subunit of the channel, the Cayf-
subunit and regulation through CaMKII. More binding studies
and structural details, therefore, are needed to deconstruct this
complicated regulatory network.
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perturbation (F). Please note that compared to Ca2t-CaBP1, the binding
of NSCaTE to apo-CaBP1 was extremely weak as indicated by

the ITC and NMR data. The ITC data show that both binding events are
exothermic.
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Modulation of G protein-coupled receptor (GPCR) signaling by local changes in intracellular
calcium concentration is an established function of Calmodulin (CaM) which is known
to interact with many GPCRs. Less is known about the functional role of the closely
related neuronal EF-hand Ca2*-sensor proteins that frequently associate with CaM targets
with different functional outcome. In the present study we aimed to investigate if a
target of CaM—the Ay adenosine receptor is able to associate with two other neuronal
calcium binding proteins (nCaBPs), namely NCS-1 and caldendrin. Using bioluminescence
resonance energy transfer (BRET) and co-immunoprecipitation experiments we show the
existence of A,p—NCS-1 complexes in living cells whereas caldendrin did not associate
with Ay receptors under the conditions tested. Interestingly, NCS-1 binding modulated
downstream A, receptor intracellular signaling in a CaZt-dependent manner. Taken
together this study provides further evidence that neuronal Ca2*-sensor proteins play an
important role in modulation of GPCR signaling.

Keywords: adenosine A, receptor, GPCRs, NCS-1, caldendrin, calmodulin, calcium signaling, BRET

INTRODUCTION

Adenosine receptors belong to the GPCR family and have been
classified on the basis of their molecular, biochemical, and phar-
macological properties in four subtypes that are broadly dis-
tributed among different tissues including brain. The adenosine
Aja receptor is a Gg coupled receptor (Kull et al., 2000; Vu, 2005)
that modulates cAMP production mediated by adenylyl cyclase
activation upon ligand binding. A;a receptors are particularly
abundant in the basal ganglia and exhibit a somato-dendritic
localization in GABAergic enkephalinergic neurons of the stria-
tum (Schiffmann et al., 2007). However, they can also be found
in several other brain regions including the olfactory bulb and
hippocampus (Sebastidao and Ribeiro, 2009). The current under-
standing of the role of Ay receptors in the brain emphasizes
their ability to interact with GPCRs of other neuromodulatory
or neurotransmitter systems, and to provide a fine tuning of neu-
ronal activity (Sebastido and Ribeiro, 2009). Ay receptors mostly
exist as either homodimers or heteromers (Canals et al., 2004;
Sebastido and Ribeiro, 2009). Ay receptor activation facilitates
opioid and CB; receptor signaling in the striatum (Carriba et al.,
2007; Sebastiao and Ribeiro, 2009) and heterodimerization with
the metabotropic glutamate receptor mGluR5 has a synergistic
effect at the level of adenylate cyclase and MAPK activation upon
Asx and mGluR5 receptor co-stimulation (Ferré et al., 2002; Nishi
etal., 2005). The most studied receptor heteromer, however, is the
heteromer of adenosine A5 and dopamine D, receptor, where
Ajp receptors counteract D; receptor activation (Ferré et al.,
2008; Navarro et al., 2009).

We have previously reported the Ca?*-mediated modulation
of the quaternary structure and function of Ayp-D; receptor
heteromers (Navarro et al., 2009). Calmodulin (CaM) trans-
duces a local change in Ca?" concentrations to the receptor
heteromer function via direct binding to the carboxy terminus
of the Ay receptor in a Aya-D; receptor heteromer, modulating
thereby MAPK signaling upon agonist stimulation in a Ca’*-
dependent manner (Navarro et al.,, 2009). The fine-tuning of
other GPCRs via Ca?T/CaM interaction has been studied already
in some detail (for review see Ferré et al., 2010; Mikhaylova
et al., 2011). Interestingly, the third intracellular loop of many
GPCRs is not only participating in binding of G proteins but
also represents a motif that is predicted to bind CaM. Indeed
CaM can interact in a Ca®*-sensitive manner with dopamine
D,, n opioid, muscarinergic, and other receptors (Ritter and
Hall, 2009; Ferré et al., 2010). The functional consequences of
the CaM interaction with GPCRs frequently include an atten-
uation of G protein coupling (Nickols et al., 2004; Ritter and
Hall, 2009). Interaction of CaM with the carboxy-terminus has
been demonstrated not only for the adenosine A5 receptor but
for metabotropic glutamate receptors (mGIuR5 and mGluR7) as
well (Minakami et al., 1997; Nakajima et al., 1999; Ferré et al.,
2010). However, interaction and modulation of GPCRs signaling
is not an exclusive feature of CaM. Other calcium binding pro-
teins from the CaM superfamily have been shown to interact with
GPCRs directly or can attenuate receptor desensitization via asso-
ciation with the particular G protein-coupled receptor kinases
(GRKs/Kabbani et al., 2002; Komolov et al., 2009). One of the
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classical examples is the interaction between the dopamine D,
receptor and NCS-1 where binding of NCS-1 to the cytoplasmic
tail of the D, receptor inhibits its phosphorylation and subse-
quent internalization after ligand binding (Kabbani et al., 2002).
Therefore, it is conceivable that other calcium binding proteins
from the CaM superfamily could also specifically interact with
certain GPCRs. Evolutionary and historically the neuronal mem-
bers of the CaM superfamily are divided into two large groups
named neuronal calcium sensor proteins (NCS) and neuronal
Calcium Binding proteins (nCaBPs/Mikhaylova et al.,, 2011).
Both groups resemble the structure of their common ances-
tor (CaM) with four EF-hand Caz+—binding motifs. However,
not all EF-hands are able to bind Ca** ions although they still
might be involved in protein-protein interactions. In the current
study we aimed to investigate whether one of the most abun-
dant and widely distributed members of the NCS group—NCS-1
(Burgoyne, 2007; Mikhaylova et al., 2011) and the founding
member of the nCaBP group—caldendrin (Seidenbecher et al.,
1998) are able to associate with the adenosine A5 receptor. All
three proteins have overlap in their expression profiles and can
be found in the same brain regions and the same type of neu-
rons (Sebastido and Ribeiro, 1996; Martone et al., 1999; Laube
et al., 2002; Bernstein et al., 2003; Rosin et al., 2003). To address
this issue we implemented bioluminescence resonance energy
transfer (BRET) and co-immunoprecipitation approaches and
checked the functional role of the interaction by A,a recep-
tor agonist induced MAPK and AKT signaling in co-transfected
HEK293 cells.

MATERIALS AND METHODS

cDNA CONSTRUCTS AND ANTIBODIES

c¢DNA constructs encoding human adenosine A5 receptor (Aza
in pEYFP-N1, Ay, in pRluc-N1, and A, in pGFP-2-N1 vectors)
or human dopamine D; receptor and CaM in pEYFP-NI vec-
tor, were previously described (Navarro et al., 2009). NCS-1 in
PEYFP-N1 vector was published previously (Zhao et al., 2001).
NCS-1 in pTagRFP-N or pEGFP-N1 vectors was subcloned from
the pNCS-1-YFP-N1 plasmid using Xhol and BamHI restric-
tion sites. Caldendrin was subcloned from a caldendrin-EGFP-
N1 plasmid (Dieterich et al., 2008) into a pEYFP-N1 vector
using EcoRI and BamHI restriction sites. The identity of the
newly cloned construct was confirmed by sequencing analysis.
PEGFP-N1 (Clontech), pTagRFP-N (Evrogen, Moscow, Russia),
and pcDNA3.1 (Invitrogen, Darmstadt, Germany) were used as
a corresponding negative controls for co-immunoprecipitation
experiments and in surface biotinylation studies.

The following primary antibodies were used: Anti-NCS-1
rabbit (Santa Cruz Biotechnology, Heidelberg, Germany), anti-
GFP mouse (MMS-118R, HiSS Diagnostics, Freiburg, Germany),
anti-Renilla Luciferase mouse (Millipore, Schwalbach, Germany),
anti-phospho-ERK1/2 mouse (Sigma-Aldrich, Madrid, Spain),
anti-ERK1/2 rabbit (Sigma-Aldrich, Madrid, Spain), and anti-
phospho-AKT rabbit (SAB Signalway antibody, Madrid, Spain).
The secondary antibodies were: goat anti-mouse immunoglob-
ulins HRP conjugated (P0447, Dako, Hamburg, Germany), goat
anti-rabbit IgG HRP conjugated (#7074, Cell Signaling, Frankfurt
am Main, Germany), peroxidase-AffiniPure goat anti-mouse

IgG, light chain* specific antibody (Jackson ImmunoResearch)
and Alexa Fluor 568 goat anti-rabbit IgG (A11031, A11036,
Invitrogen, Darmstadt, Germany).

CELL CULTURE AND TRANSIENT TRANSFECTION

HEK293, HEK-293T cells, and COS-7 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 2mM L-glutamine, 100 U/ml penicillin/streptomycin, and
5% (v/v) heat inactivated Fetal Bovine Serum (FBS) (Invitrogen,
Paisley, Scotland, UK). For immunocytochemistry experiments
HEK-293 and COS-7 cells were plated on 18 mm coverslips,
grown for 24h and then transfected with Lipofectamine 2000
(Invitrogen, Karlsruhe, Germany) according to the manufac-
turer’s protocol. Twenty-four hours after transfection the cells
were fixed with 4% paraformaldehyde (PFA) and processed
for immunostaining as described below. For surface biotiny-
lation experiments HEK293T cells were grown in 75cm? cul-
ture flasks and transfected with Polyfect (Qiagen) according to
the manufacturer’s protocol. HEK-293T cells for BRET experi-
ments were transfected with the plasmids encoding CaM, NCS-1,
caldendrin, and adenosine A5 receptor fusion proteins by PEI
(PolyEthylenImine, Sigma, Steinheim, Germany) as previously
described (Carriba et al., 2008).

IMMUNOCYTOCHEMISTRY, LASER SCANNING MICROSCOPY,

AND IMAGE ANALYSIS

Coverslips with transfected HEK-293 and COS-7 were fixed
with 4% PFA for 10min at 37°C, extensively washed with
PBS and immunostained for endogenous NCS-1 as described
before (Mikhaylova et al., 2009) with anti-NCS-1 rabbit anti-
body in a dilution of 1:300. COS-7 cells transfected with A, -Rluc
construct were stained with anti-Renilla Luciferase mouse anti-
body in dilution 1:500. F-actin was stained with Alexa Fluor
568 phalloidin (Molecular probes, Life Technologies, Darmstadt,
Germany) diluted in 1:1000 in PBS and incubated for 10 min
at room temperature. Fluorescence images were obtained on a
TCS SP5 1I confocal laser scanning microscope (Leica, Germany)
using a 63x oil objective and zoom factors in the range of
1-4x. A 405 laser line was used for visualizing DAPI staining,
4388 for GFP/YFP, 568 for the Alexa 568, and TagRFP. Images were
acquired as z-stacks with 0.3 pm z-step. Maximum projections of
z-stack were created in the ImageJ program (ImageJ, NIH).

BRET ASSAYS

HEK-293T cells were grown in six-well plates till about 60%
confluence and then were transiently co-transfected with a con-
stant amount of cDNA encoding for Rluc fusion protein and
with increasing amounts of ¢cDNA, corresponding to the pro-
tein fused to YFP. Two hours before quantifying fluorescence
intensity, the supplemented medium (DMEM) was replaced by
HBSS in the presence (1.26 mM) or in the absence of Ca?t,
Cells supplemented with Ca®t were treated with 1 um of iono-
mycin 10 min prior to the fluorescence measurements. To quan-
tify protein-YFP expression, cells (20 jLg protein) were distributed
in 96-well microplates (black plates with a transparent bot-
tom), and fluorescence was read in a Mithras LB 940 using an
excitation filter at 400 nm. Protein-fluorescence expression was
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determined as fluorescence of the sample minus the fluorescence
of cells expressing the BRET donor alone. For BRET measure-
ments, cell suspensions (20 g protein) were distributed in 96-
well microplates (Corning 3600, white plates; Sigma) and 5uM
coelenterazine H (Molecular Probes, Eugene, OR) was added.
After 1min, the readings were collected using a Mithras LB
940 that allows the integration of the signals detected in the
short-wavelength filter at 485 nm (440-500 nm) and the long-
wavelength filter at 530 nm (510-590 nm). To quantify protein-
Rluc luminescence readings were also collected after 10 min of
adding coelenterazine H. The net BRET is defined as [(long-
wavelength emission)/(short-wavelength emission)]-Cf where Cf
corresponds to [(long-wavelength emission)/(short-wavelength
emission)] for the donor construct expressed alone in the same
experiment. BRET is expressed as mili BRET units (mBU) deter-
mined as net BRET x 1000. A hyperbolic saturation curve
showing an increase in BRET signal as a function of the accep-
tor fusion protein expression (acceptor protein expression relative
to the donor protein expression, YFP/Rluc) is indicative of a spe-
cific interaction between the receptor-Rluc and Ca** sensor-YFP
fusion constructs (Ayoub and Pfleger, 2010). BRET curves were
fitted by using a non-linear regression equation, assuming a sin-
gle phase with GraphPad Prism software (San Diego, CA, USA) to
obtain the BRETox and BRET5( values. The BRETs5; parameter
represents the acceptor/donor ratio giving 50% of the BRET
and was used to estimate the relative affinity of the interaction.
BRET data are expressed as means £+ S.E.M. of 4-6 different
experiments grouped as a function of the amount of BRET accep-
tor. Statistical differences in BRET parameters were analyzed
with bifactorial ANOVA followed by post-hoc Bonferroni’s tests
(p = 0.05).

CO-IMMUNOPRECIPITATION ASSAY (CO-IP) AND IMMUNOBLOTTING

Heterologous Co-IP was performed with extracts from HEK293T
cells transiently expressing Aya-YFP, D,-YFP, GFP, and NCS-1-
tagRFP. Endogenous NCS-1 was co-immunoprecipitated from
HEK293T cells transfected only with Ay -YFP or GFP plas-
mids. YFP-tagged receptors and GFP control were immuno-
precipitated for 12h at 4°C with anti-GFP mouse antibody
coupled to magnetic beads. Purification of antibody bound com-
plexes was done using the uMACS™ GFP Isolation Kit (Miltenyi
Biotec GmbH, Germany) according to the protocols supplied
by manufactures, except that six washing steps were introduced
to remove the unspecific binding to the beads. Another set of
experiments was performed for A,o-YFP and GFP with overex-
pressed NCS-1-TagRFP. Extraction of proteins from HEK293T
cells was done as described previously (Hradsky et al., 2011).
NCS-1 was immunoprecipitated with anti-NCS-1 rabbit anti-
body coupled to Protein G sepharose (GE Healthcare) or cor-
responding rabbit IgG controls overnight at 4°C. In both cases,
high Ca>* and Ca’>*-free conditions were achieved by addition
of 0.5mM of Ca’t and 1 mM of Mg?>* or 2mM EGTA and
1 mM Mg?", respectively, to the cell extracts during immuno-
precipitation as well as into the washing buffers. Beads with
precipitated protein complexes were washed three times with cor-
responding extraction buffers and eluted with 2x SDS sample
buffer. Eluted samples were checked on SDS-PAGE/WB using

anti-NCS-1 and anti-GFP antibody. To measure the effect of
Ca’* on the efficiency of co-immunoprecipitation, the total
amount of Apa receptor co-purified at different conditions was
quantified using the “Gel Analyzer” plug-in provided in the
ImageJ software (NIH, USA). The maximal binding observed
with anti-NCS-1 antibody in the presence of Ca’" was taken
as 100% for each experiment individually and % deviations
from this condition were measured for the other groups.
Confidence interval was calculated and data were represented
as averages of 4-5 independent experiments + standard error
mean (S.E.M).

SURFACE BIOTINYLATION ASSAY

HEK293T cells overexpressing A4 -YFP alone or together with
NCS-1-TagRFP and GFP control co-transfected with NCS-1-
TagRFP were grown for 48h in supplemented DMEM. Then
growth medium was removed, cells were washed twice with HBSS
and serum-free DMEM was added for another 2h. Cells were
labeled with Sulfo-NHS-SS-Biotin (Pierce) for 15min at 4°C
according to the manufacturers manual. Unbound biotin was
sequestered and cells were harvested by scrapping, proteins were
extracted with 1x TBS containing 1% Triton-X-100 over 1h at
4°C. Equal amounts of extract were bound to Streptavidin beads
(Life Technologies) and biotinylated proteins were eluted with
2x SDS and subjected to SDS-PAGE. Ajp -YFP protein bands
were detected with anti-GFP mouse antibody. NCS-1-TagRFP
was visualized with anti-NCS-1 rabbit antibody on the same
membrane. The efficiency of surface biotinylation for A,p—YFP
in the presence or absence of NCS-1-TagRFP (n = 4) was quanti-
fied by measuring the optical densities of GFP signal as described
above. Obtained values were compared between groups with and
without overexpressed NCS-1 (the later one is taken as 100%).
Statistical comparison was done with bifactorial ANOVA followed
by post-hoc Bonferroni’s tests.

MAPK AND AKT PHOSPHORYLATION ASSAYS

A detailed protocol for activation of adenosine Ay, receptors in
HEK293T cells by addition of the A, receptor agonist CGS21680
(100nM) has been described previously (Navarro et al., 2009).
Briefly, HEK293T cells expressing A4 and NCS-1 or the corre-
sponding controls were grown in 25 cm? flasks to 50% confluence
and cultured in serum-free medium overnight before the exper-
iment. Two hours before the experiment, the cells medium was
changed to HBSS buffer containing 1.26 mM Ca’t and cells
were treated or not with 1 wM ionomycin for 5min before the
addition of CGS21680. After cell lysis and estimation of pro-
tein concentration equal amounts of each sample (10 Lg) were
subjected to SDS-PAGE. To determine the level of ERK1/2 and
pAKT phosphorylation, the membranes were then probed with
a mouse anti-phospho-ERK1/2 antibody or phospho-AKT anti-
body. Total-ERK1/2 antibody was used as a loading control. The
levels of phosphorylated ERK1/2 and phosphorylated AKT were
normalized for differences in loading using the total ERK1/2 pro-
tein bands. Quantitative analysis of detected bands was performed
by Odyssey V3.0 software. Statistical comparison was done
with bifactorial ANOVA followed by post-hoc Bonferroni’s tests
(*p = 0.05).
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RESULTS

MOLECULAR INTERACTIONS BETWEEN ADENOSINE Aza

RECEPTOR AND CALCIUM SENSOR PROTEINS IN LIVING CELLS

The BRET technique can be successfully used as a method to test
a protein—protein interaction in living cells (De and Gambhir,
2005; Carriba et al., 2008). Particularly, previously reported direct
binding between the carboxy terminus of the Ay receptor and
CaM (Woods et al., 2008) was verified and extensively charac-
terized using BRET (Navarro et al., 2009). This method is based
on the fact that a luminescent donor (Rluc) oxidates the sub-
strate coelenterazine H emitting bioluminescence that can be
transferred to a fluorescent acceptor (YFP) when the distance
between the donor and the acceptor is about 4.4 nm, (Dacres
et al., 2010)—a typical distance between proteins interacting in
a macro complex. The advantage of the BRET technique over
classical techniques like co-immunoprecipitation is that it is per-
formed in living cells and the protein concentrations of each
protein can be carefully controlled with the interaction moni-
tored over a range of protein concentrations and ratios. We have
chosen BRET to test if the As receptor is capable of form-
ing a complex with other members of the CaM superfamily,
namely NCS-1 and caldendrin. We compared the BRET effi-
ciency between HEK293T cells co-expressing A, fused to Renilla
luciferase (Rluc) and CaM, NCS-1 or caldendrin fused to YFP
(Figures 1A—C). In agreement with our previous findings, the
saturation curve obtained upon increasing CaM-YFP expression,
indicated a specific interaction between CaM and Ay (BRET max
60 £ 7 mBU and BRET5p 41 + 6). BRET occurred already at
resting conditions but BRETy,, was increased (p = 0.05) after

10 min of stimulation with 1 uM of ionomycin (BRET,x 78 +
7 and BRET5( 48 £ 8/Figure 1A). Interestingly, a clear and sat-
urable BRET signal was also observed when increasing amounts
of NCS-1-YFP were co-expressed with a constant amount of Ay -
Rluc (BRETmax 43 + 4 mBU and BRET5p 11 + 5, Figure 1B)
again demonstrating a specific interaction. Elevation of intra-
cellular Ca®* concentration by preincubation of HEK293T cells
with ionomycin (1 wM) for 10 min, increased (p = 0.05) both
BRET max (57 &£ 6 mBU) and BRETs( (33 & 9/Figure 1B). These
results can be interpreted in two ways, neither of which is exclu-
sive of the other. In one, Ca%™ led to conformational changes in
the Ayp-NCS-1 complex that reduces the distance between Rluc
and YFP fused to the C-terminal domain of the two interacting
fusion proteins. In the other, Ca>" increases complex formation
by increasing the affinity between the two proteins.

Next we investigated if Ay4 and caldendrin can form het-
eromers. A non-specific (linear) and low BRET signal was
obtained in this case, a result consistent with two proteins not
interacting (Figure 1C). An increase in intracellular Ca®* lev-
els had no effect on BRET efficiency either. Taken together these
results suggest that caldendrin might not be an interaction part-
ner of the A4 receptor and that not all EF-hand proteins produce
a BRET signal indicative of an interaction.

To get more insight in this, we performed co-immuno-
precipitation experiments with transfected HEK293T cells.
Interestingly, we found that NCS-1 is expressed endogenously in
this cell line (Figures 2A,B). Immunostaining with anti-NCS-1
antibody showed an extranuclear punctate pattern as expected
for a N-terminal myristoylated protein that exhibits membrane
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FIGURE 1 | Adenosine Azp receptors interact with calmodulin and
NCS-1 but not with caldendrin. BRET measurements were performed in
HEK-293T cells co-transfected with 0.2 ug cDNA corresponding to the donor
Aoa-Rluc and increasing amounts of the cDNA (0.1-2 g) corresponding to
CaM-YFP (A), NCS-1-YFP (B) or caldendrin-YFP (C). In A and B a clear BRET
saturation curves were seen. Both interactions occur at basal Ca2* levels
(black curve) but can be facilitated in the presence of Ca2*/ionomycin (red
curve). No positive BRET interaction was seen for Aya-Rluc and
caldendrin-YFP at either Ca2t concentrations (C). Both fluorescence

and luminescence of each sample were measured before every

experiment to confirm similar donor expression (approximately 100,000
bioluminescence units) while monitoring the increase in acceptor

expression (1000-35,000 fluorescence units). The relative amount of BRET is
given as a function of 100x the ratio between the fluorescence of the
acceptor (YFP) and the luciferase activity of the donor (Rluc). Average of

5-6 independent experiments measured in triplicates are plotted as mean
value + S.E.M. At the top images a schematic representation of BRET is
given.
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FIGURE 2 | Adenosine Azp receptors form a complex with endogenous YFP-fused receptors or GFP control were detected with anti-GFP mouse
and the overexpressed NCS-1 in co-immunoprecipitation experiments. antibody, detection of NCS-1-TagRFP was done with anti-NCS-1 rabbit
HEK293 cells express endogenous NCS-1 (A) that shows partial antibody. (D) Endogenous NCS-1 is co-immunoprecipitated with Apa-YFP
co-localization with overexpressed adenosine Aja receptor at the plasma from HEK293T cell extract. (E) Immunoprecipitation (IP) is performed with
membrane of transfected cells (low panel, white arrows indicate the anti-NCS-1 rabbit antibody. Anti-NCS-1 antibody show positive
co-localizing spots). (B) HEK293T cell transfected with NCS-1-TagRFP or immunoprecipitation of the antigene (low panel). Note, that there is
Tag-RFP probed with anti-NCS-1 rabbit antibody. NCS-1-TagRFP band can bee endogenous NCS-1 expressed in HEK293 cells but at much lower levels then
seen in the range of 45 kDa. Note a weak 18 kDa band of endogenous NCS-1 overexpressed NCS-1. Mostly a homomeric form of Aya-YFP is detected with
present in both samples. Additional band about 25 kDa in the first lane could anti-GFP mouse antibody (upper panel). (F) The binding of A,a receptor to
be a degradation product of NCS-1-TagRFP. (C) Overexpressed A,a-YFP and NCS-1 is enhanced in the presence of Ca?t. Quantification of
NCS-1-TagRFP can be co-immunoprecipitated from HEK293T cell extract. immunoprecipitated A2A-YFP. Data represented as average of 4-5
Dopamine D, receptor with YFP-tag is included as a positive control. independent experiments + SEM.

localization. The co-localization between endogenous NCS-1 and
overexpressed Apa-YFP was mostly restricted to the cell periph-
ery (Figure2A). We then performed co-immunoprecipitation
experiments with HEK293T cells co-transfected with Aja-YFP
and NCS-1-TagRFP or the corresponding control contructs
(Figure 2C). Dopamine D, receptor (D,-YFP) was included as
a positive control since its interaction with NCS-1 is well estab-
lished (Kabbani et al., 2002; Lian et al.,, 2011). The mouse
anti-GFP antibody led to immunoprecipitation of receptor-
YFP in complex with overexpressed (Figure 2C) or endogenous
(Figure 2D) NCS-1. In the case of overexpression, the binding of
NCS-1 to D, and A4 receptors already occurred in the presence
of EGTA (Figure 2C). Immunoprecipitation of overexpressed and
endogenous NCS-1 with rabbit anti-NCS-1 bound to Protein G

sepharose have shown that Ays-YFP was efficiently co-purified
with NCS-1-TagRFP (Figure 2E). The corresponding controls
with unspecific rabbit IgG showed again some unspecific bind-
ing of N-myristoylated NCS-1 to the beads but it was significantly
lower as compared to immunoprecipitations done with the anti-
NCS-1 antibody (Figures 2E,F). Interestingly, analogous to the
BRET experiments the presence Ca’™ had a positive effect on
the interaction (Figures 2D,E and F) and mostly a homomeric
AjA-YFP receptor formed a complex with NCS-1 (Figure 2E).

OVEREXPRESSION OF NCS-1 HAS NO IMPACT ON SURFACE
EXPRESSION OF THE A, RECEPTOR IN NON-STIMULATED CELLS
NCS-1 is involved in regulation of vesicular trafficking from
the trans-Golgi network (TGN) to the plasma membrane and
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associates with the Golgi membranes via its N-terminal myristoyl
tail where it regulates activity of phosphatidylinositol 4-kinase
IR (PI-4KIIIB), thus providing a Ca?*-dependent control for
the regulated local synthesis of phosphatidylinositol 4-phosphate
(PI(4)P) and for the exit of vesicles from TGN (Zhao et al.,
2001; Haynes et al., 2005; Mikhaylova et al., 2009). At the plasma
membrane NCS-1 is involved in transduction of Ca®* signal-
ing and regulating the activity of different kinases and surface
receptors (for review see Mikhaylova et al., 2011). Aya receptor
traverses the secretory trafficking pathway from the ER to the
Golgi complex on the way to the plasma membrane. Therefore,
we next asked how the presence of NCS-1 would affect the expres-
sion of Aja receptor at the plasma membrane and where in
the cell the complex of Aya receptor and NCS-1 might occur.
To address the first question, we performed a quantitative sur-
face biotinylation assay to compare the surface expression of Azp
receptor with and without co-transfection of NCS-1. Two major
bands corresponding to the monomer and the dimer of Ajp
receptor were biotinylated and purified with streptavidin beads
(Figure 3A). Additional bands appearing in streptavidin-bound

fraction but not in whole-cell extract might represent a differ-
entially modified (for example glycosilated, phosphorylated, etc.)
plasma membrane receptor fraction. Although there we observed
a slight increase in immunoreactivity of biotinylated A5 when
co-expressed with NCS-1, we have not found any significant
effect on surface receptor expression in non-stimulated HEK293T
cells (Figure 3B). Next, for the co-localization study we have
chosen COS-7 cells because they are significantly larger than
HEK293T cells. After 24 h of overexpression, significant amounts
of Ayo-YFP fluorescence was still associated with the ER and
the Golgi membranes. Considerable overlap of Ay -YFP and
NCS-1-TagRFP fluorescence, however, was mostly seen close to
the plasma membrane compartment (Figure 3C). Therefore, in
another set of experiments we included phalloidin-568 staining to
visualize a dense cortical actin cytoskeleton along the cell mem-
branes. Additionally, since the excitation/emission spectrum of
TagRFP is largely overlapping with Alexa Fluor 568, we replaced
the fusion constructs by NCS-1-YFP and A,s-Rluc (Figure 3D).
Again we could see a co-localization of A,s and NCS-1 fluores-
cence overlapping with F-actin at the edges of the cell membrane
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FIGURE 3 | NCS-1 does not interfere with the trafficking and surface
expression of adenosine A, receptors in the basal conditions

(no agonist stimulation). (A) HEK293T cells overexpressing Aoa-YFP alone
or together with NCS-1-TagRFP and GFP control co-transfected with
NCS-1-TagRFP were labeled with Sulfo-NHS-SS-Biotin for 15 min at 4°C and
biotinylated proteins were purified with Streptavidin beads. Detection was
done with anti-GFP and anti-NCS-1 antibody. Note the SDS-resistant dimer of
Aoa-YFR NCS-1-TagRFP is also co-purified with surface biotinylated proteins
suggesting that there might be another binding partner of NCS-1

A2A-YFP

A2A-YFP

NCS-1-

A\ /\
Bt
§ X\\ YFP

endogenously expressing in HEK293T cells. (B) Although there are slight
differences in amount of surface labeled Aoa-YFP between TagRFP and
NCS-1-TagRFP expressing cells, no clear effect of NCS-1 overexpression can
be seen. (C) Confocal image of a COS-7 cell co-expressing with Apa-YFP and
NCS-1-TagRFP for 24 h shows co-localization of both proteins at the cell
periphery (white arrows indicate co-localization). (D) A2A-Rluc co-localizes
with NCS-1-YFP and cortical F-actin along the plasma membrane of
transfected COS-7 cells. Note the intracellular vesicular structures showing
overlapping fluorescence of A2A and NCS-1.
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as well as in small clusters in the cytosol (Figure 3D). These clus-
ters could represent post-Golgi transport carriers, endosomes or
some other vesicular compartments.

BINDING OF NCS-1 TO THE A,5 RECEPTOR DIMER HAS A
DIFFERENTIAL EFFECT ON AGONIST-INDUCED INTRACELLULAR
SIGNALING

Homodimers of adenosine Ajs receptor are the predominant
form of the receptor at the cell membrane (Canals et al., 2004).
Moreover, based on the co-immunprecipitation data, where
mostly the homomeric form of A5 was co-purified with NCS-1,
we questioned if NCS-1 could interact with the A5 homodimer.

We performed BRET saturation curves in HEK293T cells express-
ing an A - Rluc and increasing amounts of Ay-YFP in the pres-
ence or absence of NCS-1 (Figure 4A). The presence of NCS-1
modified the BRETp,x (p = 0.01) and BRET5q (p = 0.05) corre-
sponding to the formation of a Ayx homodimer (BRET nax 196 £
10 mBU and BRETSs5( 63 & 7 in the absence of NCS-1; BRET jax
131 &£ 9mBU and BRET5p 90 & 10 in the presence of NCS-1).
This result demonstrates that NCS-1 interacts with A,a receptor
homodimers and induces changes in their quaternary structure
in a manner that suggests a greater distance between donor and
acceptor, a change in orientation, and/or a diminished number of
heteromers. Another possibility that we cannot exclude would be

Ca?t

A2a-Rluc + A2A-YFP, basal conditions
A2A-Rluc + A2A-YFP, Ca2+/|onomycin
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FIGURE 4 | NCS-1 associates with a A;p—Aza homodimer and modulates
the adenosine A,p receptor signaling in a Ca2t dependent manner.

(A) BRET saturation curves were obtained from HEK-293T cells
co-transfected with 0.2 ug cDNA corresponding to Apa-Rluc fusion protein
and increasing amounts of cDNA (0.05-1 ng) corresponding to Apa-YFP
fusion protein without (black and red curves) or with 0.5 g of the cDNA
corresponding to NCS-1 (green and blue curves). Measurements were done
either at basal conditions (black and green curves) or after treatment of cells
with 1M of ionomycin for 10 min (red and blue curves). Ca?* has no
effect on Aya receptor homodimerization itself (red curve compared to the
black one) but modifies Apa-Axa-NCS-1 heteromeric complex structure

(blue curve compared to the green one). Both fluorescence and
luminescence of each sample were measured before every experiment to
confirm similar donor expression (approximately 100,000 bioluminescence
units) while monitoring the increase in acceptor expression (1000-27.000
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fluorescence units). The relative amount of BRET is given as a function of
100x the ratio between the fluorescence of the acceptor (YFP) and the
luciferase activity of the donor (Rluc). Average of 5-6 independent
experiments measured in triplicates are plotted as mean value & S.E.M. A
schematic representation of BRET is given at the top. In (B) and (C)
HEK-293T cells transfected with 0.5 g cDNA corresponding to adenosine
Ay receptor alone or with cDNA corresponding to caldendrin-YFP (0.8 ug) or
NCS-1-YFP (0.6 1.g) were stimulated with 100 nM of CGS 2168 at the basal
condition, in the presence of 1.26 mM of Ca2* in HBSS buffer or in the
presence of both 1.26 mM of CaZ* and 1 wM of CaZ* ionophore ionomycin.
Equal amount of protein were analyzed by SDS-PAGE using phospho-ERK1/2
(B) or phospho-AKT (C) and total-ERK1/2 antibodies. Quantification of

eight independent experiments indicates stimulatory effect on NCS-1 on
MAPK signaling (B) or pAKT levels (C) at the basal CaZ* conditions.

*p =0.05.
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a change in the density of adenosine A, receptors at the plasma
membrane upon overexpression of NCS-1. However, we have not
found significant increases in the amount of A, receptor associ-
ated with the plasma membrane using surface biotinylation assay
(Figure 3A). BRET experiments were always carried out at con-
stant amounts of receptors between compared groups. Since we
performed our study in intact HEK293T cells, a small change in
plasma membrane density of Ajs receptors would presumably
be compensated for by a change in density in other intracellu-
lar membranes. Thus, the changes measured in the BRET assay
are most likely due to differences in receptor-receptor interac-
tion. An elevation in Ca®* levels by treating cells with ionomycin
(1 uM) did not modify Ayp—Ax homomerization but modi-
fied the BRET5 (p = 0.05) in the presence of NCS-1 (BRET o
148 £ 10 mBU and BRET5( 48 + 7), indicating a change in the
receptor association between NCS-1 and the A5 heteromer in
the presence of Ca>* (Figure 4A).

The adenosine A,a receptor is a Gg coupled receptor that
regulates cCAMP production. The activation of the A5 receptor
regulates a number of protein and lipid kinases, including MAPK
1-3 (ERK1/2) phosphorylation and activity (Wyatt et al., 2002;
Navarro et al., 2009) and V-akt murine thymoma viral onco-
gene homolog 1 (AKT, also called PKB/Mori et al., 2004). To
test the effect of NCS-1 overexpression on Ajs receptor func-
tion we analyzed MAPK and AKT signaling pathways. 2-[p-(2-
carboxyethyl)phenylethylamino]-50 ethylcarboxamidoadenosine
(CGS 21680) is a selective agonist of Ay type of adenosine recep-
tors. CGS21680-induced ERK1/2 and AKT phosphorylation was
assessed in transiently transfected HEK293T cells at basal con-
ditions or at elevated calcium levels. Agonist stimulation of Azp
in NCS-1-YFP transfected cells induced a significant increase
in ERK1/2 phosphorylation at basal conditions and this effect
was reversed when cells were pre-treated with Ca®*/lonomycin
(Figure 4B). As a negative control, overexpression of caldendrin-
YFP, that showed no interaction with A4 receptors, had no effect
on ERK1/2 activity at any condition tested, demonstrating further
the specificity of the NCS-1-induced effects (Figure 4B). Finally,
NCS-1 promoted the CGS21680-induced AKT phosphorylation
at resting Ca’>* levels and again this effect was blocked when
intracellular Ca®* concentrations were increased with ionomycin
(Figure 4C).

DISCUSSION

Adenosine receptors cross talk has been established with other
GPCRs, ionotropic receptors, and receptor kinases to regulate
their function with most of the characterized interactions occur
via the Ay receptor type (Sebastido and Ribeiro, 2009). Most
important, the role of Ays receptors in the brain is related to
their ability to interact with other receptor systems (Sebastido
and Ribeiro, 2009). Indeed, cross talk between the Aja recep-
tor and D, type dopamine receptor, metabotropic glutamate
receptor mGluR5 or endocanabinoid receptor CB; in striatum
modulates the signaling induced by these receptors and has
important clinical implications for the treatment of Parkinson
disease, schizophrenia, addiction, and potentially other brain
disorders (Ferré et al., 2002; Carriba et al., 2007; Ferré et al.,
2008).

Another level of complexity to the regulation of GPCRs signal-
ing is added by cross talk between GPCRs system and intracellular
Ca’* signaling via CaM. Among a number of other GPCRs,
CaM has been shown to bind to the carboxy-terminus adeno-
sine Ajp receptors in a Azp-D, receptor heteromer. Elevation
of intracellular Ca®>* levels then triggers conformational changes
in this complex via CaM providing a selective modulation of
Ayp-D; receptor heteromer-mediated activation of the MAPK
pathway (Navarro et al., 2009). Evolutionary and based on the
history of their discovery, calcium sensors from the CaM super-
family that are particularly abundant in brain are divided into two
larger groups named NCS and nCaBPs (Mikhaylova et al., 2011).
Although CaM is ubiquitously expressed in all eukaryotic cells,
emerging evidence supports a role for NCS and nCaBPs other
than CaM in the regulation of a number of effectors. For example,
there are interactions that are specific for particular calcium sen-
sors (hippocalcin—PSD95; caldendrin—LC3/Seidenbecher et al.,
2004; Dieterich et al., 2008; Jo et al., 2010) and that cannot be
competed by CaM. Moreover, many CaM targets can interact
with more than one NCS or nCaBPs. Voltage-gated Ca>* chan-
nels (Cay) (P/Q-, N-, and L-type), TRPC1/5 channels, GPCRs,
IP3R, and PI-4KIIIf are among them (for review see Mikhaylova
et al., 2011). We have chosen two representative candidate pro-
teins from each group of CaM-like calcium sensors. NCS-1 (also
known as frequinin) is one of the first discovered and well-
characterized NCS proteins. NCS-1, like other members of this
family of proteins, has a widespread distribution in the brain and
spinal cord (Martone et al., 1999). In terms of its structural orga-
nization, NCS-1 can associate with intracellular membranes via
a N-terminal myristoyl tail and like CaM it has four EF-hand
motifs where the first EF-hand is cryptic and does not coordinate
Ca’*. Differently from CaM that displays a dumbbell confor-
mation of the two EF-hand domains, NCS-1 exhibits a globular
fold and NCS-1 can bind Ca?* with higher affinity than CaM
(in the range of 0.5-0.8 uM in Mg?* bound form/Aravind et al.,
2008; Mikhaylova et al., 2009). Ca®* binding induces confor-
mational changes and the exposure of hydrophobic surfaces for
the interaction with the target protein or membrane. Caldendrin
is the founding member of the nCaBP group of Ca’* sensors
(Seidenbecher et al., 1998). Most important, based on align-
ments of its carboxy terminal half that resembles the organization
of CaM, caldendrin is the closest homolog of CaM in brain
(Seidenbecher et al., 1998; Mikhaylova et al., 2006, 2011; McCue
et al., 2010).

To test if NCS-1 and caldendrin are able to interact with Aja
receptor in living cells we measured BRET between A;p—Rluc as
the donor and calcium sensor—YFP as the acceptor. We observed
a positive saturable signal only between A4 and NCS-1 but
not caldendrin. This result was surprising, as caldendrin is more
closely related to CaM than NCS-1. Like CaM, binding of NCS-
1 occurred already under basal Ca>*-conditions and was further
facilitated by increased intracellular Ca’" levels. We were able
to confirm these data by heterologous co-immunoprecipitations
from HEK293T cells transiently expressing Ays or D, receptors
and NCS-1. These data suggest that NCS-1 is a novel interaction
partner of Aya receptor. Both proteins associate with membranes
and can be found along the secretory trafficking pathway but

Frontiers in Molecular Neuroscience

www.frontiersin.org

April 2012 | Volume 5 | Article 53 | 145


http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Navarro et al.

NCS-1 interacts with adenosine Aya receptors

mainly co-localize at the post-Golgi trafficking compartments
including the cell membrane. Although there was a slight increase
in the amount of surface receptor when cells were overexpressing
NCS-1, this might be due to the stimulatory effect of NCS-1 on
the activity of the Golgi localized enzyme PI-4KIIIB but not likely
due to trafficking of Ay itself. Activation of PI-4KIIIf leads to the
increase in production of PI(4)P—rate limiting phosphoinositide
in the TGN-to-plasma membrane trafficking (Zhao et al., 2001;
Haynes et al., 2005; Mikhaylova et al., 2009) and would in general
enhance the surface delivery of transmembrane proteins.

Using BRET we have found that NCS-1 is associated with a Aya
homodimer. More than 90% of A5 overexpressed in HEK293T
cells is functional only in dimeric form (Canals et al., 2004) and
this indicates that NCS-1 associates with a functional A, recep-
tor. Interestingly, in a recent paper of Lian and colleagues (2011)
the NMR structure of Ca>*-bound NCS-1 and the dopamine D,
receptor binding peptide have indicated that monomeric NCS-1
can simultaneously bind two D, receptors. Similarly, Ca®* sta-
bilizes a Azp-AzA-NCS-1 heteromeric complex. It is tempting
to speculate, that this might relate to conformational changes
in monomeric NCS-1 which induces conformational changes in
the heteromer which then has differential consequences in terms
of agonist-induced intracellular signaling. At basal conditions,
stimulation with the A5 receptor agonist CGS21680 had a pos-
itive effect on phosphorylation of ERK1/2 and AKT. In contrast,
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INTRODUCTION

The neuronal Ca%*t-sensor (NCS) proteins VILIP-1 and VILIP-3 have been implicated in
the etiology of Alzheimer's disease (AD). Genome-wide association studies (GWAS) show
association of genetic variants of VILIP-1 (VSNLT7) and VILIP-3 (HPCALT) with AD+P
(+psychosis) and late onset AD (LOAD), respectively. In AD brains the expression of
VILIP-1 and VILIP-3 protein and mRNA is down-regulated in cortical and limbic areas. In
the hippocampus, for instance, reduced VILIP-T mRNA levels correlate with the content
of neurofibrillary tangles (NFT) and amyloid plaques, the pathological characteristics of
AD, and with the mini mental state exam (MMSE), a test for cognitive impairment.
More recently, VILIP-1 was evaluated as a cerebrospinal fluid (CSF) biomarker and a
prognostic marker for cognitive decline in AD. In CSF increased VILIP-1 levels correlate
with levels of AB, tau, ApoE4, and reduced MMSE scores. These findings tie in
with previous results showing that VILIP-1 is involved in pathological mechanisms
of altered Ca?*t-homeostasis leading to neuronal loss. In PC12 cells, depending on
co-expression with the neuroprotective Ca2t-buffer calbindin D28K, VILIP-1 enhanced
tau phosphorylation and cell death. On the other hand, VILIP-1 affects processes, such
as cyclic nucleotide signaling and dendritic growth, as well as nicotinergic modulation of
neuronal network activity, both of which regulate synaptic plasticity and cognition. Similar
to VILIP-1, its interaction partner a4p2 nicotinic acetylcholine receptor (nAChR) is severely
reduced in AD, causing severe cognitive deficits. Comparatively little is known about
VILIP-3, but its interaction with cytochrome b5, which is part of an antioxidative system
impaired in AD, hint toward a role in neuroprotection. A current hypothesis is that the
reduced expression of visinin-like protein (VSNLs) in AD is caused by selective vulnerability
of subpopulations of neurons, leading to the death of these VILIP-1-expressing neurons,
explaining its increased CSF levels. While the Ca?t-sensor appears to be a good biomarker
for the detrimental effects of Ap in AD, its early, possibly AB-induced, down-regulation of
expression may additionally attenuate neuronal signal pathways regulating the functions
of dendrites and neuroplasticity, and as a consequence, this may contribute to cognitive
decline in early AD.

Keywords: cAMP/cGMP signaling, cognition, MAPK pathways, neurite outgrowth, neuroprotection, neuronal
Ca?*-sensors, nicotinic acetylcholine receptors, plasma membrane redox system

cognitive impairment in AD. Some of our previous knowledge

In the old scriptures it is said: neither do men put new wine into
old bottles, else the bottles break, and the wine runneth out, and
the bottles perish, but they put new wine into new bottles, and
both are preserved (Matthew 9:17). In science the phrase “To put
old wine in new bottles” is often used when we aim to put old
knowledge in the context of new findings, in the hope to create a
good tasting wine. Recent findings on the implication of neuronal
Ca’*-sensor (NCS) proteins in the etiology of Alzheimer’s disease
(AD), particularly the role of VILIP-1 as cerebrospinal fluid (CSF)
biomarker for AD, its correlation with MMSE scores and predic-
tive value for cognitive decline in healthy individuals (Lee et al.,
2008; Craig-Schapiro et al., 2009; Tarawneh et al., 2011), provoke
new questions about what role these Ca>*-sensors play in early

about these proteins may help to find answers for these ques-
tions. Thus, in this review I will focus on two members of the
visinin-like protein (VSNL)-subfamily of NCS proteins, VILIP-1
and VILIP-3, reiterate some of the background information about
these Ca®*-signaling proteins, and summarize the current knowl-
edge about their effects on neuronal signaling, which may be of
potential relevance for the understanding of their link to disease
severity and early cognitive decline in AD.

THE VISININ-LIKE PROTEINS

Multiple Ca**-sensing proteins have been identified in the cen-
tral nervous system (CNS) over the last decades, reflecting the
importance of the fine-tuning of the regulative function of
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Braunewell

VSNLs and Alzheimer's disease

Ca’* in neurons. Several of these proteins have been grouped
together and termed NCS proteins (Nef, 1996; Braunewell and
Gundelfinger, 1999; Burgoyne and Weiss, 2001; Burgoyne, 2007).
Fourteen NCS protein genes related to the ubiquitous Ca’*-
sensor protein calmodulin exist in various species, and have been
subdivided into five subfamilies. VILIP-1 (visinin-like protein 1,
gene name VSNL1), VILIP-2 (visinin-like protein 2, gene name
hippocalcin-like 4, HPCAL4), VILIP-3 (visinin-like protein 3, gene
name HPCALI), hippocalcin (gene name HPCA) and neurocal-
cin § (gene name: NCALD) show amino acid identities between
67% and 94%, and form the subfamily of VSNLs (Braunewell
and Gundelfinger, 1999; Burgoyne and Weiss, 2001; Spilker et al.,
2002a; Burgoyne et al., 2004; Braunewell and Klein-Szanto, 2009).
Branch 1 of the VSNL subfamily consists of VILIP-1 and VILIP-2,
which are 89% homologous, and branch 2 consists of hippocal-
cin and VILIP-3, which share 94% identity, and both are 91%
identical to neurocalcin 8 (Spilker et al., 2002a). VILIP-1 was first
cloned as visinin-like protein in chicken (Lenz et al., 1992), as
neural visinin-like protein 1 in rat (NVP-1) (Kuno et al.,, 1992),
as neurocalcin o from cow (Kato et al., 1998) and as VSNLI in
man (Polymeropoulos et al., 1995). VILIP-3 orthologs are rem-
1 from chicken (Kraut et al., 1995), NVP-3 from rat (Kajimoto
et al., 1993) and hHLP2 from man (Kobayashi et al., 1994). The
protein sequences of VILIP-1 and VILIP-3 show 100% evolution-
ary conservation from chicken to man, indicating an important
functional role of these Ca?*-sensors in the CNS of various
species.

THE DISTRIBUTION OF VILIP-1 AND VILIP-3 IN THE CNS

VSNLs show a distinct but widespread expression pattern
with high expression levels in nerve cells (Braunewell and
Gundelfinger, 1999), but see Gierke et al. (2004) for an overview
on peripheral distribution of the proteins at lower levels. In the
periphery VILIP-1 has been implicated in cell migration and
is a putative tumor migration suppressor gene in several forms
of cancer (for review see Braunewell and Klein-Szanto, 2009).
A comprehensive mRNA expression study of the VSNL sub-
family describes the expression of VILIP-1, VILIP-2, VILIP-3
and hippocalcin in the rat brain (Paterlini et al., 2000). VILIP-
1 mRNA shows a widespread distribution in most brain areas
except the caudate-putamen. VILIP-3 exhibits strong expres-
sion in the cerebellum where it localizes to Purkinje and gran-
ule cells, and additional expression in the forebrain including
neocortex, hippocampus and caudate-putamen (Paterlini et al.,
2000). Comparative expression studies have been performed at
the protein level, including studies of VILIP-1 and VILIP-3 in
the rat cerebellum and hippocampus (Spilker et al., 2000), of
neurocalcin isoforms o (VILIP-1) and § in the rat cerebellum
(Kato et al., 1998), and of VILIP-1 and VILIP-3 in the human
brain (Bernstein et al., 1999). Immunohistochemical studies
with VILIP-1-specific antibodies show expression in principal
and non-principal neurons. Particularly strong expression levels
are found in subpopulations of calbindin-D28K and calretinin-
positive GABAergic interneurons in all hippocampal regions
in the rat brain (Zhao and Braunewell, 2008). In hippocam-
pal interneurons VILIP-1 co-localizes mainly with the so-called
Ca?*-buffer proteins calbindin-D28K and calretinin (60-70%),

but much less pronounced with parvalbumin (<10%) (Bernstein
et al., 1999; Zhao and Braunewell, 2008). The rat expression pro-
file differs from the profile in the human hippocampus. VILIP-1
immunoreactive neurons were found in the hippocampal CAl,
CA4 and hilus regions, but were weak in the CA2 and CA3 areas
in the human brain (Bernstein et al., 1999). Strong VILIP-3 pro-
tein and mRNA expression has been localized in the cerebellum,
but expression in other brain regions including cortex and hip-
pocampus has been observed (Spilker et al., 2000; Hamashima
etal., 2001; Spilker and Braunewell, 2003). High expression levels
of VILIP-3 exist in the dentate gyrus at the mRNA level (Spilker
et al.,, 2000). VILIP-1 and VILIP-3 co-localize in hippocampal
neurons in culture, showing a strong expression for VILIP-1 in
many neurons and weaker expression of VILIP-3 in a subset of
neurons (Spilker and Braunewell, 2003). To further understand
the roles of these proteins in AD pathology, cellular and sub-
cellular co-localization studies of VSNLs with their interaction
partners need to be performed in AD brains and in AD animal
models in the future.

THE CAZ+-MYRISTOYL SWITCH, TARGET INTERACTION,
AND NEURONAL CA%*-SIGNALING

VSNLs consist of 191-193 amino acid residues and harbor EF-
hands as Ca’*-binding motif. EF-hands consist of several core
amino acids involved in the coordinative binding of Ca’* (D-X-
D/N-X-D/N-X-Y-(X)4-E). All VSNLs possess 4 EF-hands, how-
ever, EF-hand 1 is dysfunctional due to changes in the core amino
acid sequence (Braunewell, 2009; Braunewell and Klein-Szanto,
2009). At their N-terminus VSNLs bear a consensus sequence (M-
G-(X)3-S) for N-terminal myristoylation, which leads to the co-
translational attachment of a C14 myristic fatty acid. This modi-
fication enables all VSNLs to translocate to subcellular membrane
compartments (Kobayashi et al., 1993; Ladant, 1995; Lenz et al.,
1996; Spilker et al., 2002b) by a molecular mechanism termed
Ca®*-myristoyl switch (Zozulya and Stryer, 1992). The molecu-
lar mechanism of the switch has been first analyzed in detail from
tertiary structure data for the NCS protein recoverin. Binding of
Ca’* to recoverin induces a conformational change leading to
surface exposure of hydrophobic protein parts and exposure of
the myristoyl side chain, thereby making these structures available
for interaction with cellular membranes and/or target proteins
(Tanaka et al., 1995; Ames et al., 1996, 1997). In living cells,
after increasing the intracellular Ca?t-concentration, VSNLs can
translocate to subcellular membrane compartments (Ivings et al.,
2002; Spilker et al., 2002b; O’Callaghan et al., 2002, 2003; Spilker
and Braunewell, 2003). However, the Ca?*-dependent subcellu-
lar membrane localization of endogenously expressed VILIP-1
and VILIP-3 differed substantially in the same hippocampal neu-
ron. VILIP-1 shows cell surface membrane association, including
membranes of axons and dendrites, which is in line with the
described function of VILIP-1 as modulator of cell surface associ-
ated proteins (Braunewell et al., 1997, 2001b; Lin et al., 2002a,b;
Chaumont et al., 2008; Richler et al., 2011). In addition, VILIP-1
only affiliates with trans-Golgi membranes following a Ca?*-
stimulus in hippocampal neurons (Spilker and Braunewell, 2003),
while VILIP-3showed a weak Ca?T-independent Golgi local-
ization that was only gradually enhanced following stimulation
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of hippocampal neurons (Spilker et al., 2002b). Furthermore,
VILIP-3 interacts with intracellular juxtanuclear membranes and
granular structures in the whole cytosol (Spilker and Braunewell,
2003), which fits to a possible function as a modulator of MAP
kinases (Spilker et al., 2002a), and the ER-localized plasma mem-
brane redox system (PMRS) (Oikawa et al., 2004). Interestingly in
this context, under conditions of disturbed Ca?*-homeostasis in
AD an enhanced juxtanuclear membrane localization of VSNLs
exists (Braunewell et al., 2001a; Blandini et al., 2004). We will
need additional studies using markers for cellular organelles to
understand their distinct subcellular distribution pattern and the
re-distribution mechanisms following normal and pathological
Ca’*-signals.

The reversible localization of Ca®*-sensors to distinct mem-
brane compartments and signaling scaffolds in living neurons
has been postulated to be a signal transduction mechanism
for the selective activation of downstream signaling cascades,
such as receptors, receptor signaling complexes and signal effec-
tor molecules (Spilker et al., 2002b; Spilker and Braunewell,
2003). Besides EF-hand 1 as a putative functional domain for
VILIP-1 and VILIP-3, basic amino acids in the N-terminus
have been postulated to be involved in interaction with phos-
pholipids, particularly with their phosphatidylinositol phosphate
(PIP) headgroups. Unmyristoylated VILIP-1 can bind to artifi-
cial phospholipid bilayers in the absence of Ca?*, and monolayer
adsorption measurements showed a preference of binding to
PI(4,5)P, over PI(3,4,5)P3 (Braunewell et al., 2010; Wang et al.,
2011). Furthermore, VILIP-1 and hippocalcin have been shown
to interact with PI(4,5)P; at the cell surface membrane in hip-
pocampal neurons (O’Callaghan et al., 2005; Braunewell et al.,
2010). The functional implications of the additional phospholipid
interaction are not yet understood. EF-hand 1 forms the most
variable part in the sequence of NCS proteins and, therefore, com-
prises a possible interaction site with target proteins (Lian et al.,
2011). NCSs, such as VSNLs, serve as effectors to transduce cellu-
lar Ca®*-signals. Similar to the prototypical Ca?*-sensor calmod-
ulin, the VSNLs appear to be modulators of multiple intracellular
targets showing a “pleiotropy” of actions. VILIP-1 affects cAMP-
and cGMP signaling and downstream signaling pathways includ-
ing the rhoA/ROCK signaling pathway (Braunewell et al., 1997,
2001a; Mahloogi et al., 2003; Brackmann et al., 2005; Jheng et al.,
2006; Chen et al., 2009). It interacts with several ligand-gated
ion channels, such as glutamate receptors of the kainate subtype
GluR6 (Coussen et al., 2005), the P2X2 ATP receptor (Chaumont
et al, 2008), and the «4P2 nicotinic acetylcholine receptor
(nAChR) (Lin et al., 2002a). Interestingly, VILIP-1 forms dimers,
which appears to be important for the interaction with recep-
tor dimers/multimers, such as a4p2 nAChR and the natriuretic
peptide B receptor (NPR2, NPR-B) (Li et al.,, 2011; Wang et al,,
2011). Functionally, VILIP-1 enhances surface expression of NPR-
B, P2X2 ATP receptor and 042 nAChR (Brackmann et al., 2005;
Chaumont et al., 2008; Gierke et al., 2008). In contrast to VILIP-1,
comparatively little is known about signaling activities of VILIP-
3. Although it forms dimers with VILIP-1 (Jheng et al., 2006),
VILIP-3 does not affect the VILIP-1 target NPR-B (Spilker and
Braunewell, 2003; Chen et al., 2009). In contrast, VILIP-3 directly
or indirectly enhances activity of ERK1 and ERK2 (extracellular

signal-regulated kinase 1 and 2) MAPK (mitogen-activated
protein kinase) signaling (Spilker et al., 2002a), and inter-
acts with cytochrome b5, with unknown functional impact
(Oikawa et al., 2004).

NEURONAL CAZ*+-SIGNALING AND AD

According to the amyloid B (AP) hypothesis, excessive accu-
mulation of AP assemblies in the brain is involved in the eti-
ology of AD (Figure1). Gradual accumulation of aggregated
AP initiates a complex, multistep cascade that includes inflam-
matory changes, gliosis, neuritic/synaptic changes, transmitter
loss, and formation of neurofibrillary tangles (NFT), leading
to cognitive impairments and ultimately to extensive cell death
in both sporadic (late-onset AD, LOAD: ApoE4 and other risk
factors) and familial or genetically linked AD (FAD with the

APP, PS1, PS2 || Apo E4, risk factors
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FIGURE 1 | The “neuronal Ca?t-sensor hypothesis” of Alzheimer’s
disease. In the AB hypothesis of AD genetic risk factors, such as mutations
in the amyloid precursor protein (APP) and the presenilins PS1 and PS2, but
also risks factors such as the apolipoprotein gene ApoeE4, age, nutrition or
exercise in sporadic AD lead to the excessive generation of toxic forms of
the AB peptide, which is derived from APP. AB then causes an impairment
of neuronal CaZt-homeostasis resulting in the misregulation of neuronal
Ca2*-sensor (NCS) proteins. Pathological expression and function of NCS
proteins affects various neuronal signaling pathways involved in
neuroprotection, neuronal connectivity, and synaptic plasticity, which,
among other mechanisms, contribute to cognitive impairment and cell
death observed in AD.
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genetic risk factors APP—amyloid precursor protein, PS1 and
PS2—presenilins 1 and 2) (Hardy and Selkoe, 2002; Holtzman
et al., 2011). The molecular mechanisms involved are not com-
pletely understood. However, any AD hypothesis is challenged
to explain that the changes in synaptic physiology and the
onset of cognitive impairments long precede the massive cell
death that characterizes the later stages of AD. An extension
of the AP hypothesis to account for this fact, is the Ca’*-
hypothesis of AD. The hypothesis aims to explain how abnormal
AP metabolism induces a change in Ca?*-homeostasis, which
then initiates both, the early decline in memory and the later,
more massive changes in Ca’*-levels and the following increase
in neuronal cell death (for review see Foster, 2007; Bezprozvanny
and Mattson, 2008; Berridge, 2010; Supnet and Bezprozvanny,
2010; Chakroborty and Stutzmann, 2011). AP induces a mas-
sive disturbance of Ca?T-homeostasis by enhancing both, the
entry of external Ca?" as well as the sensitivity of the InsP3 and
ryanodine receptors, that release Ca’" from internal stores. AR
oligomers have been reported to increase Ca?*-influx by forming
Ca’*-pores in the plasma membrane and by regulating existing
plasma membrane Ca?*-channels. However, increased intracel-
lular Ca?*-levels are not only functionally linked to A, but also
to presenilin mutations and ApoE4 expression. The initial local-
ized up-regulation of Ca®*-levels will then lead to re-modeling
of Ca®*-signaling pathways, such as for instance NCS signal-
ing (Figure 1), which leads to subtle effects on neurotransmis-
sion and synaptic plasticity underlying cognition (Chakroborty
and Stutzmann, 2011), and later to changes affecting mito-
chondrial (Supnet and Bezprozvanny, 2010) and endoplasmatic
reticulum Ca?*-pathways (Bezprozvanny and Mattson, 2008),
causing massive neuronal cell death. A current focus of the Ca®*-
hypothesis is to understand how the initial subtle dys-regulation
of Ca**-signaling affects neuroplasticity and brings about the
early loss of memory. It also has been postulated that since the
defect in cognition occurs before there is any sign of massive
cell death, the development of drugs to normalize the subtle
changes in Ca*-signaling may arrest the slow progression of AD
(Berridge, 2010).

THE ROLE OF NCS PROTEINS IN AD: NEUROPROTECTION
VERSUS NEUROTOXICITY

NCS proteins have been implicated in cognitive processes and
in the pathology of AD (for review see Blandini et al., 2004;
Buxbaum, 2004; Braunewell, 2005; Braunewell and Bernstein,
2009; Craig-Schapiro et al., 2009). There is less protein expres-
sion of VILIP-1, and the numbers of VILIP-1- and, to a lesser
degree, VILIP-3-immunoreactive neurons are reduced in the tem-
poral cortex of AD patients, (Bernstein et al., 1999). These data
point to a disease-related loss of VSNLs. In AD brains, extracel-
lularly located VSNLs are in close association with the pathologic
lesions, such as dystrophic nerve cell processes, amorphous and
neuritic plaques, and extracellular NFTs, indicating that they may
be involved in the pathophysiology of altered Ca®*-homeostasis
in AD (Braunewell et al., 2001a). In PC12 pheochromocytoma
cells, VILIP-1 over-expression enhances hyper-phosphorylation
of tau protein, which destabilizes microtubules, and, in trans-
fected PC12 cells, it increases Ca®*-mediated cell death (Schnurra

etal., 2001). Co-expression of the Ca?*-buffer protein, calbindin-
D28K, which is neuroprotective and down-regulated in AD
(Tacopino and Christakos, 1992; McMahon et al., 1998), atten-
uates the effect of VILIP-1 on cell death induced by ionomycin.
In this context, VILIP-1 has a widespread distribution in the
brain, including in GABAergic neurons (Bernstein et al., 1999).
In addition to being expressed in most pyramidal neurons of
human and rat hippocampi, it largely co-localizes with calbindin-
D28K and calretinin in GABAergic interneurons (Zhao and
Braunewell, 2008), but less with parvalbumin-positive interneu-
rons. In interneurons of transgenic AD mouse models and in AD
brains, the Ca2*-buffer proteins, calbindin-D28K and calretinin,
are down-regulated (Kaufmann et al., 1998; Palop et al., 2003,
2007; Popovi¢ et al., 2008; Baglietto-Vargas et al., 2010; Takahashi
et al., 2010). These findings suggest that the ratio of expression of
Ca”*-sensor to Ca?T-buffer proteins may define subpopulations
of neurons particularly vulnerable to AB-induced and Ca?*-
mediated neurotoxicity (Figure 2). Since interneurons are essen-
tial for the generation of synchronous rhythmic activity in the
hippocampus, which is underlying cognitive processing/memory
encoding, the early alterations of hippocampal inhibitory func-
tionality in AD may result in the cognitive impairments seen in
the initial stages of the disease (Palop and Mucke, 2010). On
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FIGURE 2 | Neuroprotective versus neurotoxic role of Ca?*-binding
proteins in the pathology of AD. AB deposition is believed to cause
changes in the Ca2t-homeostasis that lead to pathological expression and
activation of NCS proteins, such as calsenilin and VILIP-1. Calsenilin, which
is up-regulated in AD, promotes apoptotic cell death in a manner dependent
on presenilin-2 (PS2), but has been found to be neuroprotective in PC12
cells. In contrast, VILIP-1 is down-regulated in AD. Overexpression of
VILIP-1 leads to tau phosphorylation and cell death in PC12 neurons, which
is attenuated by expression of the CaZ*-buffer protein calbindin-D28K.
Thus, in AD brains, an imbalance in the ratio of Ca%*-sensor (Calsenilin,
VILIP-1) versus Ca%*-buffer proteins (CB/CR: calbindin-D28K, calretinin) in
subpopulations of neurons may lead to their selective vulnerability and early
loss, and, in turn, to the appearance of extracellular VSNLs, which are
associated with the pathologic hallmarks amyloid plaques and
neurofibrillary tangles (NFT). VILIP-1 is detected in the cerebrospinal fluid
(CSF) of AD patients, and serves as a CSF biomarker. Increased levels
correlate with CSF t-tau, p-tau, the ApoE e4/e4 genotype, and with mini
mental state examination (MMSE) scores of AD patients.
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the other hand, for the related VSNL hippocalcin a neuropro-
tective role has been postulated in age-related neurodegeneration
(Masuo et al., 2007). The only other NCS protein that has been
implicated in AD (Figure 2) and which is not belonging to the
VILIP subfamily, is Calsenilin/DREAM/KChIP3. It was indepen-
dently identified as a NCS protein that interacts with presenilins
(PS1 and 2), serves as a transcription repressor, and binds to
A-type potassium channels (Buxbaum et al., 1998; Carrién et al.,
1999; An et al., 2000). Calsenilin levels are elevated in the cortex
region of AD brains and in the neocortex and the hippocam-
pus of brains of Swedish mutant beta-amyloid precursor protein
(sweAPP) transgenic mice. When cultured cortical and hip-
pocampal neurons are exposed to Af this induces both calsenilin
protein and mRNA expression, and cell death, whereas calsenilin
expression blockade protects against AP toxicity (Jo et al., 2004).
In contrast, in Xenopus oocytes calsenilin reversed the pathogenic
effects of mutant PS1 on Ins(1,4,5)P;-mediated Ca’*-signaling.
Presenilin mutations perturb intracellular Ca?*-signaling path-
ways contributing to the key features of AD, such as increased
AP production, tau hyper-phosphorylation, and enhanced vul-
nerability to cell death. Calsenilin expression reversed the mutant
PS-1-enhanced amplitudes and altered kinetics of Ca®"-signals in
oocytes (Leissring et al., 2000). Rivas et al. found recently, using
the yeast two-hybrid assay, that DREAM interacts with perox-
iredoxin 3 (Prdx3), an antioxidant enzyme found in mitochon-
dria (Rivas et al., 2011). The peroxiredoxin system is a cellular
defense system against oxidative stress, and the decreased protein
levels of Prdx3 in AD has been discussed as the results of mito-
chondrial damage, which may reduce cellular protection against
oxidative damage (Kim et al., 2001). The Prdx3-DREAM inter-
action modulates the DREAM redox state and in turn modulates
transcriptional repression by DREAM. Since transient DREAM
knockdown in PCI12 cells sensitizes these cells to H(2)O(2)-
induced oxidative stress, this would suggest a protective role
for DREAM against oxidative damage (Rivas et al., 2011). In
the future the careful re-evaluation of the potential neurotoxic
versus neuroprotective roles of NCS proteins in AD-related cel-
lular models and in AD animal models is necessary to define
whether different NCS proteins show neurotoxic and/or neuro-
protective properties under the specific conditions of disturbed
Ca’*-homeostasis in AD brains.

VSNLs AS BIOMARKERS FOR AD—OLD WINE IN NEW
BOTTLES

Association of VSNLs with the pathologic hallmarks of AD have
been published more than a decade ago. More recent support
for a functional role of VSNLs in AD comes from genome-
wide association studies (GWAS). An SNP for VILIP-1 associates
(154038131, p = 5.9 x 1077) with AD and subsequent psychosis
(Hollingworth et al., 2011). For VILIP-3, there was an associ-
ation of 2 SNPs (rs1019785, rs10197851, p = 3.67 X 1076, p=
7.13 x 107°) with LOAD; this was replicated in the NIH LOAD
data set (Lee et al., 2011). VILIP-1 seems to have additional roles
in the cognitive impairments associated with AD. The early find-
ings of reduced protein expression of VSNLs (Bernstein et al.,
1999; Schnurra et al., 2001) have been confirmed for brain areas
other than the temporal cortex, and extended to changes in

mRNA levels. For example, in postmortem brains of AD patients,
there is lower expression of VILIP-1 mRNA in the amygdala,
cingulate cortex, hippocampus, and cerebellum (Loring et al.,
2001; Youn et al., 2007). Whole-genome expression profiling of
RNA obtained from the frontal cortex identified genes associ-
ated with cognitive decline, and expression of VILIP-1 mRNA
correlated with NFT content and with the MMSE scores of AD
patients (Wilmot et al., 2008). Similarly, two independent re-
analyses were performed on a microarray dataset corresponding
to hippocampus gene expression for AD subjects with varying
degrees of severity (contributed by Blalock et al., 2004), found
down-regulation of VILIP-1 mRNA, association with NFT con-
tent in the hippocampus, and again an association with the
MMSE score (Miller et al., 2008; G6mez Ravetti et al., 2010).
These data indicate that VILIP-1 expression is lost not only due
to loss of VILIP-1-expressing neurons (Bernstein et al., 1999;
Schnurra et al., 2001), but also to pathological down-regulation
of VILIP-1 mRNA levels. The lowered VILIP-1 mRNA expression
correlated with the severity of cognitive decline, as measured by
MMSE scores for AD subjects. Similarly, an observation by Lee
et al., 2008 ties in with these results on VILIP-1-MMSE corre-
lation in microarray studies (Miller et al., 2008; Gémez Ravetti
et al., 2010). In this study, CSF samples were analyzed by ELISA
to measure concentrations of AB1-42, ¢-tau, p-tau, and VILIP-1.
However, in contrast to VILIP-1 mRNA signals, in the CSF of AD
subjects, VILIP-1 protein is increased, relative to controls. There
was also strong correlation of increased CSE-VILIP-1 with CSF
t-tau, p-tau, the ApoE e4/e4 genotype, and lowered MMSE scores
of AD patients (Lee et al., 2008). The new findings of the appear-
ance of the intracellular protein VILIP-1 in the CSF is consistent
with the older view that VILIP-1 is released from neurons during
neurotoxic insults, and that extracellular VILIP-1 then associates
with the pathologic characteristics of AD (Schnurra et al., 2001;
Braunewell et al., 2001a). Thus, although VILIP-1 mRNA appears
to be actively down-regulated in AD and the down-regulation
correlates with reduced MMSE scores, at the same time neurons
expressing VILIP-1 seem to be particularly vulnerable against Ap-
induced disturbances of Ca2T-homeostasis, and these neurons
appear to die early on in the disease. This would explain how
the intracellular protein is released from neurons and can then
be found associated with amyloid plaques and NFT, and finally
makes its way into the CSE. Thus, there appears to be signifi-
cant correlation of reduced VILIP-1 mRNA as well as enhanced
CSF protein levels with reduced MMSE scores and early cognitive
decline in AD.

VILIP-1 AND COGNITIVE IMPAIRMENT IN AD?

Since VILIP-1 concentrations in the CSF correlate with MMSE
scores, CSF-VILIP-1 has been proposed as a marker for declined
cognition and disease severity (Verbeek and Olde Rikkert, 2008;
Craig-Schapiro et al., 2009). This assumption from the Lee et al.,
2008 study prompted a larger study in 300 subjects, where VILIP-
1 was confirmed as a CSF biomarker for early AD (Tarawneh
et al., 2011). In this study VILIP-1 also showed elevated plasma
levels. Importantly, the Holtzman group also describes a 2—3 year
follow-up study in cognitively healthy control subjects, in which
CSF levels of VILIP-1 in still healthy individuals had predictive
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value for future cognitive decline (Tarawneh et al., 2011). Thus,
the correlation of CSF VILIP-1 with MMSE scores suggests that
VILIP-1 in the CSF is a valid biomarker, and is a prognostic
marker for cognitive decline in early AD (Craig-Schapiro et al,,
2009; Tarawneh et al., 2011). Notably, in non-AD dementias no
increased VILIP-1 CSF levels were detected, pointing to the possi-
bility that VILIP-1 may be linked to disease-specific mechanisms
or alterations in signaling pathways (Tarawneh et al., 2011). These
novel observations should raise a variety of new research ques-
tions. More support that VILIP-1 is directly associated with cog-
nitive capabilities comes from a study showing that VSNL1 SNPs
are associated with performance in the Wisconsin Card Sorting
Test, an assessment of frontal cortical function in schizophrenia
patients with cognitive impairments (Braunewell et al., 2011).
These results also raise the question of whether VILIP-1, in addi-
tion to its role in AB-induced and Ca?t-mediated neuronal death,
might be involved in neuronal signaling pathways and mecha-
nisms of impaired synaptic plasticity and cognition in AD. Other
related NCS proteins, including Calsenilin/DREAM/KChIP3 and
NCS-1, affect synaptic plasticity (Sippy et al., 2003; Fontan-
Lozano et al., 2009; Saab et al., 2009; Wu et al., 2010). VSNLs
are specialized mediators of Ca’"-signals in neuronal signal-
ing processes known to affect cognition. VILIP-2 was shown
to slow inactivation of Ca(V)2.1 channels in a myristoylation
dependent manner (Few et al., 2005). Ca(V)2.1 channels con-
duct P/Q-type Ca®*-currents, and initiate synaptic transmission
at most synapses in the CNS. The VILIP-2-dependent facilita-
tion and inactivation of these channels contributes to short-term
synaptic plasticity (Nanou et al., 2012). Hippocalcin acts as Ca® -
sensor for hippocampal long-term depression (Palmer et al,
2005), and hippocalcin knockout animals display impaired spa-
tial and associative memory (Kobayashi et al., 2005). Moreover,
it was shown show that expression of hippocalcin, but not of a
hippocalcin myristoylation mutant, leads to an enhanced slow
afterhyperpolarization current I(sAHP) in cultured hippocam-
pal neurons. A train of action potentials activates potassium
channels in a Ca’*-dependent manner to produce the SAHP
current, which in turns dampens neuronal excitability. This was
strongly reduced in hippocalcin knockout animals (Tzingounis
et al., 2007). The modulation of SAHP currents is believed to reg-
ulate neuronal excitability, synaptic efficacy, and the threshold for
tetanus-induced synaptic plasticity. Hippocalcin and neurocalcin
3, but not VILIP-2, can also act as a Ca®t-sensor for the SAHP cur-
rent in the cerebral cortex, indicating that VSNLs can gate sSAHPs
and thus neuronal excitability in various brain regions (Villalobos
and Andrade, 2010). It is likely that VILIP-1 and -3 have similar
functions in regulating neuronal excitability and synaptic plas-
ticity, particularly since VILIP-1 up-regulation has been linked
to mGluR-dependent long-term potentiation (Braunewell et al.,
2003; Brackmann et al., 2004).

VILIP-1, DENDRITIC CONNECTIVITY AND COGNITIVE
IMPAIRMENT IN AD

A major question is how VILIP-1 and VILIP-3 may influ-
ence cognition. One possibility for VILIP-1 is that it activates
cyclic AMP- and cyclic GMP-signaling by enhancing surface
expression of membrane-localized adenylyl and guanylyl cyclases

(Brackmann et al., 2005; Braunewell et al., 2011). Thereby,
VILIP-1 might influence cAMP and cGMP-dependent neuronal
processes, including neuronal differentiation, neurite outgrowth,
different forms of synaptic plasticity and learning and mem-
ory (Schuman and Madison, 1991; Telegdy, 1994; Monfort
et al., 2002). The regulation of cAMP-levels by VILIP-1 has
been initially detected in stably transfected rat C6 glioma cells
(Braunewell et al., 1997). The myristoylation-deficient mutant
of VILIP-1, which lacks the myristoylation consensus motif and,
therefore, does not exhibit the Ca?*-myristoyl switch, showed
a dominant-negative effect on cAMP-levels in C6 cells. Already
basic cAMP levels appeared to be elevated in VILIP-1-transfected
C6 cells, which is the cause for induction of differentiation of
those glioma cells (Braunewell and Gundelfinger, 1997). VILIP-
1 appears to influence adenylyl cyclase activity in selected cell
types including human embryonic kidney cells (Lin et al., 2002b),
the pancreatic B cell line MIN6 (Dai et al., 2006), and var-
ious skin tumor cell lines, where it also affects rhoA signal-
ing (Mahloogi et al., 2003; Schonrath et al., 2011). No direct
interaction of VILIP-1 with adenylyl cyclase isoforms has been
detected, but VILIP-1 expression was shown to enhance sur-
face expression of different adenylyl cyclase isoforms in skin
tumor cell lines leading to enhanced tumor cell migration
(Schonrath et al., 2011).

VILIP-1 enhances neurite outgrowth in SH-SY5Y neuroblas-
toma via effects on cAMP-signaling (Braunewell et al., 2011).
The cAMP signaling pathway overcomes AP-induced inhibition
of neurite formation in SH-SY5Y neurons and in the hippocam-
pus in transgenic APP/PSI mice, carrying human AD muta-
tions (Smith et al., 2009). In SH-SY5Y cells, A reduces cAMP
levels and increases levels of the GTP-bound (active) form of
rhoA, which is eliminated by the rho-associated protein kinase
(ROCK) inhibitor, Y-27632 (Petratos et al., 2008). Manipulation
of the cAMP-rhoA/ROCK signaling pathway using the ROCK
inhibitor leads to the extension of long neurites in SH-SY5Y
cells. Consistent with the effect of VILIP-1 on cAMP signaling in
SH-SY5Y neurons, the reduction of its expression through expo-
sure of cells to siRNA results in loss of dendritic arborisation as
measured as reduced number of dendrites in a Sholl analysis in
hippocampal neurons. This effect is likely due to the observed
reduced VILIP-1-dependent formation of cAMP in hippocam-
pal neurons. As expected over-expression of VILIP-1 led to an
increase in the number of dendrites in these neurons (Braunewell
et al., 2011). It is noteworthy that calbindin-D28K, the neuropro-
tective Ca?*-buffer protein which is down-regulated in AD and
co-localizes with VILIP-1 in hippocampal interneurons (Gierke
et al., 2008; Zhao and Braunewell, 2008), promotes neuronal
differentiation and neurite outgrowth of hippocampal precursor
cells and dopaminergic neurons (Choi et al., 2001; Kim et al.,
2006). Similarly, hippocalcin enhances basic fibroblast growth
factor-induced neurite outgrowth in a hippocampal cell line (Oh
et al., 2008). Interestingly in another study, VILIP-1 and neuro-
calcin 3 were found to be developmentally up-regulated in axon
tracts in the olfactory system. Counter-intuitively, their over-
expression led to reduced axon outgrowth, but left dendrite length
unaffected in hippocampal neurons in the same study (Yamatani
et al., 2010). Whereas neurocalcin 8 also showed reduced branch
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point and dendrite numbers, VILIP-1 appeared to only slightly
increase dendrite numbers, although not significantly (Yamatani
et al., 2010). It is highly likely that different VSNLs may affect
different neuronal compartments, with VILIP-1 reducing axonal
(Yamatani et al., 2010), but enhancing dendritic differentiation
(Braunewell et al., 2011). However, comparative studies on axonal
versus dendritic differentiation will have to be performed in the
same experimental set up to further substantiate this hypothesis.
Particularly the effect of VILIP-1 and, possibly, VILIP-3 on den-
dritic arborization and connectivity may underlie altered synaptic
function and hippocampal network connectivity, and thus may
contribute to the cognitive decline in early phases of AD. The
loss of distinct Ca?*-buffer and Ca?T-sensor proteins in subpop-
ulations of hippocampal interneurons, may render these neurons
particularly vulnerable against AB-induced morphological distur-
bances, such as reduced dendritic spinogenesis in AD, which are
significantly contributing to cognitive decline (Smith et al., 2009;
Wei et al., 2010).

VILIP-1, NICOTINERGIC SIGNALING AND COGNITIVE
IMPAIRMENT IN AD

One other possibility how VILIP-1 may affect cognition lies
in the fact that VILIP-1 interacts with the a4f2 nAChR (Lin
et al., 2002a). Reduced levels of nAChRs and cholinergic neu-
rotransmission are involved in the etiology of AD, and acetyl-
cholinesterase inhibitors are used for the treatment of AD
(Buckingham et al., 2009). The high-affinity o4f, nAChR is
the main nicotine binding site in the brain, and appears to
mediate nicotine-dependent improvements in attention, learn-
ing, and working memory (Rezvani and Levin, 2001; Levin
et al.,, 2006). These facts have sparked interest in the devel-
opment of novel treatments for cognitive dysfunction in CNS
disorders, based on modulation of nAChR activity. In clini-
cal trials, agonists and antagonists of the major a7- and o4-
containing nAChRs are beneficial (Buckingham et al., 2009;
Bacher et al., 2009; Fedorov et al., 2009). Since VILIP-1 is an
endogenous modulator of ay4f; nAChR, it is conceivable that
the down-regulation of VILIP-1 mRNA at early stages of AD
leads to deficits in a4f nAChR activity in the hippocampus.
In a yeast two-hybrid screen for protein-protein interactions,
VILIP-1 bound to a 30-amino acid region in the large intracel-
lular loop of the a4 -subunit of the oy, nAChR. Co-expression
of VILIP-1 with recombinant a4f, nAChR up-regulated the
surface expression levels by twofold and increased the agonist-
sensitivity to acetylcholine by threefold. The VILIP-1 myristoy-
lation mutant or mutants not able to bind Ca?* are found to
attenuate the modulation of a4f> nAChR (Lin et al., 2002a).
Similarly, in hippocampal neurons, co-expression of VILIP-1 with
recombinant o4f; nAChR up-regulated its surface expression
and increased the agonist sensitivity to acetylcholine, suggest-
ing that VILIP-1 is a modulator of a4f2 nAChR, and lead-
ing to functional up-regulation of the receptor (Zhao et al,
2009a). VILIP-1 and a4f; nAChR were found in a complex with
the trans-Golgi SNARE syntaxin 6, involved in Golgi to sur-
face membrane trafficking and constitutive exocytosis. Moreover,
the nicotine-induced, and a7 nAChR-mediated Ca’*-myristoyl
switch of VILIP-1 in hippocampal neurons provides a crosstalk

mechanism for the interaction of a7 with a4f2 nAChRs, in
that the a7 nAChR mediated Ca?T-influx in neurons can acti-
vate 04B2 nAChRs via VILIP-1 (Zhao et al,, 2009b Figure 3).
In rat and human hippocampi, VILIP-1 and @42 nAChR are
co-localized in a subpopulation of interneurons (Gierke et al.,
2008; Zhao and Braunewell, 2008). In view of the prominent
expression of VILIP-1 in calbindin-positive interneurons and in
disinhibitory, calretinin-positive interneurons in the hippocam-
pal formation, which are also partly positive for 0482 nAChR
(Zhao and Braunewell, 2008), VILIP-1 is well positioned to reg-
ulate hippocampal network activity. The interaction of VILIP-1
with a4p2 nAChR enhances GABAergic signaling in interneu-
rons, and the frequency of IPSCs (inhibitory postsynaptic cur-
rents) in pyramidal neurons (Gierke et al., 2008), thereby likely
changing the activity of the hippocampal neuronal network, and
thus synaptic plasticity and cognition (Rezvani and Levin, 2001;
Levin et al., 2006). Interneurons are involved in the generation
of synchronous rhythmic activity in the hippocampus essential
for cognitive processing/memory encoding. Therefore, early alter-
ations in hippocampal interneurons in AD may result in the
cognitive impairments seen in the initial stages of the disease
(Palop et al., 2003, 2007; Baglietto-Vargas et al., 2010). In AD
the loss of VILIP-1 expression may thus lead to a loss of surface
expression and functional activity of 0482 nAChRs in interneu-
rons, and in turn reduction of GABAergic interneuron activity
(Figure 3). The effect of VILIP-1 on nicotinergic signaling, in
hippocampal interneurons, for instance, may explain the cor-
relation of CSF VILIP-1 levels and VILIP-1 mRNA levels with
MMSE scores and cognition. Thus, down-regulation of VILIP-1
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FIGURE 3 | Molecular mechanisms of the involvement of VILIP-1 in
pathological network activity and cognition. (1) The amyloid B peptide
binds to and activates receptors, such as the a7 nAChR and NMDA-type
glutamate receptors, leading to changes in the cellular Ca*-homeostasis.
The increase in Ca®* concentrations shuttles VILIP-1 to the cell surface and
Golgi membranes. (2) VILIP-1 enhances surface expression and sensitivity
of a4B2 nAChRs in interneurons. (3) In hippocampal interneurons VILIP-1
enhances up-regulation of a4f2 nAChRs and thereby modulates GABA
release. This leads to a VILIP-1-dependent enhancement of ACh-evoked
IPSCs in hippocampal pyramidal cells. The pathological down-regulation of
VILIP-1 in AD may thus negatively affect hippocampal network activity and
synaptic plasticity, and lead to cognitive disturbances in the AD brain.
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affecting a4p2 nAChR expression and activity in interneurons
may contribute to cognitive impairments in AD.

VILIP-3 AND THE PLASMA MEMBRANE REDOX

SYSTEM IN AD

Comparatively little is known about functional activities of
VILIP-3. VILIP-3 affects ERK1/2-phosphorylation in PC12 cells
(Spilker et al., 2002a), has been discussed to enhance cAMP
levels in the prostatic epithelial cell line NbE-1 (Tang et al,
2012), and VILIP-3 as well as hippocalcin, interact with the
microsomal enzyme cytochrome b5, which in turn interacts with
cytochrome b5 reductase located in the endoplasmic reticulum-
perinuclear region in microsomal membranes (Oikawa et al,
2004). Cytochrome b5 belongs to the PMRS (Hyun et al., 2006).
Membrane-associated oxidative stress has been implicated in the
synaptic dysfunction and neuronal degeneration that occurs in
AD, but the underlying mechanisms are unknown. The PMRS
provides electrons for energy metabolism and recycling of antiox-
idants, and is impaired in AD (Hyun et al., 2010). The activities
of several PMRS enzymes are decreased in plasma membranes
from the hippocampus and cerebral cortex of 3xTgAD mice,
an animal model of AD. Neurons over-expressing the PMRS
enzymes (NQOI or cytochrome b5 reductase) exhibit increased
resistance to A (Hyun et al., 2010). Under conditions of dis-
turbed Ca®t-homeostasis in AD, there is an enhanced patho-
logical, juxtanuclear localization of VILIP-3 (Braunewell et al.,
2001a). The Ca’*-dependent translocation of VILIP-3 to the
endoplasmic reticulum (ER)-rich perinuclear region, may indi-
cate that VILIP-3 impacts the microsomal monooxygenase com-
plex composed of cytchrome b5-reductase, cytochrome P450, and
other reductases of the ER. Although the functional implica-
tions of the interaction are not yet known, reduced expression
of VILIP-3 may decrease PMSR activity and lead to enhanced
oxidative stress. Thus, increased levels of VILIP-3 may be neu-
roprotective against AB-induced oxidative stress. In this context,
hippocalcin also appears to be neuroprotective (Mercer et al.,
2000; Lindholm et al., 2002). Hippocalcin—/— mice are more
sensitive to thapsigargin-induced cell death and to excitotoxic-
ity caused by kainic acid and quinolinic acid (Korhonen et al,,
2005; Masuo et al., 2007). Moreover, these mice display increased
caspase-12 activation and an age-dependent increase in neurode-
generation (Masuo et al., 2007). Interestingly, DREAM, which
is upregulated in AD (Jo et al, 2004), was found to inter-
act with the mitochondrial antioxidant enzyme Prdx3 (Rivas
etal.,2011). Prdx3 expression protected against pesticide-induced
mitochondrial damage, it improved cognition and decreased
AP levels in APP transgenic mice (Chen et al., 2012). DREAM
knockdown sensitizes H(2)O(2)-induced oxidative stress in PC12
cells, thus DREAM up-regulation has been discussed to be
neuroprotective against oxidative stress (Rivas et al.,, 2011). It
will be interesting to investigate whether there is actually co-
localization of DREAM with Prdx3 in mitochondria or in the
cytosol, and whether this interaction leads to neuroprotection
under pathological conditions in an AD model. Taken together,
these results indicate that plasma membrane, ER and mito-
chondrial redox systems play a crucial role in both oxidative
stress-induced cell death and in cognitive impairment in AD,

and it will be important to clarify whether the observed inter-
actions of NCS proteins with different components of redox
systems may affect the functionality of antioxidant systems in
AD, and vice versa. These interactions may underlie some of
the neurotoxic/neuroprotective and cognitive functions of NCS
proteins in AD.

FUTURE PERSPECTIVES

There are many open questions concerning the role of Ca?*-
signaling and particularly the role of Ca?*-sensors, such as
Calsenilin and VSNLs, in the etiology of AD. The complex pat-
tern of up- and down-regulation of NCSs, and of Ca’*-buffers,
such as calbindin-D28K and calretinin, may have multiple addi-
tive effects on neuronal pathways and systems at various levels
and intensities, and thereby significantly contribute to cognitive
impairments in AD and to neuronal death at the later stages
of AD. In order to determine the effects of VSNLs, in conjunc-
tion with their respective interaction partners and associated
signaling pathways, and to determine whether they are thera-
peutic targets for treatment of cognitive impairments in AD,
several important questions need to be answered in the future
(Working hypothesis Figure4). First, (1) what are the mech-
anisms of VILIP down-regulation in AD. One possibility is a
direct down-regulation by AB, or alternatively via AB-supression
of neurotrophin signaling. Next, (2) what is the role VSNLs
play in AB-induced Ca?*-overload, leading to reduced activity of
the PMRS and to impaired neuroprotection in vulnerable sub-
populations of neurons. (3) What are the signaling pathways
involved in the effect of VILIP-1 on tau-phosphorylation and
(4) on dendritic growth and spinogenesis in neurons? Finally,
whether there is changed expression of VSNLs, particularly in
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FIGURE 4 | Future perspectives. \Working hypothesis and open questions
on the involvement of VSNLs and associated signaling pathways as
mediators of AB oligomerinduced cell death and detrimental effects on
cognition in AD.
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interneurons, that affects network activity and synaptic plasticity
in transgenic AD animal models, and most importantly
(5) whether for instance VILIP-1, via its modulatory effect
on cAMP and nicotinergic signaling plays a role for impaired
synaptic plasticity and cognition in animal models. Such an effect
could contribute to some of the early cognitive impairments

observed in AD.
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Downstream regulatory element antagonist modulator (DREAM) is a CaZt-binding pro-
tein that binds DNA and represses transcription in a Ca2t-dependent manner. Previous
work has shown a role for DREAM in cerebellar function regulating the expression of the
sodium/calcium exchanger 3 (NCX3) in cerebellar granular neurons to control Ca2t home-
ostasis and survival of these neurons. To achieve a global view of the genes regulated
by DREAM in the cerebellum, we performed a genome-wide analysis in transgenic cere-
bellum expressing a Ca2*-insensitive/CREB-independent dominant active mutant DREAM
(daDREAM). Here we show that DREAM regulates the expression of the midline 1 (Mid1)
gene early after birth. As a consequence, daDREAM mice exhibit a significant shortening
of the rostro-caudal axis of the cerebellum and a delay in neuromotor development early
after birth. Our results indicate a role for DREAM in cerebellar function.

Jose R. Naranjo, Centro Nacional de
Biotecnologia, Consejo Superior de
Investigaciones Cientificas, Darwin 3,
E-28049 Madrid, Spain.

e-mail: naranjo@cnb.csic.es

INTRODUCTION

Downstream regulatory element antagonist modulator (DREAM),
also named calsenilin or KChIP-3, is a Ca?*-binding protein of
the neuronal calcium sensors family able to repress transcription
of specific genes in a Ca’t-dependent manner (Carrion et al,
1999), to interact with presenilins and to modify APP processing
(Buxbaum et al., 1998; Lillichook et al., 2003) and to regulate the
membrane expression and gating of Kv4 potassium channels (An
et al., 2000; Ruiz-Gomez et al., 2007) and of voltage-dependent
calcium channels (Thomsen et al., 2009; Anderson et al., 2010). In
addition, DREAM modulates downstream signaling of different
membrane receptors including NMDA (Wu et al.,, 2010; Zhang
etal., 2010) and THSR (Rivas et al., 2009).

Transcriptional activity of DREAM is triggered by its
sumoylation-dependent nuclear translocation (Palczewska et al.,
2011), regulated by redox state (Rivas et al., 2011), and accom-
plished by its Ca?*-dependent specific binding to DNA and to
other nucleoproteins, including CREM and CREB (Ledo et al,,
2000, 2002; Rivas et al., 2004; Scsucova et al., 2005; Zaidi
et al., 2006). In addition, high affinity binding of DREAM to
DRE sequences in the DNA requires Ca’>*-dependent DREAM
oligomerization (Carrion et al., 1998; Osawa et al., 2001, 2005).

Downstream regulatory element antagonist modulator is
widely expressed in the central nervous system as well as in the
thyroid gland, testis, and the immune system (Carrion et al.,

Keywords: midline 1, cerebellar lobes, nuclear calcium, transcriptomic analysis

1999). Tissue-specific target genes for DREAM regulation have
been identified first in vitro (Carrion et al., 1999; Link et al,,
2004) and more recently in vivo, using DREAM null mice (Cheng
et al., 2002) and especially transgenic mice expressing a dom-
inant active DREAM mutant (daDREAM; Gomez-Villafuertes
et al., 2005; Savignac et al., 2005, 2010; Rivera-Arconada et al.,
2010). Specifically, a significant increase in prodynorphin mRNA
was found in spinal cord from DREAM null mice (Cheng et al.,
2002) and a decrease in NCX3 and BDNF mRNA and protein
levels were reported in hippocampus and cerebellum (Gomez-
Villafuertes et al., 2005) and in spinal cord (Rivera-Arconada
et al., 2010) respectively, from daDREAM mice. The regulatory
effect of daDREAM on the expression of transcriptional targets
was shown to be specific, since for instance no change in the
expression of other members of the sodium/calcium exchanger
family could be observed in hippocampus and cerebellum of
daDREAM transgenic mice (Gomez-Villafuertes et al., 2005). As
expected, transcriptional regulation by DREAM of various cellu-
lar targets has diverse and tissue-specific functional consequences.
In the CNS, this includes changes in sensory noxious percep-
tion (Cheng et al., 2002; Rivera-Arconada et al., 2010), B-amyloid
accumulation (Lilliehook et al., 2003), and learning and memory
formation (Alexander et al., 2009), as well as modified T-cell pro-
liferation and Ig production (Savignac et al., 2005, 2010) in the
immune system.
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Taking the cerebellum as an example, previous work using
primary cultures of cerebellar granular neurons has shown the
role of DREAM in the regulation of NCX3 expression, which in
turn is fundamental for the maintenance of Ca?* homeostasis and
viability of the cerebellar granular neurons in the culture (Gomez-
Villafuertes et al., 2005). In the present study, to further investigate
the functional involvement of DREAM-mediated transcription in
cerebellar function, we have performed a transcriptomic analysis
of the cerebellum from daDREAM transgenic mice. We found that
expression of the midline 1 gene (Mid 1) is repressed in daDREAM
mice. Related to this, daDREAM mice exhibit a significant short-
ening of the rostro-caudal axis of the cerebellum and a severe delay
in neuromotor development early after birth.

RESULTS

GENOME-WIDE ANALYSIS IN daDREAM CEREBELLUM

To search for DREAM transcriptional targets that could disclose
a role for DREAM in cerebellar function, we performed genome-
wide analysis in a line of transgenic mice previously reported to
express daDREAM in the cerebellum (Gomez-Villafuertes et al.,
2005). Comparison of basal gene expression in wild type and trans-
genic adult cerebellum, using cDNA microarrays, identified only
11 genes whose expression was significantly altered in daDREAM
transgenic cerebellum (Gene Expression Omnibus accession num-
ber GSE34765; Figure 1). Up- and down-regulated genes are
presented in Table 1 and the bioinformatics analysis is shown in
Tables Al and A2 in Appendix.

Among the genes with modified expression (Table 1), we
focused our attention on the significant down regulation of the
Mid 1 gene, an ubiquitin ligase specific for the protein phos-
phatase 2A (PP2A; Trockenbacher et al., 2001). Loss of function
mutations in the Mid1 protein cause the X-linked Opitz BBB/G
syndrome, a congenital anomaly disorder characterized by devel-
opmental defects of midline structures (Opitz, 1987; Quaderietal.,
1997). Importantly, Mid1 deficient mice mimic the hypoplasia of
the anterior portion of the medial cerebellum (Lancioni et al,
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FIGURE 1 | Genome-wide analysis in daDREAM and wild type
cerebellum. Statistical values and scatter plot of all probes contained in the
genome-wide analysis. Spots with |Fold Change| >1.6 and FDR <0.1 are
highlighted in green (repressed genes) and red (induced genes).

2010), a clinical feature present in Opitz patients, suggesting that
DREAM, through the regulation of Midl, might participate in
cerebellar development. Real-time qPCR analysis confirmed the
reduced level of Midl mRNA in the cerebellum of adult trans-
genic mice as well as in the hippocampus (Figure 2A), areas with
significant expression of daDREAM (Figure 2B). As reported for
other DREAM target genes like prodynorphin in the hippocam-
pus (Cheng et al., 2002) or CANTT1 in the cerebellum (Cali et al,,
2012), probably due to functional compensation by other mem-
bers of the KChIP family, no change in the expression of Mid1 was
observed in cerebellum or hippocampus from DREAM knockout
mice (Figure 2C). Western blot analysis of cerebellum and hip-
pocampus from daDREAM mice confirmed the reduced levels of
Midl protein with respect to wild type mice (Figure 2D). Taken
together, these results implicate endogenous DREAM/KChIPs in
the regulation of Mid1 gene expression in the brain.

DREAM REGULATES EARLY POSTNATAL Mid1 EXPRESSION

Midl is widely expressed at early human embryonic stages, how-
ever during organogenesis the expression pattern becomes more
restricted to the tissues affected in the Opitz syndrome (Pinson
etal.,2004). The development of the cerebellum in mice is mostly
postnatal and is complete after the second week of life (reviewed
in Millen and Gleeson, 2008). To investigate a role for DREAM in
the regulation of Mid1 and cerebellar development, we next ana-
lyzed the expression of the daDREAM transgene during cerebellar
development and the consequences on Mid1 expression. Real-time
qPCR analysis showed that the expression of daDREAM in the
cerebellum was very high early after birth (P2) and got down at
P7-P21 (Figure 3A) to values slightly higher than adult levels (see
Figure 2B). Expression of Mid1 in wild type cerebellum was high
early after birth (P2-P7) and reached adult levels at P21 (notice
the different scale in Figure 2A). Expression of daDREAM was
associated with a significant reduction of Midl mRNA levels in
transgenic cerebellum (Figure 3A). Early postnatal expression of
the transgene was not exclusive to the cerebellum and was observed
as well in other brain areas, like the hippocampus (Figure 3B).
Expression of daDREAM in the hippocampus was also associated
with a significant reduction of Mid1 mRNA levels (Figure 3B).

CEREBELLAR MORPHOLOGICAL CHANGES IN daDREAM MICE

Absence of Midl protein in Midl null mice results in abnormal
formation of the anterobasal cardinal lobe, which is evident already
at PO-P2 (Lancioni et al., 2010). In adult Mid1 null mice, although
abnormal in shape, even the anterior vermal lobes maintain the
correct layer organization and thickness (Lancioni et al., 2010).
According to the significant reduction in Midl expression, adult
daDREAM mice showed a significant shortening in the antero-
posterior axis but also in the left-right axis (Figures 4A,B). Sagittal
sections from P15 wild type and daDREAM mice confirmed a cor-
rect layer organization of transgenic cerebellum and showed the
shortening of the rostro-caudal axis (Figure 4C).

IMPAIRED MOTOR DEVELOPMENT IN daDREAM MICE

Absence of Midl protein in Midl null mice has been associated
with impaired motor coordination in the adulthood. To assess
possible changes during early postnatal development that could be
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Table 1| List of induced and repressed genes in daDREAM vs. wild type cerebellum.

Fold change P-value x 10~° FDR Probe ID Transcript ID  Gene symbol Gene description
1.70 0.922 0.023  1440557_at Mm.1862571  Ipw Imprinted gene in the Prade~Willi syndrome region
1.75 1.792 0.038  1436733_at Mm.40013.1 E130309F12Rik  RIKEN cDNA E130309F12 gene
1.86 0.914 0.026  1460049_s_at Mm.213028.1 1500015010Rik  RIKEN cDNA 1500015010 gene
1.95 0.319 0.0160 1417654_at Mm.3815.1 Sdc4 Syndecan 4
2.10 0 0 1449340_at Mm.43375.1 Sostdc1 Sclerostin domain containing 1
—4.68 0.035 0.000  1436240_at Mm.216255.1  B230214009Rik  RIKEN cDNA B230214009 gene
—4.17 0.177 0.016 1431214 _at Mm.157900.1 LOC433762 Hypothetical gene LOC433762
—-2.95 0.133 0.027  1440139_at Mm.174301.1 gh:BB729836 Moderately similar to S12207 hypothetical protein
—2.83 0.231 0.030  1438239_at Mm.24820.1 Mid1 Midline 1
—2.60 0.408 0.037 1425545_x_at  Mm.33263.2 H2-D1 Histocompatibility 2, D region locus 1
-2.38 0.639 0.048  1419327_at Mm.22635.1 Pdxdc1 Pyridoxal-dependent decarboxylase domain containing 1

Genes with FDR <0.05 were included in the list of induced or repressed candidates.
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FIGURE 2 | Real-time qPCR and western blot analysis of Mid1
expression in adult brain. Levels of Mid1 (A,C) and daDREAM (B) mRNA
in the cerebellum (Cb) and the hippocampus (Hipp) from wild type (wt),
transgenic (tg), and DREAM~/~ (KO) mice are shown. Values are normalized
with respect to HPRT mRNA content. Results are the mean + SEM of
14-18 mice in three independent experiments. *P < 0.05 (two-tailed,
unpaired t-test) relative to wild type mice. (D) Immunoblot analysis of adult
brain cerebellum and hippocampal lysates (50 j.g) shows that the 70- to
75-kDa expected band for the Mid 1 protein is reduced in transgenic
compared to wild type mice. B-Actin was used as protein loading control.
The experiment, in duplicates, was repeated twice.

related to Mid1 down regulation in daDREAM mice, we employed
a test battery consisting of somatometric, neurologic, and senso-
rial and motor tests. No differences in somatometric growth, or
in the appearance of developmental landmarks, i.e., eye opening,
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FIGURE 3 | Real-time qPCR analysis of Mid1 expression during
postnatal development. Levels of daDREAM and Mid1 mRNA at the
indicated postnatal day from wild type (wt) and transgenic (tg) mice in
cerebellum (A) and hippocampus (B) are shown. Values are normalized
with respect to HPRT mRNA content. Results are the mean + SEM of 8-12
mice in two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001
(two-tailed, unpaired t-test) relative to wild type mice.

fur appearance, or incisor eruption, were detected in daDREAM
mice. However, significant changes were observed in neuromo-
tor development as assessed by the pivoting and the walking tests
on postnatal days 7, 10, and 14. In the pivoting locomotion task,
wild type, and daDREAM mice showed similar activity at P7.
However, the normal age-dependent increase in activity, which is
reflecting the adequate maturation of motor systems in wild type,
was significantly reduced in daDREAM mice at P10 (Figure 5A).
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FIGURE 4 | Anatomical analysis of adult and postnatal cerebellum.
(A) Image of whole adult mouse brain showing the left-right and
rostro-caudal axis used for the measurement. (B) Measurement of
left-right and rostro-caudal axis of the cerebellum in wild type and (wt)
transgenic (tg) adult mice (n=6). *P <0.05, **P < 0.01 (two-tailed,
unpaired t-test) relative to wild type mice. (C) For comparison, sagittal
sections through the cerebellar vermis of postnatal P15 wild type (wt) and
transgenic (tg) mice after staining with hematoxylin/eosin are shown.

Assessment of walking activity confirmed the hypoactive pheno-
type in daDREAM mice and, even at P7 the latency to walk in
transgenic mice was significantly longer than in wild type mice
(Figure 5B). At P10, the reduction in walking latency observed
in wild type (33.6% of reduction, P7 vs. P10) was significantly
less pronounced in daDREAM mice (10.8% reduction, P7 vs. P10;
Figure 5B). This result, along with the affected pivoting activity
in daDREAM mice, could suggest a supraspinal deficiency, indi-
cating that the postnatal development of brain structures directly
implicated in the motor function might be affected in daDREAM
mice. This defect is specific of motor function, since daDREAM
mice showed normal latency to reach their nest in the homing test
compared to wild types (Figure 5C). This normal latency might
suggest a normal development of other functional domains such
as sensory perception.

DISCUSSION

Genome-wide analysis of different tissues or brain areas from
daDREAM transgenic mice has rendered discrete lists of poten-
tial DREAM regulated genes with some overlapping as well as
tissue-specific targets (Savignac et al., 2010; Jose R. Naranjo,
unpublished observations). In all cases, including the present data,
these lists include both repressed and induced genes suggesting
that besides the direct repressor action of DREAM, interactions
between DREAM and other transcriptional regulators (Ledo et al.,
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FIGURE 5 | Neuromotor development in postnatal mice. Behavioral
analysis (A) pivoting test, (B) walking test, and (C) homing test were
performed at the indicated postnatal days in wild type and (wt) transgenic
(tg) mice (n=16-18). *P < 0.05, ***P < 0.001 (two-tailed, unpaired t-test)
relative to wild type mice.

2002; Rivas et al., 2004, 2011; Scsucova et al., 2005; Zaidi et al.,
2006) or indirect/secondary transcriptional effects might con-
tribute to gene induction in daDREAM transgenic tissues. In the
case of the daDREAM cerebellum, the list of genes with modi-
fied expression is especially short. This is not related to technical
problems with the hybridization of the array since the bioinfor-
matics analysis of the hybridization signals (see Figure 1) shows
a perfectly normal distribution. Instead, the low number of hits
might reflect the limitation of the technique, showing for instance
a minor and not significant down regulation (—1.15-fold; P-value
0.06) of the NCX3 gene (also named Slc8a3: solute carrier family
8) previously validated as a direct DREAM target and shown to be
repressed by more than 50% in daDREAM cerebellum (Gomez-
Villafuertes et al., 2005). Alternatively, the low number of targets
may simply reflect the limited but specific functionality of DREAM
in the cerebellum, a brain region where DREAM expression shows
the lowest level among the different areas in the CNS (Carrion
et al., 1999; Rhodes et al., 2004).

Among induced genes, syndecan 4 is a transmembrane pro-
teoglycan for which there are no reports relating a function in
brain or cerebellum. Sclerostin domain containing 1 (Sostdcl) is
a secreted inhibitor of the Wnt and Bmp pathways, that antago-
nizes BMP signaling in the mesenchymal induction of teeth and
orofacial morphogenesis, regulating also the spatial patterning of

Frontiers in Molecular Neuroscience

www.frontiersin.org

May 2012 | Volume 5 | Article 58 | 163


http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Dierssen et al.

DREAM regulates neuromotor development

teeth and hair. Deletion of Sostdc1 leads to the full development
of single extra incisors adjacent to the main incisors (Munne et al.,
2009). On the other hand, induced expression of sclerostin domain
containing 1 (Sostdcl) has been reported in the brain of mice defi-
cient in phenylalanine hydroxylase (PAH), an animal model for the
autosomal recessive disorder phenylketonuria (Park et al., 2009),
though the functional meaning of this increased expression is not
known. In daDREAM mice, however, induced levels of Sostdc1 do
not have an effect on dentation and hair appearance since both are
normal.

Among repressed genes, the Midl protein is biochemically
well characterized and a role in brain development has been
reported. Thus, early studies of Midl function recognized its
ubiquitin ligase activity and have identified its specific role in
the degradation of protein phosphatase 2A by the proteosome
(Trockenbacher et al., 2001). Importantly, PP2A is the major
serine—threonine—tau phosphatase in the brain and dephospho-
rylates also other microtubule-associated proteins like 4EBP1 and
p70S6K, two targets of the mTOR kinase (Nojima et al., 2003).
Loss of function mutations of the Midl protein are associated
with developmental midline malformations present in Opitz syn-
drome patients (Opitz, 1987; Quaderi et al., 1997). Furthermore,
cells derived from Opitz syndrome patients show decreased forma-
tion of mTORC1, the complex between mTOR and its interacting
proteins Raptor and mLST8, as well as S6K1 phosphorylation,
cell size, and cap-dependent translation. Expression of wild type
Midl1 or activated mTOR protein rescue the phenotype, suggesting
that mTORC1 plays a key role in Opitz syndrome pathogene-
sis (Liu et al., 2011). In addition, a recent study has identified
the binding of the cytoskeletal-associated Mid1/a4/PP2A complex
to polyribosomes and mRNAs via a purine-rich sequence motif
called MIDAS (MID1 association sequence) increasing the stabil-
ity and translational efficiency of these mRNAs (Aranda-Orgilles
et al., 2011). Notably, the MIDAS motif is frequent in mRNAs
related to development and energy metabolism and mutated Mid1
does not interact with MIDAS-containing mRNAs suggesting that
defects associated with the Opitz syndrome could be produced
by altered protein translation of some of these mRNAs (Aranda-
Orgilles et al., 2011). About the mechanism by which Mid1 could
affect brain development it has been hypothesized that by control-
ling PP2A activity, Mid1 is regulating the activity of Gli3 (Krauss
et al., 2008) a Wnt target gene related to the development of the
hippocampus (Hasenpusch-Theil et al., 2012), which has been
implicated in three human pathological conditions sharing com-
mon features with Opitz syndrome (Biesecker, 2006). Lack of the
murine Mid1 gene results in motor coordination defects as well
as motor, non-associative, and procedural learning impairments
that may correlate with the developmental delays of Opitz syn-
drome patients (Lancioni et al., 2010). The behavioral analysis
in this study was done in adult mice with no specific focus on
postnatal development. Our data report an early down regula-
tion of Mid1 expression in daDREAM mice and suggest a delayed
neuromotor development in these mice. Down regulation of Mid1
mRNA levels is not restricted to the cerebellum and is also observed
in the hippocampus, a brain area with strong expression of the
daDREAM mutant. Whether hippocampal morphology is altered
in daDREAM mice and to what extent the reduction in other

genes like NCX3 contribute to the morphological and neuromotor
phenotypes remain to be investigated.

As expected for a protein with developmental functions, expres-
sion of Midl in adult brain is reduced compared to postnatal
levels. Interestingly, however, expression in the adult hippocam-
pus is higher than in the adult cerebellum. This may suggest a
specific function for Mid1 in adult hippocampus and the existence
of strong trans-activating mechanisms to compensate a presum-
able stronger repression due to higher levels of DREAM protein in
hippocampus compared to cerebellum.

Analysis of the post-transcriptional regulation of the Midl
mRNA has shown that alternative use of different transcrip-
tion start sites, alternative splicing, and the existence of different
polyadenylation signal results in a wide variety of Mid1 isoforms
(Landry and Mager, 2002; Winter et al., 2004). Less is known,
however, about the transcriptional mechanisms that regulate Mid1
expression. Like in the case of the BDNF gene, another example
of a gene with multiple transcription start sites, specific regula-
tory regions have been assigned to each transcription start site.
Interestingly, in silico analysis of these different promoters, both in
the human and the mouse genes, has identified putative DRE sites
(Table 2), mostly located in the complementary strand, a circum-
stance previously reported for DRE sites in the ICER (Link et al.,
2004) and the interferon y (Savignac et al., 2005) genes. Neverthe-
less, in vitro analysis of the ability of these sites to bind recombinant
DREAM and especially chromatin immunoprecipitation studies
should confirm the in silico predictions.

In conclusion, the results from the genome-wide analysis
of the cerebellum from daDREAM mice indicate that endoge-
nous DREAM, in addition to regulate NCX3, might also con-
tribute to cerebellar function through the regulation of Mid1 gene
expression.

MATERIALS AND METHODS

TRANSGENIC MICE

A cDNA encoding human DREAM with two amino acid sub-
stitutions at EF-hands 2, 3, and 4 and at the N-terminal LCD

Table 2 | Downstream response elements, DREs, present in the 5’
untranslated region of different Mid1 isoforms.

Species Isoform  Position in mRNA  Sequence®®  Orientation
Mouse Var 1¢ 155-164 tgatgaccce <«

Var 2 68-78 cttgacattgt <«

Var 2 261-270 gggtcatgga <«
Human Var 1 317-328 gggtcatggga —

Var 2d 161-173 ctgatgacaca -«

Var 4 158-168 taatgactcca <«

Var 4 259-268 aatgacgtaa «

eThe core sequence is underlined.

®For comparison the mouse interferon y DRE site in the complementary strand
(<) is atcggctgacctagag and the human dynorphin forward element (—) is agc-
cggagtcaaggag.

°The same element is present in mouse variant 2 at position 316-327

9The same element is present in variants 1, 3, 6, 7 8, and 9.
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(daDREAM) was cloned downstream of the human CaMK-IIa
promoter (Mayford et al., 1995) in a bicistronic expression vec-
tor containing an IRES and the LacZ reporter gene. DREAM
transgenic mice were prepared by pronuclear microinjection of
this cassette in the C57BL/6XCBA hybrid background. Trans-
genic progeny were identified by Southern blotting and qual-
itative PCR of tail DNA using specific primers; forward 5'-
TTGCAGTGCACGGCAGATACACTTGCTGA-3 and reverse 5'-
CCACTGGTGTGGG CCATAATTCAATTCGC-3'. An amplified
fragment of 326bp indicated the presence of the transgene.
Founder males were backcrossed to C57BL/6 females to gen-
erate lines that were maintained as heterozygous and age- and
sex-matched littermates were used as controls. Of the different
transgenic lines generated, in this study we used transgenic line 33
that shows expression of the transgene in different brain areas,
including the cerebellum (Gomez-Villafuertes et al., 2005; Wu
et al., 2010).

MICROARRAY

RNA from whole cerebellum from wild type and transgenic mice
was prepared using TRIzol (Invitrogen) and the RNAeasy Mini Kit
(Qiagen). RNA was quantified and the quality was assessed with
a 2100 Bioanalyzer (Agilent technologies). cDNA was synthesized
from 4 g of total RNA using one-cycle target labeling and con-
trol reagents (Affymetrix) to produce biotin labeled cRNA. The
cRNA preparation (15g) was fragmented at 94°C for 35 min
into 35-200 bases in length. Labeled cRNAs were hybridized to
Affymetrix chips (GeneChip Mouse Genome 430 2.0 Array). Each
sample was added to a hybridization solution containing 100 mM
2-(N-morpholino) ethanesulfonic acid, 1 M Na™, and 20 mM of
EDTA in the presence of 0.01% of Tween-20 to a final cRNA con-
centration of 0.05 pg/ml. Hybridization was performed for 16 h at
45°C. Each microarray was washed and stained with streptavidin—
phycoerythrin in a Fluidics station 450 (Affymetrix) and scanned
at 1.56 pm resolution in a GeneChip® Scanner 3000 7G System
(Affymetrix).

MICROARRAY DATA ANALYSIS

Three biological replicates were independently hybridized for each
cell type. GeneChip intensities were background-corrected, nor-
malized and summarized by the RMA method (Irizarry et al,
2003) using the “Affy” package (Gautier et al., 2004) from Biocon-
ductor. Rank Products method (Breitling et al., 2004) was applied
to identify differentially expressed genes as implemented in the
“RankProd” package (Hong et al., 2006) from Bioconductor. Genes
with FDR <0.05 were included in the list of induced or repressed
candidates. FIESTA viewer was used to facilitate the application of
these numerical filters and the selection of candidate genes (Oliv-
eros, 2007). For the functional annotation of the results GeneCodis
3.0 was used (Nogales-Cadenas et al., 2009) applying a hyperge-
ometric distribution and a FDR threshold of 0.05 for detecting
over-represented Gene Ontology terms in candidate genes.

REAL-TIME QUANTITATIVE PCR

RNA was isolated from whole tissues using TRIzol (Invitrogen),
treated with DNAse (Ambion), and reverse transcribed using
hexamer primer and Moloney murine leukemia virus reverse

transcriptase. To confirm the absence of genomic DNA, each
sample was processed in parallel without reverse transcriptase.
Real-time quantitative PCR (qPCR) for endogenous DREAM, and
daDREAM was performed as described (Savignac et al., 2005).
Validation of microarray up- or down-regulated genes was with
specific primers and TagMan MGB probes (Applied Biosystems).
The results were normalized as indicated by parallel amplification
of HPRT.

WESTERN BLOT ANALYSIS

Fifty micrograms of total protein from cerebellum or hippocam-
pus were resolved in SDS-PAGE and transferred to PVDF mem-
branes (Millipore). Antibodies against Mid1 (Ab 70770, Abcam)
and B-actin (Sigma) were used.

ANATOMICAL ANALYSIS

For observation of adult cerebellum, 2-months-old wild type and
transgenic mice were anesthetized and whole brains were carefully
removed from the skull. Coronal and sagittal sections were taken
and measurements of left-right and rostro-caudal axis were per-
formed. For histological analysis, brains from 15-days-old pups
(P15) were harvested and fixed in 4% paraformaldehyde for 48 h
at 4°C. Brains were processed for paraffin embedding and micro-
tome sectioning. Brain sagittal sections of 10 m were stained with
hematoxylin/eosin using standard procedures.

BEHAVIORAL ANALYSIS
Experiments were performed in newborn mice homozygous for
the transgene and wild type littermates. Mice were initially housed
in a temperature (21  1°C) and humidity (65 %= 10%) controlled
room with a 12/12-h light/dark cycle (lights on from 0800 to
2000 hours) with ad libitum food and water. Breeding pairs were
formed and females visibly close to parturition were isolated. To
avoid the effects of parity on behavioral ontogeny (Crusio and
Schmitt, 1996) the first litter not used for the experiments. Test-
ing involved approximately equal amounts of males and females.
Experiments were carried out during the dark phase of the light—
dark cycle. Behavioral tests and animal care were conducted
according the EU and local ethical guidelines (EU directive 86/609
and Appendix A of the Council of Europe Convention ETS123,
EU decree 2001-486 Decree 214/97 and Spanish law 32/2007) and
approved by the local ethical committee (CEEA-PRBB). All behav-
ioral experiments were carried out with the experimenter blind
to the genotype. Developmental landmarks analyzed include: (i)
assessment of body growth and body length were recorded from
P1, the day of birth; (ii) fur appearance: beginning on P2 appear-
ance of immature fur was observed and fur was defined as the
mature hair being raised; (iii) incisor eruption: beginning on P7
pups were inspected daily for the emergence of both lower and
upper incisor from the gingival; and (iv) eye opening, beginning
on P9 pups were inspected daily for the complete opening of both
eyelids. Neuromotor development was assessed on P7 and P10 by
means of the pivoting and walking tests and general psychomotor
development on P14 by means of the homing test.

In the pivoting locomotion test, the total number of degrees
turned by the pup during a 60-s period was recorded. The test was
performed on a flat surface covered with a paper on which lines
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had been drawn to delineate four 90° quadrants. The number of
degrees was scored only in completed 90° segments.

In the walking test, the latency for a mouse to lift up on all four
legs and walk a distance exceeding its body length was measured
on a flat surface covered with a green paper.

For the homing test, individual pups on postnatal day 14 were
transferred to a cage containing new sawdust in 3/4 and 1/4 of
sawdust of the home litter (“goal arena”). The pups were placed in
the opposite side of the goal arena, near to the wall. The time taken
to reach the home litter sawdust was recorded. A cut-off time of
180 s was applied.

Significance of the effects was assessed by two-tailed, unpaired
Student’s ¢-test was used for comparisons between groups. Analy-
sis was processed using the SPSS program.
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APPENDIX

Table A1 | Functional annotation of over-represented candidate genes according to Gene Ontology (Cellular components).

GO ID Term Probe ID P-value FDR
G0:0005925 Focal adhesion 1417654 _at 0.0134524 0.045738
G0:0005615 Etracellular space 1449340_at, 1460049_s_at 0.0050619 0.0286841
G0:0015630 Microtubule cytoskeleton 1438239_at 0.0116782 0.0496325
G0:0043034 Costamere 1417654 _at 0.0024424 0.0207604
G0:0042612 MHC class | protein complex 1425545 _x_at 0.00211703 0.0359896
Table A2 | Functional annotation of over-represented candidate genes according to Gene Ontology (Biological process).
GO ID Term Probe ID P-value FDR
G0:0007389 Pattern specification process 1449340_at 0.0142579 0.0161589
G0:0016055 Wnt receptor signaling pathway 1449340_at 0.0262754 0.0262754
G0:0042475 Odontogenesis of dentin-containing tooth 1449340_at 0.00731229 0.0088792
G0:0006955 Immune response 1425545_x_at 0.0243609 0.0258834
G0:0032874 Positive regulation of stress-activated MAPK cascade 1438239_at 0.00211703 0.00514137
G0:0030514 Negative regulation of BMP signaling pathway 1449340_at 0.00471748 0.0066831
G0:0051894 Positive regulation of focal adhesion assembly 1417654 _at 0.000977557 0.00415462
G0:0090398 Cellular senescence 1460049_s_at 0.00130323 0.00443099
G0:0051496 Positive regulation of stress fiber assembly 1417654 _at 0.00227973 0.00484442
G0:0070314 G1 to GO transition 1460049_s_at 0.000488878 0.00415546
G0:0045860 Positive regulation of protein kinase activity 1417654 _at 0.00504214 0.00659357
G0:0007026 Negative regulation of microtubule depolymerization 1438239_at 0.00260505 0.00492065
G0:0019882 Antigen processing and presentation 1425545_x_at 0.00471748 0.0066831
G0:0008054 Cyclin catabolic process 1460049_s_at 0.000651793 0.00369349
G0:0002474 Antigen processing and presentation of peptide antigen via MHC class | 1425545_x_at 0.00195432 0.00553723
G0:0001916 Positive regulation of T-cell mediated cytotoxicity 1425545_x_at 0.00276768 0.00470505
G0:0002485 Antigen processing and presentation of endogenous peptide antigen via 1425545_x_at 0.000488878 0.00415546
MHC class | via ER pathway, TAP-dependent
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Many neurons of the vertebrate central nervous system (CNS) express the CaZ* binding
protein calbindin D-28k (CB), including important projection neurons like cerebellar Purkinje
cells but also neocortical interneurons. CB has moderate cytoplasmic mobility and
comprises at least four EF-hands that function in Cat binding with rapid to intermediate
kinetics and affinity. Classically it was viewed as a pure Ca%* buffer important for neuronal
survival. This view was extended by showing that CB is a critical determinant in the control
of synaptic Ca2t dynamics, presumably with strong impact on plasticity and information
processing. Already 30 years ago, in vitro studies suggested that CB could have an
additional Ca2* sensor function, like its prominent acquaintance calmodulin (CaM). More
recent work substantiated this hypothesis, revealing direct CB interactions with several
target proteins. Different from a classical sensor, however, CB appears to interact with its
targets both, in its Ca?t-loaded and CaZt-free forms. Finally, CB has been shown to be
involved in buffered transport of Ca?*, in neurons but also in kidney. Thus, CB serves a

uni-leipzig.de

threefold function as buffer, transporter and likely as a non-canonical sensor.

Keywords: calcium, sensor, transporter, buffer, synaptic plasticity, neurons, transmitter release

INTRODUCTION

Despite the wealth of information on expression patterns of
Ca’* binding proteins (CaBPs), their functional significance is
only slowly emerging. In particular, this is due to their com-
plex interplay with other Ca®* controlling mechanisms and the
inherent technical difficulties in studying biophysical properties
of individual proteins (Neher, 2000), including the differen-
tiation between Ca?T-buffer and Ca’t-sensor (da Silva and
Reinach, 1991). Buffers are characterized by more or less specific
binding/chelating of Ca?* ions without further Ca**-dependent
target interactions. Their function is in the control of the spatio-
temporal extent of Ca>* signaling domains (Augustine etal., 2003;
Eggermann et al., 2012). Sensors, on the other hand, undergo
additional characteristic conformational changes upon Ca?*-
binding, resulting in exposure of hydrophobic surfaces necessary
for binding and subsequent regulation of downstream effectors
(Ikura, 1996; Schwaller, 2008, 2010). Their functional signifi-
cance lies in both, the control of intracellular free Ca2t ([Ca®t];)
and in triggering Ca?"-dependent downstream signaling.

In consequence, characterization of a CaBP requires deter-
mination of several biophysical parameters (Table 1), includ-
ing affinity and kinetics of Ca>*-binding, intracellular mobility,
structural and conformational analysis, and the identification of
binding partners. Following some general remarks on buffering,
I will review advances in gathering biophysical parameters of CB
that allowed deducing its functional facets, with emphasis on its
neuronal function.

SOME GENERAL ASPECTS OF BUFFERING

Dissociation constants (Kp) of proton buffers are optimized to
clamp pH at 7-7.4 in living tissue by bidirectional buffering of
free protons to a concentration of ~100 nM. [Ca?t]; in resting
cells is similar, however, contrasting to pH buffers, Kp values of

most CaBPs are well above [Ca®*];; a notable exception is par-
valbumin (PV, Kp c, ~9nM; Lee et al, 2000b). Thus, under
resting conditions most binding sites are unoccupied by Ca’*,
such that CaBPs limit increases in [Ca?*]; from the resting level
rather than clamping [Ca’*]; at a given level, i.e., they act as
unidirectional buffers. This can even be augmented by an addi-
tional Mg?™ affinity, which reduces the effective affinity for Ca®*
due to competition or a necessity for preceding Mg?™ unbinding
(Figure 1).

Neuronal Ca* signals are typically short lived and the amount
of Ca®* bound to a specific buffer can substantially deviate from
the steady state value (Markram et al., 1998). Non-equilibrium
conditions require a kinetic description of Ca?" binding by for-
ward (kon) and backward (k) rates, values that could be quanti-
fied only recently due to a notable technical advance (Négerl et al.,
2000; Faas et al., 2007, 2011).

I will close these general remarks with a note on the ambigu-
ous term “saturation.” In biochemistry, saturation refers to the
fraction of total binding sites occupied at a given time. In chem-
istry, it often marks the 100% occupancy, probably the most
intuitive meaning. In descriptions of Ca?* dynamics saturation
is often used to mark the deviation from linearity. A linear sig-
naling process has the property that the combined effects of two
or more elementary events result in a response which is given by
the sum of the individual responses. This is the case if increases in
[Ca?t]; are much smaller than Kp of the buffer(s). Ca®™ kinet-
ics become more complex if the increase in [Ca?*]; approaches
Kp (Neher, 1998a), i.e., saturation of a CaBP occurs around its
half-occupancy.

CaZ* BINDING AND MOBILITY
CB has six EF-hands, of which one or two are non-functioning
in metal binding (Leathers et al., 1990; Akerfeldt et al., 1996;
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Table 1| Properties of calbindin D-28k.

Parameter® Value References/Notes
Amino acids 260-261 Celio et al., 1996, species specific
Molecular weight 29-30kDa Celio et al., 1996
Diffusion coefficients in
Water >100 um?2s~! Gabso et al., 1997
Spiny dendrites of Purkinje neurons 2042 pm?2s~! Schmidt et al., 2005*

Intracellular concentration in

Purkinje neurons 100 to <360 M

Somata of Purkinje neurons 208 £ 42 M
Hippocampal granule cells 0-40 uM
CA1 pyramidal neurons 45 + 2 M
CA3 interneurons 47 £ 6uM
Rat inner hair cells 40-125uM
Rat outer hair cells 57-197 uM
Binding sites
Total 6
Functional 4
Metal binding
Mg?* Ko.mg 714 1M
Ca?* Kb.ca 393nM
Kon 75uM~ s
Kot 2955~
Cooperativity
Ny 1.2-13
Binding to myo-inositol monophosphatase
Kb 0.9uM

kof'f

0.08 (0.06-0.1)*s

Kosaka et al., 1993; Maeda et al., 1999

Hackney et al., 2005

Mdller et al., 20052

Mudller et al., 2005

Mudller et al., 2005

Hackney et al., 2005°

Hackney et al., 2005°

Leathers et al., 1990; Akerfeldt et al., 1996; Berggard
etal., 2002a°

Mixed Ca2t/Mg?* binding sites; the remaining 2 EF
hands do not bind Ca%* (EF-2) or with a very low
affinity (EF-6)

Berggard et al., 2002a
Faas et al., 2011
Faas et al., 2011
Faas et al., 2011

presumably Mg?+ dependentd
Berggard et al., 2002b
Berggard et al., 2002b

-1 Schmidt et al., 2005, Purkinje neurons

*Errors as SEM, unless stated otherwise.
@ Developmentally-regulated differences.

bField of view averages, disregarding strong developmental differences and differences between apical and basal cells.

¢Unless otherwise noted all following parameters were obtained from cuvette measurements.

9Hill coefficient was estimated by Faas et al. (2011) based on data from Berggérd et al. (2002a).

#Interquartile range.

Berggard et al., 2002a; Cedervall et al., 2005; Kojetin et al., 2006).
EF-2 is consistently viewed as non-metal binding while EF-6 may
have a verylow Ca’* affinity (Akerfeldt et al., 1996; Cedervall etal.,
2005). EF-1, 3, 4, 5 are mixed metal binding sites, however, with
much higher affinity for CaZ* (393 nM; Faas et al., 2011) than for
Mg?* (714 WM; Berggérd et al.,, 2002a). Thus, under physiological
conditions ([Mg?*]; ~600 wM) CB will function predominantly
as a Ca®* buffer. In resting neurons ([Ca®T]; ~50nM, [Mg>*];
~600 uM), it will be loaded by approx. ten percent with Ca?*
and 45% with Mg?* (Figure 1; Berggard et al., 2002a). Compared
to the related PV, the presence of Mg?>™ produces only a minor
shift in the apparent Kp, c, of CB (Figure 1), while it appears to
increase cooperativity in Ca?* binding (Berggird et al., 2002a);
however, cooperativity is still negligible, with an estimated Hill
coefficient (nyy) of ~1.25 (Faas et al., 2011).

Disregarding cooperativity, CB binds Ca®" with rapid to
intermediate kinetics (kon 75 wM™!s™!) and medium (393 nM)

affinity (Faas et al., 2011; Table1). Its on-rates are between
those of EGTA (ko 10 uM™'s™!, Kp 70 nM; Négerl et al., 2000
Meinrenken et al., 2002) and BAPTA (kon 400 pM~'s™!) Kp
220 nM; Naraghi, 1997; Naraghi and Neher, 1997; Meinrenken
et al., 2002), while its affinity is closer to BAPTA. Typically, these
properties endow CB to function as a major determinant of neu-
ronal Ca?" kinetics (Airaksinen et al., 1997; Barski et al., 2003;
Schmidt et al., 2003).

The diffusion of CB has been quantified in spiny dendrites of
cerebellar Purkinje neurons (PNs). Apart from a smaller immobi-
lized fraction (see below), CB diffused with an apparent diffusion
coefficient (D) of 20 um?/s between spines and parent dendrites
(Schmidt et al., 2005). This is ~2-fold slower than the diffusional
mobility of PV in the same cellular compartments, but identical
to the D of a mobile calmodulin (CaM) fraction in HEK293 cells
(Kim et al., 2004) and in spiny dendrites of PNs (Schmidt et al.,
2007). To my knowledge there is no quantification of aqueous CB
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FIGURE 1 | Effects of Mg2* on Ca?* binding. Simulated steady-state
CaZ*-binding curves of the CaZ* binding proteins (CaBP) parvalbumin (PV,
red, Kp,ca 9nM, Kp g 31 wM), calbindin (CB, black, average Kp ca 393 nM,

100 F
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& 60
@©
e _
S
Q© 40 t
m
©
o
20 t
0 3 : ] . ; .
1x10-10 1x10° 1x108 1x107 1x10 1x10
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Kp,mg 714 uM; cf. Table 1), and calretinin (CR, green, average Kp ca 1.5 1M,
Kb,mg 4.5mM) in the absence of Mg?t (dotted lines) and in the presence of
600 M Mg?* (solid lines).

diffusion, but it might be estimated to be >100 wm?/s (Gabso
et al., 1997).

BUFFER OR SENSOR?

In vitro studies from the 80th and 90th already suggested that
CB might have an additional Ca>* sensor function. It was shown
to activate isolated erythrocyte membrane Ca>*-Mg?* -ATPases
(Morgan et al., 1986) and cyclic nucleotide phosphodiesterases
(Reisner et al., 1992); in centrifugation studies of different tis-
sues CB was found not only in the cytoplasmatic fractions but
also in membrane/organelle containing fractions (Hubbard and
McHugh, 1995; Winsky and Kuznicki, 1995). The CB content in
the membrane fractions was decreased in samples prepared or
incubated in low Ca?* (Winsky and Kuznicki, 1995).

Three studies from the group of S. Linse (Berggard et al.,
2000, 2002a,b) laid the foundation for substantiating the sensor
hypothesis: They found that CB underwent substantial confor-
mational rearrangements upon Ca’*-binding and protonation,
likely exposing EF-2, but not upon Mg?*-binding. These changes
went beyond the moderate redistributions in Mg?*-induced
cooperativity in Ca’*-binding (see above). Unlike classical sen-
sors CB had exposed hydrophobic regions also in its Ca’*-free
(apo-) conformation, which is thermodynamically unfavorable
under aqueous conditions, thus, suggesting additional Ca®*-
independent interactions with target proteins. Subsequently, CB
was shown to interact with myo-inositol monophosphatase-1
(IMPase), a key enzyme in the IP3 second messenger pathway (see
below) both, in its apo- and Ca’>*-bound form with low affinity
(Kp ~0.9 wM). Finally, they identified a 12 amino-acid motive as
the putative CB binding domain of IMPase.

Another CB ligand identified is Ran-binding-protein-M
(RanBPM), a small GTPase involved in nuclear transport pro-
cesses and microtubule formation (Lutz et al., 2003). Using NMR,
it was shown that RanBPM interacted with Ca?* loaded CB.
Finally, CB was found to inhibit caspase-3 in osteoblastic cells
independent of Ca®T, thereby, suppressing apoptosis (Bellido
et al., 2000). Caspases are important enzymes in apoptosis, with
activation of caspase-3 triggering the common executive pathway
of cell death (Griitter, 2000; Yuan and Yankner, 2000; Yan and
Shi, 2005). In central nervous system (CNS), incorrect execution
of death pathways is thought to be associated with severe disor-
ders including Chorea Huntington and Alzheimer disease. The
finding that CB markedly reduces caspase-3 activity is particularly
noteworthy in this context, since it might act as a neuroprotective
agent.

So far, only in vitro studies showed a sensor function of CB.
The CB-IMPase interaction was demonstrated in situ in PNs
in acute slices (Schmidt et al., 2005). In multi-photon fluores-
cence recovery after photobleaching experiments a fraction of
dye-labeled CB (~20-30%) was found to be immobilized for >1s
in spines and dendrites, but not in smooth parts of axons. Use
of the above peptide sequence from IMPase in a competition
assay led to significant relief from immobilization, suggesting that
CB indeed interacted with IMPase in PNs. Further experiments
showed that the interaction was influenced by synaptic activation
associated with increased [Ca®T];.

A detailed NMR analysis of CB structure (Kojetin et al., 2006),
completing earlier work (Klaus et al., 1999; Berggérd et al., 2000,
2002a,b; Venters et al., 2003; Venyaminov et al., 2004; Vanbelle
et al., 2005), confirmed that upon Ca’* binding CB adopts
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discrete hydrophobic states but also has exposed hydrophobic
surfaces in its apo-form. In addition, the regions mediating
the interactions with RanBPM, IMPase, Caspase-3 and also its
pro-domain were mapped.

Finally, in kidney CB was found to associate with TRPV5
channels which are involved in Ca?* reabsorption from the urea
(Lambers et al., 2006). The family of TRP channels is extraordi-
narily large with several members being abundantly expressed in
the CNS. While it is temping to speculate on further direct CB
interactions with Ca?*-conductances in neurons, experimental
evidence is missing.

Taken together, there is growing evidence that CB not only
functions as Ca?*-buffer but also binds to and regulates a vari-
ety of target proteins, including membrane ATPases, IMPase,
RanBPM, procaspase-3, caspase-3, and TRPV5. Unlike canoni-
cal Ca?*-sensors, however, CB likely interacts in CaZ*t-free and
Ca’*-occupied form with its targets.

FUNCTIONAL ASPECTS OF CB

CB appears to fulfill three functions: First, it functions as a mobile
or partly immobilized Ca?*-buffer with medium kinetics and
affinity—buffer function. Second, it functions in buffered CaZt-
diffusion—transport function. Finally, it interacts with target
proteins likely both, in its apo- and Ca?*-loaded form—sensor-
like function.

BUFFER FUNCTION

In neurons expressing CB, it makes a major contribution to the
total buffer capacitance (Fierro and Llano, 1996; Jackson and
Redman, 2003; but see Faas et al. (2011) for an alternative view on
CA1 spines in the presumed presence of large amounts of CaM).
In dendrites and spines, CB clips the peak amplitude of synapti-
cally induced Ca®" transients, speeds their initial decay kinetics
and prolongs their later phase (Airaksinen et al., 1997; Schmidt
et al., 2003, 2007), while the rise time of the Ca’t transients
remained essentially unaffected (Koster et al., 1995; Schmidt et al.,
2003). Thus, in postsynaptic structures CB induces characteristic
biphasic decay kinetics of volume averaged Ca?* transients and
controls their amplitude.

Long lasting alterations of synaptic weight, like long-term
potentiation (LTP) or depression (LTD) comprise strong Ca®t-
dependent postsynaptic components. LTP in CA1 pyramidal neu-
rons with reduced CB content could be induced normally but
its maintenance was affected, leading to impaired spatial learn-
ing (Molinari et al., 1996). Whether this is attributable to altered
Ca’*-signaling in the absence of CB or a direct target modula-
tion by CB remained unclear. Lack of CB results also in deficits in
motor coordination (Airaksinen et al., 1997; Barski et al., 2003),
which is consistent with the strong CB expression in cerebellar
cortex and its impact on synaptically mediated Ca®* transients.
However, parallel-fiber (PF) LTD in PNs lacking CB was normal
and also Ca?T-signals mediated via activation of metabotropic
glutamate receptors (mGluRs), known to be required in LTD
induction (Daniel et al., 1998; Ito, 2001), were unaltered com-
pared to the WT (Barski et al., 2003). It remained elusive, how-
ever, why rapid Ca>* transients mediated by climbing-fiber and
PF inputs were affected by lack of CB, whereas longer lasting,

mGluR mediated Ca>*-signals were not (cf. discussion in Barski
et al., 2003 for a possible explanation). Given that the conditional
knock-outs used in the study are not affected by compensa-
tions for lack of CB (Vecellio et al., 2000; Kreiner et al., 2010),
the answer may involve the as yet not further characterized
CB-IMPase interaction (Schmidt et al., 2005; cf. below).

In presynaptic terminals, relevant Ca’*-signaling domains
and their topographical relationships to Ca?* dependent pro-
cesses are well defined (Neher, 1998b; Augustine et al., 2003;
Eggermann et al., 2012). However, the function of individual
CaBPs has been rarely specified, although they are generally
believed to be crucial in regulating transmitter release and short-
term plasticity. Specifically, it has been postulated that saturation
of CB underlies a form of paired pulse facilitation (PPF) at neo-
cortical interneuron to pyramidal neuron synapses, hippocampal
mossy-fiber to CA-3 synapses (Blatow et al., 2003), and recur-
rent PN synapses (Orduz and Llano, 2007). This form of PPF
has been termed “pseudofacilitation” (Rozov et al., 2001) in
order to distinguish it from more classical mechanisms like resid-
ual Ca*t (Zucker and Stockbridge, 1983; Connor et al., 1986),
Ca®* remaining bound to the release sensor or a facilitation sen-
sor (“active Ca?t”; Katz and Miledi, 1968; Yamada and Zucker,
1992; Atluri and Regehr, 1996) or Ca?T dependent facilitation
of Ca?*-currents (CDF; Lee et al., 1999, 2000a; Tsujimoto et al.,
2002; for more detail see, e.g., Neher, 1998b; Zucker and Regehr,
2002; Stevens, 2003). In pseudofacilitation a substantial amount
of Ca’* entering the presynapse during the first action potential
(AP) is thought to be buffered by CB, thereby, reducing the initial
release probability but also saturating CB, which in turn results in
increased [Ca®T]; during the second AP and potentiated release
(Neher, 1998b; Rozov et al., 2001; Blatow et al., 2003; Felmy et al.,
2003). Albeit direct evidence for CB saturation is scarce and Ca**
imaging experiments from CB containing versus CB deficient
presynaptic terminals are lacking, the hypothesis is consistent
with conclusions drawn from experiments with BAPTA (Rozov
et al., 2001). However, Ca>* binding by endogenous CaBPs can
be more complex than binding by exogenous buffers, as exem-
plified recently for PV (Caillard et al., 2000; Eggermann et al.,
2012; Eggermann and Jonas, 2012). Thus, more direct evidence
for saturation is desirable.

CDF and its counterpart Ca?*-dependent inactivation (CDI)
are Ca’* driven feedback mechanisms regulating voltage oper-
ated Cay2.1 (P/Q type) Ca?*-channels. CDF is mediated by Ca®*
loaded CaM or NCS-1 (Lee et al., 1999, 2000a; Tsujimoto et al.,
2002), while CB only affected CDI but not CDF. Different from
the CaM and NCS-1 effects on CDE, CB effects on CDI were
essentially consistent with its buffering action and did not require
the assumption of a Ca?*-sensor function (Kreiner and Lee,
2006).

TRANSPORT FUNCTION

Beyond Ca’* transporting epithelia (Bronner and Stein, 1988;
Bronner, 1989; Koster et al., 1995; Lambers et al., 2006), buffered
Ca®* transport by CB has recently also been suggested between
activated spines and their parent dendritic shafts (Schmidt et al.,
2007; Schmidt and Eilers, 2009). Although spill-over of Ca®*
from spines into dendrites had been reported before by several
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groups (Majewska et al., 2000; Holthoff et al., 2002; Schmidt et al.,
2003), these experimental observations were significantly influ-
enced by the action of Ca" dyes (Sabatini et al., 2002; Schmidt
et al., 2003) and in the majority view spine necks remained sub-
stantial diffusion barriers for second messengers, making spines
biochemically isolated compartments (Gamble and Koch, 1987;
Zador et al., 1990; Miiller and Connor, 1991; Svoboda et al.,
1996; Sabatini et al., 2002). An analysis of spine Ca** dynamics
under minimally perturbed conditions, however, confirmed that
indeed most spines of pyramidal neurons allow a sizeable Ca**
efflux that was tightly regulated by the geometry of the spine neck
(Noguchi et al., 2005). Consecutively, it was shown that in PNs the
majority of Ca>* left the spine bound to CB (Schmidst et al., 2007),
with the buffered efflux again being tightly controlled by the
spine neck geometry (Schmidt and Eilers, 2009). This diffusional
coupling drove a spatial summation process in which coincident
activity of neighboring spines was integrated in the dendrite with
the potential to activate dendritic CaM. This biochemical summa-
tion might exist in parallel to the classical summation of electrical
signals in dendrites, possibly with reciprocal interaction (Nemri
and Ghisovan, 2007).

Despite buffered Ca?* transport, even neurons expressing
large amounts of CB can retain Ca®" signals that are spatially
restricted to activated dendritic branches (Eilers et al., 1995, 1997)
Although significant Ca®" transport out of the active branches
indeed occurred, it was outweighed by Ca’* extrusion along
the dendrite. This close interplay between diffusion and extru-
sion defined the capability of Ca’* to spread between dendritic
branches (Schmidt et al., 2011).

SENSOR-LIKE FUNCTION

In this final function-section, I will focus on the neuronal
CB-IMPase interaction. IMPase catalyzes the hydrolysis of myo-
inositol-1(or 4)-monophosphate to form free myo-inositol, the
resource for IP3 and DAG second messengers. CB was shown to
bind IMPase in vitro (Berggard et al., 2002b) and in PNs (Schmidt
et al., 2005) with a Kp of ~0.9 uM and an off-rate of ~0.08s™!
(Table 1). In vitro, apo- and Ca?t-bound CB activated IMPase
similarity up to 250-fold. The activation was most pronounced

under conditions that otherwise were associated with very low
IMPase activity, precisely at reduced pH and at low substrate
concentration. In spiny dendrites, binding of CB to IMPase was
apparent at resting Ca’* levels but further amplified by synap-
tic activation associated with increases in intracellular Ca** in
a frequency dependent way. Thus, while the in vitro interaction
appeared essentially independent of Ca?T, in dendrites it is likely
boosted by increasing Ca>* levels.

Still unresolved is the impact of the CB-IMPase interaction
on dendritic IP3 mediated Ca®*-signaling. Two scenarios would
be conceivable: First, the increased IMPase activity speeds the
degradation of IP and could, in consequence, result in accelerated
IP3 degradation and in reduced Ca®*-signals. Second, increased
IMPase activity could result in an accelerated source substance
supply for IP3 production and consequently in increased IP3 lev-
els and amplified Ca®*-signaling. Considering that IP3 mediated
Ca’*-signals in dendrites of PN-specific CB knock-outs were,
despite the absence of a major buffer, unaltered compared to
the WT (Barski et al., 2003) this argues in favor of the second
scenario.

CONCLUDING REMARKS

I reviewed evidence for a threefold function of CB, consisting
of a sensor-like and a transport function in addition to buffer-
ing of Ca?*. Different from a canonical Ca>*-sensor, CB appears
to bind its targets in Ca>*-occupied and Ca’*-free conforma-
tion. Spino-dendritic Ca>*-coupling and its regulation by the
geometry of the spine neck were shown for pyramidal as well
as PNs. In the latter the coupling was essentially mediated by
CB. The control of this coupling via the spine neck, which itself
undergoes use-dependent regulation, will increase the compu-
tational capacitance of dendrites. Despite growing evidence for
these two additional functions, decades of investigation on CB
mainly underlined its importance as a Ca>*-buffer.
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Calcium binding proteins, such as parvalbumin (PV), are abundantly expressed in distinctive
patterns in the central nervous system but their physiological function remains poorly under-
stood. Notably, at the level of the striatum, where PV is only expressed in the fast-spiking
(FS) interneurons. FS interneurons form an inhibitory network modulating the output of
the striatum by synchronizing medium-sized spiny neurons (MSN). So far the existing
conductance-based computational models for FS neurons did not allow the study of the
coupling between PV concentration and electrical activity. In the present paper, we propose
a new mathematical model for the striatal FS interneurons that includes apamin-sensitive
small conductance Ca?*-dependent K+ channels (SK) and the presence of a calcium buffer.
Our results show that a variation in the concentration of PV can modulate substantially the
intrinsic excitability of the FS interneurons and therefore may be involved in the information
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processing at the striatal level.

Keywords: calcium dynamics, parvalbumin, striatal fast-spiking interneurons, excitability, mathematical model

INTRODUCTION

Calcium regulates many cellular processes, including hormone
secretion, neurotransmitter release, ionic channel permeability,
and gene transcription. The cytosolic calcium proteins are clas-
sified in trigger or buffer proteins (Schwaller, 2009). Trigger
proteins, such as calmodulin, change their conformation upon
binding Ca*, as opposed to buffer proteins (e.g., calretinin, cal-
bindin, or parvalbumin) which bind Ca?* as its concentration
increases within a cell and are thought to mainly act as passive
modulators of the cytosolic calcium level. Nevertheless, it has been
suggested that calbindin also acts as a Ca®* sensor (Schmidt et al.,
2005; Lambers et al., 2006). Moreover at the neuronal level, several
results have shown that calcium buffers play a key functional role
in the control of the neuronal firing. More precisely, it has been
shown that the concentration of calretinin, acting as a fast calcium
buffer, controls the excitability of cerebellar granule cells, through
the activation of high-conductance voltage- and Ca?*-activated
K7 (BK) channels (Gall et al., 2003, 2005; Bearzatto et al., 2006).
Furthermore changes in the buffer concentration can dramatically
affect the electrical discharge pattern of cerebellar granule cells,
hence allowing transitions between regular firing and different
types of bursting (Roussel et al., 2006).

PV is a member of the EF-hand calcium binding proteins fam-
ily and it has two mixed Ca’>*/Mg?* binding sites. PV binds
Mg*" with medium affinity (Kp,ag ~ 5-500 uM) and Ca®* with
high affinity (Kp,c, ~5-100 nM; Schwaller, 2009). Under basal
[Ca?*]; (100 nM), the majority of PV’s binding sites (>80%)
are occupied by Mg?*. The binding of Ca’* is determined by
the slow Mg2+ off-rate (Schwaller, 2009). For this reason, PV
is considered as a slow buffer similar to the synthetic chelator
EGTA. However recent studies show that at high concentration

and in certain physiological conditions, PV might also act as a fast
buffer, similarly to the synthetic chelator BAPTA (Franconville
et al., 2011; Eggermann and Jonas, 2012). In the striatum, PV is
selectively expressed in the population of FS interneurons. Striatal
ES interneurons exert a strong inhibitory control over MSN, the
principal neurons of the striatum. FS interneurons can fire reg-
ular trains of action potentials (AP) at frequencies ranging from
20 to 200 Hz, with little spike-frequency adaptation. They can also
exhibit stuttering firing patterns consisting of brief bursts of AP
separated by quiescent periods, which are characterized by sub-
threshold membrane potential oscillations (Tepper et al., 2010).
The FS interneuron firing patterns result from the expression of a
specific set of voltage-gated channels (Zhang and McBain, 1995;
Martina and Jonas, 1997; Erisir et al., 1999). For example, voltage-
gated potassium channels of Kv3 type are responsible for the fast
repolarization and short duration of AP (Rudy and McBain,2001).
We have strong indications for the presence of apamin-sensitive
small conductance (SK) Ca”-dependent KT channels, that are
known to be coupled to voltage-gated Ca’* channels (Stocker,
2004). SK channels are voltage independent and are activated at
free Ca®t concentrations in the range of 300-700 nM (Hirschberg
et al., 1998; Xia et al., 1998). In rat striatal fast-spiking interneu-
rons, blockade of BK channels by iberiotoxin has no effect on
action potential duration (Sciamanna and Wilson, 2011), hence SK
channels are strong candidates for the observed spike-frequency
adaptation in FS neurons (Maingret et al., 2008). The presence of
this calcium-activated ionic conductance could provide a way for
parvalbumin to control the discharge pattern of the FSI. In fact, in
cerebellar granule cells, it has been shown that calretinin, a fast cal-
cium buffer, modulates the excitability of cerebellar granule cells
through the activation of BK channels (Gall et al., 2003).
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In this study, we propose a new conductance-based computa-
tional model for striatal FS interneurons that includes the influ-
ence of PV and the presence of SK channels providing coupling
between excitability and calcium dynamics during the spike gen-
eration. This model allows us to investigate the effect of variations
in the concentration of PV on striatal FS interneurons activity. We
show that excitability of FS neurons depends on PV concentration
and that this regulatory effect occurs in a similar way for fast and
slow buffers.

MATERIALS AND METHODS

FS NEURON COMPUTATIONAL MODEL

Our computational model is adapted from the conductance-based
model of Erisir (Erisir et al., 1999) of a FS neocortical interneuron.
The ionic currents of the Erisir model consist of a fast transient
Na™ current Iy, a fast delayed rectifier potassium current of Kv3.1
type Ixy3, a slow delayed rectifier potassium current of Kv1.3 type
Ixy; and a passive leak current Iy, We add to this model a HVA cal-
cium current I, (Stocker, 2004) and a SK potassium current, Isk.
Charge conservation governs the membrane potential dynamics
through the following equation:

av
CmE = —INg — Ixv1 — I3 — Ica — Isk — Dieak + Lapp (1)
where C,,, V are the membrane capacitance and potential of the
ES neuron, I,y is an external applied current. The ionic currents
are given by:

Ing = gNatmaoh (V — Vi) ()
It = gring (V = Vi) 3)
I3 = grsms (V — Vi) (4)
Isx = gsxk* (V = Vi) (5)
Ica = gca3e (V = Vca) (6)
lieak = Zleak (V' — Viear) (7)

where m and h are respectively the activation and inactivation gat-
ing variables of the Iy, current, n;, n3, k, a are respectively the
activation variables of Iy 1, Ixy3, Isk, Ica currents. The kinetic of
the m and a activation variables are considered fast compared to
the other gating variables and are set to their steady-state value
M= muo(V), a=ax (V). The membrane capacitance was set to
30 pE, the leak conductance gqr to 2.5nS and the leak reversal
potential to —68 mV, to match the known experimental membrane
capacitance (25-30 pF), membrane resistance (400 M€2), and rest-
ing membrane potential (—70 mV). The other reversal potentials
are Vy,=74mV, Vg =—90mV, V¢, =80mV, and the maximal
ionic conductances are gng =700nS, gk =2nS, gx3=300nS,
gca=30nS, gsg =2 nS. The dynamic of the other gating variables
(excepted k) are governed by:

dx

= = a0 =0 = B(V)x (8)
(02X

Xoo = oy +/3x (9)
1

B ax + Bx (10)

where x = h, n1, n3. The kinetics of the «y, B« are exactly as pub-
lished in Mancilla et al. (2007). The kinetics of the a variable was
adapted from Roussel et al. (2006) and follows:

1
oo = ———————————
T it eap ()
1

8.0 + 0.1(V+38.9)
14-exp(—0.072(V =5)) exp(0.2(V+8.9))—1

(11)

(12)

Tg =

The k activation variable for SK channels is Ca?* dependent
and voltage independent. The equation for its time evolution was
taken from Goldberg et al. (2009):

dh _ (ke ([C?*]) ~ )

== - (13)
koo = [Caz+]i 14)
B Ks + [Ca“]i (

! (15)

- Ks + [Ca”]i

where Kk = Kofrsk/Kon,sk- The values of kg = 0.4 uM ™ ms™!

(Ca**-binding rate) and kofsk = 0.2 ms~! (from Goldberg et al.,
2009). In presence of PV, the coupling of the calcium dynamic is
done via the following equations:

d[Ca**], Ic d[PVCal;

=——2 _y([ca®*], - [Ca*" e

dt zFAd y ([ a ]l [ a ]rest) dt
(16)

d[PVCal;

T = kon,cu [CaZJr]i[PV]i - kaff,ca [PVCal; (17)

d[PVMg),

= konng[ME L IPVY: — kong [PYMgli (18)

where [Ca’*]; and [PV]; represent respectively the free
intracellular Ca®?t concentration and the concentration of
free PV. [PVCa]; and [PVMg]; are the concentration of
PV bound to Ca?’t and Mg?>*. The total PV concen-
tration [PV]r=[PV];+ [PVCa];+ [PVMg];. We assume that
[Mg?T]; is constant as in (Lee et al., 2000). [Mg?*]; was
set to 500 uM in agreement with the values found within
neurons (300-600 uM; Li-Smerin et al., 2001). The asso-
ciation and dissociation constant of PV with Ca?>* and
Mgt are kopca=0.1puM ™I ms™!, kog, =0.001ms™!, and
Konmg=0.0008 uM ™' ms™!, kofrne=0.025ms™ (Lee et al,
2000). We consider Ca?t fluxes across a shell of thickness
d=0.2 pm under cell surface (area A =3000 um?). The inward
flux is —Ics/2FAd (F is the Faraday constant). The term
y([Ca*t]; — [Ca?T,eq) is the clearance mechanism associated
with the Ca?* fluxes across the plasma membrane or storage
organelles (y =1 ms~ L, [Ca®?* ] ey = 0.07 uM). In presence of the
slow or fast buffer, the coupling of the calcium dynamic is done
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via the following equations:

d[Ca**], Ica 5 d[BCa);
_ _ +1 _[Ca2t _ i
At - 2FAd v ([Ca ]i [Ca ]rest) dt
(19)
d[BCa];
— = kon[ Ca** ] ,[Bli — ko [BCal; (20)
where [B];, [BCa]; are the concentration of free and

bound buffer (slow or fast). The total buffer concentration
[Blr=[B];+ [BCal];. The list of model parameters are shown
in Table 1. Numerical simulations traces are obtained after an
initial integration of 4 s. The equations of the model are numeri-
cally solved using a fourth-order Runge—Kutta integration method
(Pressetal., 1992). The bifurcation diagram was built with the soft-
ware XPPAUT 6.10 (Free Software Foundation Inc., Cambridge,
USA).

RESULTS

EXPERIMENTAL RELEVANCE OF FS NEURON COMPUTATIONAL MODEL
We use a computational model, based on experimental data, to
investigate how Ca?* buffering by PV affects striatal FS interneu-
ron excitability. Striatal FS neurons selectively express the slow
calcium buffer PV (Kawaguchi et al., 1995). We have strong evi-
dence that they also possess apamin-sensitive small conductance
SK channels. Therefore we propose a FS interneuron model,
adapted from Erisir et al. (1999), that includes the presence of

SK channels and of PV calcium binding proteins. Since PV pos-
sesses mixed Ca®*/Mg?* binding sites, we take into account in our
model the competition between Ca®" and Mg?* for PV binding
sites (see Materials and Methods). Until recently, parvalbumin was
considered as a slow calcium buffer similar to the synthetic chela-
tor EGTA (Schwaller, 2009) but new evidence shows that under
certain physiological conditions, at high concentration, PV may
act as a fast calcium buffer similar to the synthetic chelator BAPTA
(Franconville et al., 2011; Eggermann and Jonas, 2012). There-
fore we have included three buffering conditions in our study:
PV with its mixed Ca®"/Mg>" binding sites, a slow buffer simi-
lar to EGTA, and a fast buffer similar to the metal-free form PV.
For these three buffering conditions, we have studied the effect
of the calcium buffer on the excitability of FS neurons, for differ-
ent buffer concentrations. In our model, the slow calcium buffer
hasa Kp=0.1 uM and a ko, =0.01 uM~! ms~! similar to EGTA
(Schwaller et al., 2002; Schwaller, 2009). The fast calcium buffer
has a Kp=10.01 uM and a k,; =0.1 uM~! ms~! similar to those
of metal-free form PV (Eberhard and Erne, 1994; Lee et al., 2000).

Figure 1A shows a bifurcation diagram of our FS model, with
PV as calcium buffer, where the bifurcation parameter is the
applied current (I,pp). Our model generates stable oscillations in
the physiological range. A supercritical Hopf bifurcation (HB) at
Iopp = 44 pA gives rise to a small window of periodic solutions that
lose stability at I;pp =45 pA. For Iy, > 44 pA there is a branch of
unstable periodic solutions that ends at a saddle-node of limit
cycle (SNLC), for Iy, = 68 pA. For I,y = Isnrc, a branch of stable

Table 1 | Model parameters.

Definition Parameters Values Reference

Sodium conductance INa 700nS

Sodium reversal potential VNa 74mV Jolivet et al. (2004)

Kv1 potassium conductance gkv1 2nS

Kv3 potassium conductance 9Kkv3 300nS

SK potassium conductance gsk 2nS

Potassium reversal potential Vg -90mV Jolivet et al. (2004)

SK affinity for calcium Ksk 0.5 uM Goldberg et al. (2009)
Calcium conductance 9ca 30nS

Calcium reversal potential Vea 80mV Roussel et al. (2006)
Membrane capacitance Cm 30pF

Leak conductance Oleak 2.5nS

Leak reversal potential Vieak —68mV

Ca®* extrusion rate y 1ms™!

Shell thickness d 0.2 um

Mg?* concentration [Mg?*]; 500 uM Li-Smerin et al. (2001)
Resting Ca%* concentration [Ca?t ) est 0.07 uM

Cell surface A 3000 um?

Ca?* binding rate to PV Kon,ca 0.1uMTms™! Lee et al. (2000)

PV affinity for Ca?* Kp,ca 0.01 uM Eberhard and Erne (1994)
Mg?* unbinding rate from PV Kottmg 0.025ms™! Lee et al. (2000)

PV affinity for Mg?+ Kp,mg 31 uM Eberhard and Erne (1994)
Ca?* binding rate (fast buffer) Kon 0.1 uM~Tms™! Lee et al. (2000)

Affinity for Ca2* (fast buffer) Kp 0.01 uM Eberhard and Erne (1994)
Ca?* binding (slow buffer) Kon 0.01 uM~" ms~! Schwaller et al. (2002)
Affinity for Ca%* (slow buffer) Kp 0.1 uM Schwaller et al. (2002)
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FIGURE 1 | Dynamical behavior of the FS interneuron computational
model. (A) Bifurcation diagram of our fast-spiking neuron model
(B;=1000 M) representing voltage in function of applied current /,,,. As
applied current increases from 0 pA, a branch of stable steady-states (thin
solid curve) ends at a Hopf bifurcation (HB) point (/,,, &~ 40 pA), giving rise to
a branch of unstable periodic orbits (thick dotted line) and a branch of
unstable steady-states at (thin dashed line) /,,, ~ 40 pA. As the applied
current increases further a branch of stable periodic solutions emerges
from a saddle-node on a limit cycle (SNLC). Stable periodic solutions exist
for 1,,, > 69 pA. (B) Time series showing a stable steady-state solution at
1.p=20pA and (C) stable periodic solution at /,,, = 100 pA [the
corresponding current values are displayed as dashed vertical lines in the
bifurcation diagram shown in (A)].

periodic solutions emerges. From that point the amplitude of the
oscillations decreases as the applied current, I;pp, increases and
the repetitive firing disappears at a supercritical Hopf bifurcation
(not shown). A stable steady-state time series at I;p, =20 pA and
a stable periodic solution obtained at Iy, =100 pA are shown
in Figures 1B,C. Both the slow (similar to EGTA) and the fast
(similar to the metal-free form PV) show a similar bifurcation dia-
gram (data not shown). From a dynamical point of view, neurons
are classified in two broad classes: class 1 and class 2 excitability
(Izhikevich, 2007). Neurons in class 1 can fire at an arbitrary low
frequency, depending on the strength of the applied current, while
for neurons of class 2, the onset of oscillations starts at a non-zero
frequency. Class 1 neurons can encode continuously the strength

data data
A B
¥
simulation simulation
c D
40 mV I—

100 ms

E F
— lapp = 100 pA lpp = 200 pAS”
100 ms

FIGURE 2 | Experimental relevance of the FS neuron computational
model. (A) Train of action potentials evoked in a striatal FS interneuron in
response to a step and a ramp current injection during whole-cell
recordings. During 1's step of 100 pA the average spiking frequency is

36 Hz and the firing exhibits adaptation. (B) Whole-cell recording during a
1-s ramp of 200 pAs~'. Our model is adapted from Erisir et al. (1999) to
include Ca**, SK currents, and an endogenous calcium buffer. (C,D)
Numerical simulations obtained with similar current protocols. The average
spiking frequency in (C) is 31 Hz. The step and ramp current protocols used
for the above experiment and simulation are shown in (E,F). Experimental
and simulated voltage traces exhibit similar firing patterns for both
protocols demonstrating the quantitative aspect of the proposed
computational model.

of an incoming stimulus in their firing frequency, while class 2
neurons will sense whether the strength of the stimulus is above a
threshold. It has been shown experimentally that FS neurons share
properties of class 2 neurons (Tateno et al., 2004). Accordingly, the
electrical behavior of our FS model displays the typical dynam-
ical behavior of class 2 neurons as the periodic firing originates
from a Hopf bifurcation. In addition, typical experimental voltage
traces obtained during whole-cell recording and the correspond-
ing results of the numerical simulations are shown in Figure 2 for
two different protocols: 1 s step current of 100 pA and 1 s ramp cur-
rent injection of 200 pA s~ . In Figure 2A the FS interneuron fires
at a typical frequency of 36 Hz whereas the result of the simulation
gives a frequency of 31 Hz for the same protocol (1 s step current of
100 pA). Experimental and simulated voltage traces exhibit similar
firing patterns for both protocols demonstrating the quantitative
aspect of the proposed theoretical model.

SUMMATION OF [Ca%*]; TRANSIENTS DURING TRAINS OF ACTION
POTENTIAL

During a train of AP, [Ca?T]; increases due to the summation
of [Ca?T]; transients. For trains of AP of sufficiently long dura-
tion, [Ca®*]; will reach a steady-state plateau level and fluctuate
between a lower and upper level. At steady-state, calcium influx
and clearance mechanisms compensate (Helmchen et al., 1996;
Neher, 1998). During train of action potentials, evoked by 5s
depolarizing step current of 100 pA, we have investigated the time
course to reach the steady-state using three buffering conditions. In
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FIGURE 3 | Summation of [Ca**]; transients during train of action
potentials. (A) Summation (red) and lower envelope (blue) of [Ca**];
transients for the PV system (/,,, = 100 pA). (B) The time course of the lower
envelope in the presence of PV. The time to reach the steady-state is delayed
and the plateau level increases as the PV concentration increases. [Ca**],
scales in (A,B) are different. (C) Due to saturation of the fast buffer, the time
to reach the steady-state is faster for the fast buffer system (solid curve)
compared to the PV system (dashed curve). Once PV is saturated with Ca**,
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the PV system follows the time course of the fast buffer system. (D) For
trains of action potentials of short duration, the time course of the PV system
(dashed curve) follows the time course of the slow buffer system (solid
curve). (E,F) Buffer occupancy vs. time. As for the Ca** transients, the buffer
occupancy oscillates between lower and upper envelopes (not visible at this
scale). The PV and slow buffer system will partially saturate after a few
hundred milliseconds, whereas the fast buffer system is already saturated
from early on. (E) Br=50 1M and (F) B;=1000 uM.

the first condition, we have simulated PV with mixed Ca?*/Mg?*
binding sites. In the second and third conditions, we have simu-
lated respectively a slow buffer similar to EGTA and a fast buffer
similar to the metal-free form of PV. Figure 3A shows the summa-
tion and lower envelope of [Ca?T]; transients, in the presence
of PV, during the first 1000 ms of a train of action potentials
(Ispp = 100 pA). The time course of the lower envelopes of [Ca*T];
transients in the presence of PV is shown in Figure 3B. As pre-
viously demonstrated (Lee et al., 2000), the time to reach the
steady-state is delayed and the plateau level increases as the PV
concentration increases. A similar behavior is observed for the
slow and fast buffer systems (Figures 3C,D). For the fast buffer
the time to reach the steady-state is shorter than the time for the
slow buffer (Figure 3C). Moreover, for trains of AP of short dura-
tion, the envelope of Ca?t transients follows a similar time course

both for PV and the slow buffer (Figure 3D). Whereas for trains of
AP of longer duration, once PV is saturated with Ca?*, the lower
envelope of Ca?T transients follows a similar time course both
for PV and the fast buffer (Figure 3C). In Figures 3E,F, the plots
of the buffer occupancy show that PV and the slow buffer par-
tially saturate after a few hundred of milliseconds, whereas the fast
buffer system is already saturated at this time. The lower envelope
of [Ca*t]; transients determines the Ca®t available for the activa-
tion of SK channels during the interspike intervals and therefore
the modulation of the firing frequency. In the following section,
we study the effect of different calcium buffer concentrations on
the excitability of FS neurons. Using 5s step current of 100 pA,
we only account for Ca®* transients occurring at the steady-state
plateau level during the 4th and 5th second of the train. The dura-
tion of the step current was chosen to allow Ca®* transients and
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spike-frequency adaptation, occurring during trains of AP, to reach
their steady-state.

REGULATION OF FS EXCITABILITY BY FAST AND SLOW CALCIUM
BUFFERS

We have investigated the effect of different calcium buffer concen-
trations on FS excitability for PV, the slow and fast buffer systems.
Previous studies have shown that the somatic PV concentration
ranges from 0.8 to 70.6 M in hippocampal dentate gyrus basket
cells and from 55 to 1788 M in cerebellar basket cells (Eggermann
and Jonas, 2012). In the simulations, we have used a 5-s long
depolarizing current of 100 pA and buffer concentration rang-
ing between 0 and 1500 uM. For PV, we observe a decrease in
excitability as the total buffer concentration PVr increases from
50 to 1000 M (Figure 4A). As the buffer concentration increases
from 0 to 1500 uM, the mean frequency spiking drops from 39
to 30 Hz (Figure 4B). We have observed a similar behavior for the
slow and fast buffer (Figure 4B). This demonstrates that changes
in the level of parvalbumin concentration changes the firing rate
of the FS interneurons. This regulatory effect occurs in a similar
way for the fast and slow buffers.

To understand the change in firing frequencies, we have investi-
gated the effect of the buffer concentration on the activation of the
SK current. We have considered the amplitude of the Isgx current,
the amplitude, and decay time of the Ca®* transients. To avoid
the effect of summation of Ca?™ transients, only those transients
occurring at the steady-state plateau level were taken into consid-
eration. For low PV concentrations, the decay time of the calcium
transients is slower than the decay time at high PV concentra-
tion. Moreover, at low PV concentration, the amplitude of Ca?t
transients are higher than the amplitude at high PV concentration
(Figure 5A). Between two AP, the intracellular calcium concen-
tration drops to 0.1 uM (low buffer concentration, PV =50 uM)
and 0.3 uM (high buffer concentration, PV = 1000 uM). This
value of 0.3 uM is sufficient to activate a significative fraction
of the SK channels that have a Kp for calcium of 300-700 nM
(Hirschberg et al., 1998; Xia et al., 1998). The amplitude of the Isx
current is relatively constant between two AP at low PV concen-
tration (15 pA) while it slowly increases from 19 to 35 pA at high
PV concentration (Figure 5B). This also increases the duration of
the AHP and therefore reduces the firing frequency. Figures 5C-F
show the results for the slow and fast buffers. As for PV, the residual

calcium level between two action potentials is higher at high buffer
concentration. It will activate more SK channels, increase the dura-
tion of the AHP, and decrease the firing frequency. The time course
of the other ionic currents were similar when the buffer concen-
tration was increased in the PV, slow, and fast buffering conditions
(not shown).

DISCUSSION

In this paper, we present a new conductance-based single com-
partment computational model for striatal FS interneurons. Our
model is adapted from the model of Erisir et al. (1999) for FS
neocortical interneurons. It differs from the former model (and
its modifications by Golomb et al., 2007; Ermentrout and Wech-
selberger, 2009) in that it includes the presence of a calcium
buffer protein similar to PV. The dynamic of the calcium buffer is
included in the FS model of Erisir et al. (1999) by the addition of
a HVA calcium current and a SK current. Our model differs also
from other FS models (Jolivet et al., 2004; Lewis and Rinzel, 2004;
Mancilla et al., 2007) in that it preserves the dynamic of neurons
belonging to class 2 excitability, as it is the case experimentally for
FS neurons (Tateno et al., 2004).

PV is considered as a slow buffer similar to EGTA, but recent
results show that it can behave like BAPTA, under physiological
condition, at high concentration (Franconville et al., 2011; Egger-
mann and Jonas, 2012). Therefore, we have investigated the effect
of PV and the effect of a calcium buffer in both cases, slow and fast
binding kinetics. Our results show that calcium buffers, through
modulation of the level of residual [Ca?*]; and its coupling to SK
channels during a train of action potentials, control the excitabil-
ity of FS interneurons. The SK current activation depends on the
level of residual [ Ca®t]; between AP. The residual Ca®*t concen-
tration increases with buffer concentration, as the calcium buffer
can act as a source of calcium ions during that period. Therefore
the SK current between AP increases with buffer concentration
leading to lower firing frequencies due to prolonged AHP. Our
results show that this provides a very robust mechanism for con-
trolling the excitability of FS interneurons. In our simulation, we
have used high concentration of PV, such as 1000 M. Such a high
value of buffer concentration is exceptional and so far it has only
been found in cerebellar basket cells (Eggermann and Jonas, 2012).
Nevertheless our main conclusion does not rely on this specific
value of PV concentration. As it is shown in Figure 4B, the firing

PV =50 UM , Iapp = 100 pA

40 mV
100 ms

FIGURE 4 | Effect of the PV concentration on the intrinsic excitability in
the FS cell model. (A) The response of the FS cell model to injection of
100 pA depolarizing current for a buffer concentration PV; =50 M and
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PV;=1000 uM. (B) Firing frequency vs. buffer concentration. The mean firing
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FIGURE 5 | Effect of buffer concentration on the activation of the SK
current in the FS cell model. Calcium transients obtained in response
to injection of 100 pA depolarizing current for PV (A), slow (C), and fast
(E) buffers. The calcium transients have a slower decay and have a higher
peak value at low buffer concentration. Between two action potentials, at

- = [PV]=50 uM SK current
A — [PV]=10004M o
Isk
. b ) 1 !
eyt ;
? ' t ] \
I " ". L !
! :. ]
1 1
2HM| 1 'y 40PA| o ST T A
20 ms 20 ms T
Slow Buffer
c D
' H ! ,
E E E B+ =50 uM : s«
24 M . H . = g M
Ca ] M I T "
[Cali |2 i | — Br=1000 um :

Fast Buffer

high buffer concentration, the residual calcium level is higher than the
level at low buffer concentration. (B,D,F) This results in a greater
activation of SK channels (indicated by the arrows in the figure),
increasing the duration of the AHR, and therefore decreasing the firing
frequency.

frequency decreases as the buffer concentration increases from 0
to 1500 M. This means that a similar decrease in the frequency of
firing will be observed if the buffer concentration is raised from 10
to 50 uM, in the PV concentration range found in hippocampal
basket cells (Eggermann and Jonas, 2012). Moreover, the regu-
lation by the calcium buffer concentration appears to produce
similar effects for PV, fast, and slow calcium buffers. In addition, it
appears not to depend on the type of Ca?*-activated KT conduc-
tance providing coupling between excitability and Ca?* dynamics,
as the regulation appears to be same in our FS interneuron model
and in cerebellar granule cells where this effect is mediated by BK
channels (Gall et al., 2003).

During a train of AP, [Ca?T]; increases due to the summa-
tion of Ca®* transients. For sufficiently long trains of AP, [Ca®*];
will reach a steady-state plateau and fluctuate between a lower
and an upper level. During the accumulation phase of Ca?*, we
have observed a faster initial decay and higher amplitude of the
Ca®* transients for the slow buffer (data not shown; Markram
et al., 1998). The differences in the Ca®* transients between the
slow and fast buffers attenuate at the steady-state plateau level

where PV, slow, and fast buffers are already saturated. In agree-
ment with previous published work (Helmchen et al., 1996; Lee
et al., 2000) our model predicts a build-up in Ca®* and differ-
ent degrees of buffer occupancy in the three conditions (PV, slow,
and fast buffers; Figures 3E,F). In our model, the summation of
Ca®* transients is responsible for the spike-frequency adaptation
through the progressive activation of SK channels. Due to supra-
linear summation, the fast buffer saturates rapidly whereas PV and
the slow buffer lead to a slow build-up in Ca?*. This implies that:
for trains of AP of short duration, the neuron containing a fast
buffer will display spike-frequency adaptation, whereas neurons
containing PV or a slow buffer will display little or no spike-
frequency adaptation. Those effects will be more pronounced at a
higher buffer concentration than at a lower buffer concentration
(Figures 3B-D).

The purpose of our model was to propose a basic mecha-
nism for the regulation of excitability of FS neurons by calcium
buffering. Despite the use of a single compartment model with a
limited set of conductances and currents, the simplicity of our
model and the use of buffers with different kinetics validates
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our simulations to other neuronal types. Indeed, the proposed
mechanism will remain valid providing that the mechanisms of
excitability remain the same, as in FS neurons, and that the con-
ductance of the Ca** -activated K+ channels is sufficient to obtain
a strong coupling between excitability and Ca?* dynamics during
the spike generation. A possible improvement in our model would
be to explore the competitive binding between different calcium
binding partners by considering Ca?* diffusion, immobile, and
mobile buffers (Markram et al., 1998). Parvalbumin is considered
as a slow mobile buffer and SK channels form a complex with
calmodulin and act as high affinity, fast Ca>* binding partners
(Stocker, 2004). Moreover, it is has been shown that in acutely dis-
sociated CA1 hippocampal pyramidal neurons, SK channels are
tightly coupled with L-type calcium channels, within a distance of
50-150 nm (Marrion and Tavalin, 1998). This spatial coupling of
SK channels and Ca?* sources promotes the formation of nano or
microdomains that can modify the efficiency of calcium buffering
depending on the mobility and affinity of the calcium buffers. If
the Ca®* sensor is within ~20-50 nm of the Ca?" source, a high
affinity calcium buffer like BAPTA and not the slow EGTA will
be able to interfere with the Ca?*t signaling. While if the Ca®*
sensor and Ca?T source are located in microdomains (between
50 nm and a few hundred nanometers) both BAPTA and EGTA
will interfere with the Ca?* signaling (Neher, 1998; Fakler and
Adelman, 2008).

In addition to their already documented role in Ca?T home-
ostasis, Ca>*-binding proteins appear to play an active role in

modulating neuronal intrinsic excitability. Although, informa-
tion storage is usually believed to be mediated by long-term
modifications in the strength of synaptic transmission, activity-
dependent changes in the neuronal intrinsic excitability also occur,
causing forms of non-synaptic plasticity (Aizenman and Linden,
2000; Armano et al., 2000). Changes in the calcium buffering
capacity might have an effect on this regulation. This could
be the result of changes in the localization or in the level of
expression of Ca?t binding proteins. The mathematical model
we present here provides a valuable tool for the investigation
of the functional role of parvalbumin in the regulation of the
activity of the striatal FS interneurons. This study paves the
way for further theoretical work to assess the impact of cal-
cium buffering on the activity of the striatal FS interneurons
network.
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INTRODUCTION

Calretinin (CR) and calbindin D-28k (CB) are cytosolic EF-hand Ca?*t-binding proteins and
function as Ca?t buffers affecting the spatiotemporal aspects of Ca?t transients and
possibly also as Ca?t sensors modulating signaling cascades. In the adult hippocampal
circuitry, CR and CB are expressed in specific principal neurons and subsets of
interneurons. In addition, CR is transiently expressed within the neurogenic dentate gyrus
(DG) niche. CR and CB expression during adult neurogenesis mark critical transition
stages, onset of differentiation for CR, and the switch to adult-like connectivity for CB.
Absence of either protein during these stages in null-mutant mice may have functional
consequences and contribute to some aspects of the identified phenotypes. We report
the impact of CR- and CB-deficiency on the proliferation and differentiation of progenitor
cells within the subgranular zone (SGZ) neurogenic niche of the DG. Effects were evaluated
(1) two and four weeks postnatally, during the transition period of the proliferative matrix
to the adult state, and (2) in adult animals (3 months) to trace possible permanent changes
in adult neurogenesis. The absence of CB from differentiated DG granule cells has no
retrograde effect on the proliferative activity of progenitor cells, nor affects survival or
migration/differentiation of newborn neurons in the adult DG including the SGZ. On the
contrary, lack of CR from immature early postmitotic granule cells causes an early loss in
proliferative capacity of the SGZ that is maintained into adult age, when it has a further
impact on the migration/survival of newborn granule cells. The transient CR expression
at the onset of adult neurogenesis differentiation may thus have two functions: (1) to
serve as a self-maintenance signal for the pool of cells at the same stage of neurogenesis
contributing to their survival/differentiation, and (2) it may contribute to retrograde signaling
required for maintenance of the progenitor pool.

Keywords: calcium-binding, adult neurogenesis, dentate gyrus, calretinin, calbindin, calcium buffer, calcium
sensor, subgranular zone

principal neuron layer of the DG (Kempermann, 2011; Ming and

Adult neurogenesis is the process of generating functional neu-
rons from adult neuronal precursors. It requires the regu-
lated, adaptive maintenance of a neurogenic proliferative matrix
beyond prenatal and perinatal development into adult life
(Altman and Bayer, 1990a). In the mammalian CNS this is
accomplished in the subventricular zone and the subgranular
zone (SGZ). The SGZ is located in the dentate gyrus (DG) of
the hippocampus, along the lower border of the granule cell
layer (GCL). Within the SGZ new excitatory granule neurons are
born to migrate and synaptically integrate within the adjacent

Abbreviations: BLBP, brain lipid-binding protein; BrdU, bromodeoxyuridine; CB,
calbindin D-28k; CR, calretinin; DAPI, 4,6'-diamidino-2-phenylindole; DCX,
doublecortin; DG, dentate gyrus; GABA, gamma amino butyric acid; GCL,
granule cell layer; GFAP, glial fibrillary acidic protein; IHC, immunohistochem-
istry; LTP, long-term potentiation; ML, molecular layer; PCNA, proliferating cell
nuclear antigen; PSA-NCAM, polysialylated neural cell adhesion molecule; RO,
region of interest; SDS, sodium dodecyl sulfate; SGZ, subgranular zone; TCF-4,
T-cell-specific transcription factor 4; WT, wild type.

Song, 2011). The pool of proliferating cells in the DG neurogenic
niche is heterogeneous, consisting of few slowly dividing putative
stem cells and numerous generations of progenitors with differ-
ent and changing cell cycle rates, which eventually develop into
postmitotic immature neurons. Putative stem cells characteris-
tically express glial fibrillary acidic protein (GFAP), nestin, and
brain lipid-binding protein (BLBP), while the progenitor pool can
be distinguished by the expression of Tbr2, polysialylated neural
cell adhesion molecule (PSA-NCAM) and doublecortin (DCX).
Intermediate transitional stages are consistently present, charac-
terized by proliferating cells typically expressing both nestin and
DCX (Brown et al., 2003; Ming and Song, 2011; von Bohlen Und
Halbach, 2011). Before cell cycle exit, progenitors realign their
processes in a vertical direction and leave the SGZ to migrate a
short distance into the lower granular layer at the border of the
SGZ. The critical phase of cell cycle exit correlates with the onset
of transient expression of the Ca**-binding protein calretinin
(CR) (Ming and Song, 2011; von Bohlen Und Halbach, 2011).
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Put on a timeline, most of the dividing progenitors labeled
by a bromodeoxyuridine (BrdU) pulse will become CR-positive
immature neurons within a week from BrdU injection. CR
expression continues on average for an additional 2-3 weeks,
but the percentage of BrdU and CR-positive cells then rapidly
decreases (Brandt et al., 2003). Differentiating immature neurons
are largely influenced by depolarizing gamma amino butyric acid
(GABA) currents during the second week from birth (Ge et al.,
2006): they rapidly grow axons toward the CA3 target region,
ramify and grow dendrites toward the molecular layer (ML). By
the end of the second week, immature granule cells receive synap-
tic glutamatergic input from perforant path terminals and release
glutamate onto CA3 pyramidal cells (Faulkner et al., 2008; Ge
et al., 2008). Synaptic targeting gradually continues and is refined
over the next two weeks. The final step of synaptic integration
consists in the targeting by basket and axo-axonic GABA-ergic
synapses at about the end of the fourth week (Esposito et al.,
2005). By this time most granule cells express the Ca’*-binding
protein calbindin D-28k (CB) (Kempermann et al., 1997; Brandt
et al., 2003), considered as a marker of their differentiated state
(Ming and Song, 2011; von Bohlen Und Halbach, 2011). Both
the proliferation and the differentiation stages are orchestrated
by manifold interwoven signals aiming to maintain homeostasis
and thus to preserve function of adult neurogenesis and related
behavior (Kempermann, 2011; Ming and Song, 2011). It is inter-
esting to note that the way immature neurons convey information
from the entorhinal cortex to the CA3 region is qualitatively dif-
ferent from that of mature granule cells. Undifferentiated young
neurons are more excitable and more prone to spread informa-
tion to both the contralateral and distant ipsilateral DG, because
they lack a strong inhibitory input and are densely connected to
the hilar mossy cells commissural associational system (Henze
and Buzsaki, 2007; Deng et al., 2009; Mongiat et al., 2009). In
addition young granule cells are preferentially activated by spe-
cific stimuli and appear to strongly inhibit mature granule cells
on their turn (Ge et al., 2008; Ming and Song, 2011; Toni and
Sultan, 2011). Thus, mature and immature granule cells may
represent two parallel information highways to the same target
with different functions (Aimone et al., 2011; Ming and Song,
2011). There is accumulating evidence that, at a circuitry level,
perforant path long-term potentiation (LTP) primarily relies on
young adult born granule cells, suggesting that adult neuroge-
nesis endows the DG with the potential for plasticity that this
region requires to accomplish tasks like the continuous encoding
of new memories and the discrimination between new and famil-
iar information throughout life (Treves et al., 2008; Aimone et al.,
2011; Ming and Song, 2011).

CR and CB belong to the large family of cytosolic EF-hand
Ca’*-binding proteins, which bind Ca?* ions with high affin-
ity. They are well-known to function as Ca’>* buffers influenc-
ing the spatiotemporal aspects of Ca’t transients within the
cytosol (Schwaller, 2010). Recent evidence hints toward an addi-
tional/alternative role for CB and CR as Ca?T sensors, capable
of influencing signaling cascades in response to intracellular
Ca?t transients (Schwaller, 2009). Recent studies in mice lack-
ing CB and CR by gene targeting confirm previous reports,
indicating that both proteins are critical for many physiological

properties (excitability, efficacy of synaptic release, resistance
to hypoxia/ischemia) of the neuron expressing them and their
absence may disrupt network function in some brain regions
eventually affecting behavior (Schiffmann et al.,, 1999; Cheron
et al., 2004; Schwaller et al., 2004; Farre-Castany et al., 2007;
Stadler et al., 2010).

Evidence on the impact of CB or CR loss on hippocampal
and, in particular, DG function is poor. In CB-deficient mice,
hippocampal functional reserve appears curtailed: the normal
asymptomatic age-dependent decline in DG metabolism, as esti-
mated by rCBYV, is significantly accelerated and is accompanied by
a deficit in hippocampus-dependent learning in the active place
avoidance task (Moreno et al., 2011). In addition, CB with its
fast Ca?*-binding properties is pivotal for mature granule cell
function within the hippocampal system as reported before (for
details, see Schwaller, 2010). In CR-deficient mice, LTP is selec-
tively impaired in the DG, but not the CA1 region. The disturbed
DG synaptic plasticity is attributed to the absence of CR from
the local hilar mossy cells resulting in changes in excitability
of the DG network. Contrarily to what was reported for CB-
deficient mice, the deficit at the circuitry level in CR™/~ mice
does not seem to affect hippocampal-dependent spatial learning
in the Morris water maze (Schurmans et al., 1997; Gurden et al.,
1998). CB and CR are normally expressed in many different neu-
ronal types within the hippocampal circuitry including subsets of
interneurons and the observed deficit at the phenotype level may
therefore depend on which neurons are affected the most and how
their “malfunction” may act additive or synergistic. CR and CB
expression during the process of adult neurogenesis mark critical
transition stages, i.e., onset of differentiation for CR and the shift
to adult-like connectivity for CB. The absence of the respective
Ca®* sensor/buffer at these stages may well have functional conse-
quences and contribute to the reported phenotypes. In this study,
we investigated whether the constitutive absence of either CR or
CB would have any consequences on the balance between prolifer-
ation and differentiation within the SGZ neurogenic niche of the
DG. We decided to examine the different genotypes (I) at young
age (P14 and P28), during the important transition period of the
proliferative matrix into the adult state, and (II) in adult animals
(12—14 weeks of age) to trace probable permanent changes.

MATERIALS AND METHODS

ANIMALS

Thirty CR-deficient (CR™/7) mice (Schurmans et al., 1997) and
thirty CB-deficient (CB~/7) mice (Airaksinen et al., 1997) back-
crossed to C57BL/6] for 10 generations and thus considered as
congenic to C57BL/6] were used for the experiments. C57BL/6]
wild type (WT) animals (n = 30) were used as control. Animals
were bred and housed in a SPF facility under adequate tem-
perature (23°C) and humidity (60%) control with a 12 h/12h
light/dark cycle (light onset at 7 a.m.) and provided with free
access to water and food. Animals were sacrificed at 2, 4, and
14 weeks of age under deep anesthesia with 0.1% Eutha 77 in
physiological saline (Essex Animal Health, Friesoythe, Germany).
Cervical dislocation and fresh dissection of the brain was used for
biochemistry experiments (1 = 8 per genotype); transcardial per-
fusion fixation with buffered paraformaldehyde for morphology
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(n = 22 per genotype). All experiments were performed with per-
mission of the local animal care committee and according to
the present Swiss law and the EU Directive (86/609/EEC) and
Appendix A of the Council of Europe Convention ETS123, EU
decree 2001-486 Decree 214/97.

SUBSTANCE ADMINISTRATION
The thymidine analogue BrdU was administered intraperitoneally
to mice to label proliferating cells. BrdU is taken up by cells
undergoing DNA synthesis and can be visualized post-hoc by
immunohistochemistry (IHC) techniques. The BrdU solution for
injection was prepared in sterile saline at 20 mg/ml and the dose
injected was of 2 mg/10 g mouse for the proliferation assay and of
1 mg/10 g mouse for the differentiation assay, respectively.
Proliferation in the DG stem cell niche was estimated in
2 weeks old mice (n = 6 per genotype) by sacrificing animals 24 h
after a single dose BrdU injection. Long-term survival and dif-
ferentiation of dividing cells in the niche was estimated in adult
12 weeks old mice (n = 5 per genotype). These mice were injected
once a day for three consecutive days and sacrificed for analysis
2 weeks after the last BrdU injection.

BIOCHEMISTRY (WESTERN BLOT ANALYSIS)

Five animals per group were used for the analysis at 2 weeks
of age and three per group were sacrificed at 4 weeks of age.
The whole hippocampus was dissected out of the fresh brain
in ice-cold 0.9% NaCl and stored at —75°C to prevent pro-
tein degradation until further processing. Tissue samples were
lysed with 250 1 of RIPA buffer (Plumpe et al., 2006), homoge-
nized and the protein concentration was measured with protein
DC assay (Bio-Rad Laboratories, Inc., USA). The whole-cell
extract was used for Western blotting. Samples were prepared
by denaturing the protein lysates in Laemmli buffer and loaded
on sodium dodecyl sulphate (SDS)-polyacrylamide gels (12%)
for separation. Proteins of interest had molecular weights in
the range of 29kDa—40kDa (CR: 30kDa; CB: 28kDa; prolif-
erating cell nuclear antigen (PCNA): 36 kDa; DCX: 40kDa);
10-15 pg protein extracts were loaded on 1 mm thick gels. After
transfer to a nitrocellulose membrane (Bio-Rad), a Ponceau
Red staining was performed and documented (BIOCAPT soft-
ware) to test for uniform loading and transfer of protein
samples. After destaining, the membranes were incubated first
in blocking buffer (Odissey, LI-COR GmbH, Germany) and
then overnight with the primary antibody diluted 1:1000 in
the same buffer. The following antibodies were used: mouse
anti PCNA (Chemicon); goat anti DCX C-18 (Santa Cruz
Biotechnology); rabbit anti CR 7696 and rabbit anti CB 38a (both
Swant).

The appropriate secondary antibody was selected depending
on the emission wavelength (IRDye 680, IRDye 800; Odissey)
and the source of the primary antibody. Secondary antibodies
were all diluted 1:5000. The Odyssey image analyzer was used
to scan images at different intensities. Densitometric analysis was
performed with the GeneTools software (Syngene, CA, UK). The
intensity of a specific protein band was normalized to the intensity
of the Ponceau Red staining of the same lane. The mean optical
density ratio value for the WT samples was set as 100% and those

of CR™/~ and CB~/~ mice were normalized to the WT values.
All statistical analyzes were performed with student’s T-test, two
samples, using the Welch correction for unequal variances when-
ever necessary (Prism, Graphpad). The level of significance was
assumed to be p < 0.05.

IMMUNOHISTOCHEMISTRY

Animals perfused at 2 weeks of age were 10 per genotype; those
perfused at 4 weeks of age were 4 per genotype and those sacri-
ficed at 14 weeks of age were 8 per genotype (numbers include
the mice used for BrdU injections). After transcardial perfu-
sion fixation, the brains were dissected out of the skull and
postfixed with gentle shaking in the same fixative solution (4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.3) for 24 h at
4°C. They were then transferred to a 0.1 M Tris-buffered saline
solution containing 18% sucrose and 0.01% Na-azide for cry-
oprotection and were kept at 4°C until they sank to the bottom
of the vial. Serial coronal sections, 40 jum thick, were cut with a
freezing microtome (Reichert-Jung, Nussloch, Germany) and col-
lected in six wells plates at a 240 um interval (i.e., each section
within a well is 240 wm apart from the previous/next section).
The primary antibodies used and their dilutions are as follows:
mouse anti PCNA 1:500 (Chemicon); mouse anti BrdU 1:100
(Dakocytomation); mouse anti T-cell-specific transcription fac-
tor 4 (TCF-4) 1:50 (Abnova); goat anti DCX C-18 1:250 (Santa
Cruz Biotechnology); rabbit anti CR 1:1000 and rabbit anti CB
1:2500 (both Swant). Pretreatments differed from antibody to
antibody. In general, sections were permeabilized with Triton X-
100 (0.1-0.3% in phosphate buffered saline for 1-2 h) to facilitate
penetration of the reagents. PCNA and TCF-4 immunolabel-
ings required antigen retrieval pretreatment with 0.01 M citric
buffer. This treatment was performed at 120°C in a steamer for
the PCNA labeling and at 80°C in a dry oven for the TCF-4
labeling. The antigen retrieval step for the DCX labeling was
carried out in 0.3% hydrogen peroxide in phosphate buffered
saline for 30 min at room temperature. To improve the bind-
ing of the anti BrdU antibody a 30 min treatment with 2M
HCl, in a 37°C water bath, was performed in order to par-
tially denaturate DNA (Brown et al., 2003). Antibodies were
diluted either in 2% horse serum or 10% bovine serum and incu-
bated overnight in the cold room (4°C) with gentle shaking.
For single labeling and visualization with the diaminobenzidine
dye, we used biotinylated secondary antibodies and the avidin-
biotin peroxidase technique (ABC kit, Rectolab SA). A subset of
those sections labeled for nuclear antigens (BrdU and PCNA)
were counterstained with the hematoxylin-eosin stain. Sections
were dehydrated in increasing ethanol concentrations and xylene
and then coverslipped with Entellan. For multiple labeling, fluo-
rochrome conjugated secondary antibodies were used instead and
the mounted sections were coverslipped in glycerol supplemented
with an antifade reagent (Invitrogen cat. No. S2828). Note that
for the multiple immunofluorescence labeling we avoided par-
allel incubation of the antibodies and preferred a serial labeling
protocol to minimize cross-reaction risks. A subset of the double-
labeled sections was additionally counterstained with the nuclear
stain 4’,6-diamidino-2-phenylindole (DAPI) (1 pg/ml). Images
were taken on an upright ZFEISS light contrast microscope or
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on an inverse Leica SP5 confocal microscope equipped with the
following laser excitation lines: 405 nm, 488 nm and 633 nm.

To quantify the changes in signal intensity of DCX within the
dendrites and the perikarya of newborn granule cells, we chose
fluorochrome-labeled sections of 4 weeks old WT and CR™/~
mice (n =4 per genotype). Measurements were performed on
selected images with the same magnification using the software
Image J (Tony Collins, 2009 release www.macbiophotonics.ca/
imagej/). Eight bit images (1024 x 1024 pixels) were viewed with
the lookup table HiLo, which displays the zero values blue and the
255 white values red. A region of interest (ROI) of 80 x 80 pixels
was defined within the hilus of the DG and used for background
subtraction from the ROI. DCX-labeled dendrites were outlined
within the granular layer and the ML of the DG (10-30 pro-
files per image). DCX-labeled cell bodies were selected within the
SGZ (6-15 profiles per image). Mean intensity, area in square pix-
els and the fraction of the area displaying intensity values above
background were measured for each profile. A dendrite to soma
intensity ratio per image was calculated using the corrected total
mean density values per pixel of the dendritic and the somatic
profiles. Statistics were performed as described above for Western
blot analysis.

MORPHOMETRIC ANALYSIS

Nuclei immunolabeled for PCNA or TCF-4 in the GCL and the
SGZ of the hippocampal DG were counted in 2 weeks and 4 weeks
old animals, to quantify putatively dividing cells in the cells in the
DG stem cell niche. The mean density of PCNA-positive nuclei
was additionally determined in adult mice of 14 weeks of age.
The analysis was restricted to the septal hippocampus and cells
were counted in three coronal sections per animal (bregma levels
—1.46; —2.00; —2.30 £ 0.05 mm) for a total of six hippocampal
regions per animal. The length of the SGZ was measured for each
hippocampus and density values were expressed as the number of
cells per mm length, pooled and averaged. This value was used
then for group statistics. BrdU counts to estimate proliferative
activity in the septal SGZ were only performed in 2 weeks old
animals and analyzed as described for PCNA and TCF-4.

To study the survival/differentiation of the SGZ progeny in
14 weeks old animals sacrificed 2 weeks after the last BrdU injec-
tion, we determined the total number of BrdU-positive cells
in the SGZ along its whole septotemporal extent. Cells were
counted in eight serial coronal sections approx. two hundred and
forty micrometer apart from each other (bregma level —1.22 to
—3.20 £ 0.05mm) for a total of 16 hippocampal regions. The
sum of these values was calculated and extrapolated to the total
number of BrdU-labeled SGZ/DG cells per brain multiplying it
by 6 (since only every sixth section had effectively been counted).
Since however, cell location was not limited to the SGZ, but also
included the DG, subset counts were performed in the following
regions: (1) the SGZ, between the inner border of the GCL and the
hilus; (2) GCL corresponding to the cell band and (3) GCL/ML
corresponding to the outer border of the GCL (see Figure 6C).
Statistical analysis was performed with the Prism software
(Graph Pad, USA). Statistical comparisons between genotypes
were performed with student’s T-test, two samples, correcting
for unequal variances whenever necessary (Welch correction).

Statistical comparisons within WT, or mutants at different time
points were performed by one-way ANOVA using the Tukey test
as a post-hoc test. The level of significance was assumed to be
p < 0.05.

RESULTS

DENTATE GYRUS MORPHOGENESIS IS NORMAL IN THE

ABSENCE OF CR AND CB

The first observation in both null-mutant strains (CR~/~ and
CB~/~) was that the general appearance of the DG is normal as
shown in Figures 1, 3, 6 and 7. The thickness (height) of the GCL
is normal, as well as the morphology of the mature granule cells
(CB-ir in WT and CR™/~ mice) and the not-yet fully differenti-
ated ones bordering to the SGZ (CB-negative in WT and CR™/~
mice). The length and shape of the GCL/SGZ did not differ in
mutant mice in comparison to WT animals, neither in young
(2—4 weeks) animals nor in adults (12—14 weeks). Thus, both DG
blades properly form during late embryonic and early postnatal
development and the two proteins seem not to be involved in the
control of this developmental process.

LOW PROLIFERATIVE CAPACITY IN THE SGZ OF YOUNG (P14)

CR—/~ MICE IS MAINTAINED INTO ADULT LIFE

To screen for changes in the SGZ in CR™/~ mice, we first exam-
ined the protein content, the signal intensity and distribution
of DCX and CB in 2 and 4 weeks old animals. At 2 weeks of
age, morphogenesis of the infrapyramidal blade of the DG is
well completed, the proliferative matrix has rearranged along the
SGZ and implementation of the inner third of the adult DG
is ongoing, a gradual process that lasts till the end of the first
postnatal month (Altman and Bayer, 1990a,b; Li and Pleasure,
2005). DCX expression within the DG SGZ is characteristic for
proliferating progenitors and to a minor extent for early post-
mitotic neurons (Brown et al., 2003; Ming and Song, 2011; von
Bohlen Und Halbach, 2011). On the other hand CB is a marker
for mature granule cells (Baimbridge et al., 1992; von Bohlen
Und Halbach, 2011). The large majority of newborn neurons
express CB by the fourth week past their birth (Kempermann
et al., 1997; Brandt et al., 2003). DCX and CB protein contents
in whole hippocampal lysates were not different in CR™/~ mice
(Figures 1A,B). As expected for 2—4 weeks old animals, CB label-
ing did not encompass the whole width of the DG (Figure 1C).
A clear gradient existed between the mature strong CB-ir GCL
neurons and the young CB-negative neurons located within the
lower third of the GCL, at the border to the SGZ; this is best seen
in the merged (DAPI/CB/DCX) image of Figure 1C. CB stain-
ing intensity was rather variable between sections from different
mice. Changes in the labeling intensity with time or between
genotypes were not consistent and probably reflect individual
variability in CB expression during this phase of adjustment and
definitive maturation of the DG (Altman and Bayer, 1990a,b; Li
and Pleasure, 2005). The DCX staining intensity within the SGZ,
GCL and ML was consistently decreased in 2 weeks and 4 weeks
old CR™/~ mutants as compared to WT. The signal appeared
particularly low within the dendrites in the 4 weeks old CR™/~
group, as if DCX would preferentially label the cell bodies rather
than the processes (Figure 1C). To validate this we determined
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FIGURE 1 | Changes in DCX-immunoreactivity in cells in the GCL at 2
and 4 weeks in CR~/~ mice. (A) Representative Western blots for DCX of
whole hippocampi from 3 WT and 3 CR~/~ mice at the age of 2 and 4 weeks
(2w, 4w; upper panel). Densitometric analysis (lower panel) show that global
DCX protein levels are not different between WT and CR~/~ (2w: n =5 per
genotype; 4w: n = 3 per genotype). (B) Absence of CR does not affect
hippocampal CB expression levels (2w n = 5 per genotype; 4w n = 3 per
genotype). (C) Double immunolabeling with DCX (green) and CB (red) on
sections from 2 and 4 weeks old mice counterstained with DAPI (blue).
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Note the weaker staining for DCX in both cell somata and processes in

2 weeks old CR=/~ mice. The differences in intensity in the cell bodies
between WT and CR~/~ mice appear to level out within the two following
weeks. However, in 4 weeks old CR™/~ mice DCX-immunoreactivity remains
weak in the dendritic processes. CB labeling intensity of granule cells is
rather variable and is not linked to either age or genotype, for details see
Results. Scale bar: 25 pm. Abbreviations: CR: calretinin, GCL: granule cell
layer, H: hilus region, ML: molecular layer, O.D: optical density, SGZ:
subgranular zone, w: week.
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the intensity values per pixel of dendritic profiles and cell bod-
ies in selected images of each group at this age. Mean ratio values
of DCX intensity (dendritic/somatic) amounted to 0.52 £ 0.05
for WT and were significantly reduced to 0.26 & 0.05 in CR™/~
(p = 0.015). Selective confinement or redistribution of DCX to
the cell bodies observed in CR™/~ mice may well occur with-
out affecting total protein content and may reflect changes in
the regulation of DCX binding to the cytoskeleton critical for its
functions (Bilimoria et al., 2010; Jin et al., 2010).

Since most DCX-labeled cells within the SGZ belong to cycling
progenitors rather than to early postmitotic neurons (von Bohlen
Und Halbach, 2011), we decided to further explore functional
changes in this population by investigating the proliferative activ-
ity in the DG SGZ of CR™/~ mice. We adopted PCNA, a well-
known marker for dividing cells (Miyachi et al., 1978; Ino and
Chiba, 2000). Western blots of whole hippocampus lysates of
CR™/~ and WT mice revealed a decrease in protein content
in CR™/~ mice. Densitometric analysis evidenced a significant
decrease of 35% in PCNA protein content in 4-weeks old animals
(p < 0.05), but not in 2-weeks old ones (Figure 2).

We looked, therefore, for more localized and detailed changes
by IHC in young (2—4 weeks old) as well as in adult animals
(14 weeks). PCNA-immunoreactive (-ir) cells were mostly dis-
tributed in the SGZ of the DG below the GCL (Figure 3A). These
proliferating cells may correspond in part to the few radial glia
cells with putative stem cell function as well as to the more
numerous and more rapidly cycling granule cell progenitors
(Ino and Chiba, 2000). Since the number of PCNA-positive cells
decreased with increasing age in both genotypes (Figure 3A), we
determined their density in three coronal sections through the
septal/dorsal DG for comparisons (Figure 3B). Density estimates
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FIGURE 2 | Reduction in expression of hippocampal PCNA in 4 weeks
old CR~/~. Upper panel: representative Western blots of whole
hippocampi from 3 WT and three CR~/~ mice. Staining with the PCNA
antibody resulted in two specific bands and for the quantification of PCNA
(lower panel), both signals were summed up. Normalized densitometric
optical density values (mean £ sem, n =5 per genotype at 2 weeks and

n = 3 at 4 weeks) are shown. A significant decrease of about 35% of PCNA
is detectable in 4 weeks old CR~/~ mice (*p < 0.05).
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FIGURE 3 | Density of PCNA-ir cells in the septal DG stem cell niche is
reduced in CR~/~ mice. (A) Representative sections from the DG of
WT and CR~/~ mice immunostained for PCNA and counterstained.

(Continued)
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FIGURE 3 | Continued

High-resolution micrographs (scale bar: 10 um) accompany each overview
(scale bar: 100 um) and correspond to the boxed areas. At the age of

2 weeks PCNA-ir cells (arrows in insets) are numerous and well visible,
both in WT and CR=/~ mice. They are located in the SGZ at the inner
border of the GCL. Positive cells appear less distinct and are less numerous
with increasing age. The line drawn in the bottom overview image
exemplifies the length measurements and marks the zone selected for the
cell counts. (B) Density estimates of PCNA-ir cells are highest in 2 weeks
old WT animals and significantly decrease at 4 and 14 weeks (*4w vs. 2w
p < 0.05; *14w vs. 2w p < 0.01). A similar time-dependent decrease is
also observed in CR~/~ mice, although differences did not reach statistical
significance. Note that the density of PCNA-ir cells is significantly lower in
CR~/~ as compared to WT animals at 2 weeks (—40%) and 14 weeks
(=30%). N = 3 for both genotypes at each data point. Abbreviations: see
Figure 1; HF: hippocampal fissure.

of mitotically active cells were highest in young WT animals
(2 weeks) and significantly decreased by 50% within the 2 succes-
sive weeks (p < 0.05). A further significant loss of 52% followed
between the first and the third postnatal month oflife (p < 0.01).
A similar, time-dependent decrease was also seen in sections
from CR™/~ mice, although not reaching statistical significance.
Strikingly, the density of PCNA-ir cells was significantly lower in
CR™/~ mice as compared to WT animals at 2 weeks (—40%) and
14 weeks (—30%).

We then used alternative markers to confirm and explore in
more detail this early decrease in proliferative matrix occurring
in CR™/~ mice. The BrdU uptake into dividing cells was tested in
2 weeks old WT and CR™/~ mice, which were sacrificed 24 h after
a single intraperitoneal BrdU injection. BrdU-ir nuclei within
the SGZ of both WT and CR™/~ were more intensely labeled
as compared to the PCNA labeling (Figure 4A, compare with
Figure 3A). In absolute terms, the number of BrdU-positive, i.e.,
dividing cells in the SGZ was larger than the number of PCNA-ir
neurons in 2 weeks old WT animals (compare Figure 4B and
Figure 3B). Quantification of BrdU-labeled dividing cells in the
SGZ of WT and CR™/~ mice showed a significant reduction in
CR™/~mice by about 25% (Figure 4B; p < 0.03), analogous to
the reduction observed by PCNA staining.

TCF-4 was selected in 2 weeks and 4 weeks old mice as
an additional marker for proliferating neuronal progenitor cells
in the SGZ to consolidate the PCNA and BrdU data. TCF-4
is a basic-helix-loop-helix transcription factor activated by the
canonical Wnt signaling pathway (Clevers, 2006). In the post-
natal and adult DG, TCF-4 is expressed in DCX-positive granule
cell progenitors (Lie et al., 2005; Kuwabara et al., 2009). In both
WT and CR™/~ sections, TCF-4 immunoreactivity was rather
weak, but restricted to specific nuclei of cells located in the SGZ
(Figure 5A). Quantification of TCF-4-positive nuclei showed a
significant decrease (—26%, Figure5B) in 2 weeks old CR™/~
mice, thus in line with the PCNA and BrdU results. As for the
PCNA staining (Figure 3B), no significant differences between
genotypes persisted in 4 weeks old mice.

Altogether these data strongly suggest that CR™/~ mice
present a defect in proliferative capacity in the SGZ of the DG.
Loss of proliferative activity is particularly evident and consistent
at the early age of 2 weeks and seems to be maintained into
adult life.
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FIGURE 4 | Density of BrdU-ir cells in the septal DG stem cell niche is
decreased in 2 weeks old CR~/~ mice. (A) Overview of the distribution of
BrdU-ir cells in the SGZ of the DG in WT (upper panel) and CR~/~ (lower
panel) mice. High-resolution micrographs (scale bar: 10 wm) correspond to
the boxed areas in the overviews (scale bar: 100 wm). Arrows point to
individual labeled cells. (B) Estimate of proliferating cells in the DG
neurogenic niche, determined 24 h after a single BrdU pulse. Density
estimates of BrdU-labeled cells are significantly reduced (—24%) in 2
weeks old CR™/~ (n = 4) mice as compared to WT (n = 6). Abbreviations:
see Figure 1.

LOW PROLIFERATIVE CAPACITY IN THE ADULT SGZ OF CR—/~ MICE
AFFECTS SURVIVAL OF NEWBORN GRANULE CELLS AND SLOWS
DOWN THEIR MIGRATION INTO THE GCL

To explore more in detail the consequences of such a loss in prolif-
erative capacity at adult age we performed a BrdU differentiation
assay and evaluated the 2 week survival/differentiation capacity
of cells born in the SGZ at 12 weeks of age. BrdU-ir cells detected
with this protocol were sparser in both WT and in CR™/~ mice,
compared to those detected by the proliferation assay performed
at 2 weeks of age (Figure 6A, compare with Figure 4A). We thus
counted the BrdU-positive nuclei in serial sections along the
whole septotemporal extent of the DG to determine differences
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FIGURE 5 | TCF-4-ir cells responsive to proliferative signals are
significantly decreased in the SGZ of 2 weeks old CR~/~ mice.

(A) Overview of the distribution of TCF-4 positive cells in the SGZ of the DG
in WT (upper panel) and CR~/~ (lower panel) mice. High-resolution
micrographs (scale bar: 10 um) correspond to the boxed areas in the
overviews (scale bar: 100 wm). Arrows point to individual TCF-4-ir cells.

(B) The density estimates of the putative progenitor pool expressing TCF-4
differ significantly in 2 weeks old mice (—26.6% of WT in CR~/~). The initial
decrease in TCF4-ir cells does not persist in 4 weeks old CR~/~ mice.

N = 4 per genotype and age. Abbreviations: see Figure 1.

in the mean total number between genotypes. We found that the
survival and differentiation of newborn cells in the adult SGZ
niche of CR™/~ mice was significantly reduced by a factor of
2 as compared to WT (Figure 6B). In WT about 53% of the
nuclei were localized in the SGZ, while in CR™/~ mice this frac-
tion amounted to 64%. Those BrdU-ir nuclei located within the
GCL amounted to 36% for WT and corresponded to only 28%
of the total in CR™/~. Similarly, the relative fraction of BrdU-ir
cells close to the ML was smaller in CR™/~ mice (8%) as com-
pared to the 11% of WT (Figures 6C-D). These data suggest that
migration of progenitor cells out of the SGZ into the inner GCL
is hampered in the absence of CR, affecting in turn the migra-
tion process of differentiating granule cells throughout the GCL.
To further explore this possibility, values for WT and CR™/~
presented in Figure 6D were normalized within each genotype,
plotted against the relative migration (Figure 6E) and the slope of
the linear regression was taken as a proxy measure for migration,
i.e., the steeper the slope, the lower cell migration. The slope for
CR™/~ mice was approximately 40% larger (—56.8 in CR™/~
vs. —41.3 in WT) supporting the hypothesis of slower/reduced

migration of newly generated granule cells. Overall, the mean
cell number of BrdU-ir cells was significantly lower at each loca-
tion in CR™/~ mice as compared to WT animals (p < 0.02-0.05;
Figures 6C-D). These data indicate that the prolonged failure in
proliferative activity into adult age observed in the SGZ of CR™/~
may negatively influence the survival of postmitotic neurons.
Double labeling of BrdU and CR, respectively CB was per-
formed to evaluate the extent of differentiation that these new-
born cells generally undergo in WT mice in the time period
of 2 weeks after the last BrdU injection. BrdU-positive nuclei
were not found to colocalize with CB-ir mature granule cells
(Figure 6F), while BrdU and CR co-localization in immature
granule cells distributed at the inner border of the GCL was
observed at a variable rate (39 + 21%; e.g., Figure 6G), in
agreement with the reported temporal expression patterns for
BrdU-labeled, CR-positive neurons in WT mice (approx. 30%
at 2.5 weeks; Kempermann et al., 1997; Brandt et al., 2003). In
CR™/~ mice, the approximate timeline of appearance of CB in
new granule cells was similar as in WT mice, i.e., no CB and BrdU
co-localization was seen (data not shown). Thus, we conclude that
the impaired migration process of the fewer cells in the CR™/~ 2
weeks after birth is likely more affected than their differentiation
as measured in terms of average time to onset of CB expression.

NO EVIDENCE FOR CHANGES IN THE PROLIFERATIVE ACTIVITY

OR CELL SURVIVAL IN THE SGZ OF CB—/— MICE

Since CB is expressed in mature granule cells, we investigated
whether its absence in CB™/~ mice also entails alterations in
postnatal neurogenesis. We analyzed the total amount, the rel-
ative distribution and staining intensity in the SGZ of 2 weeks
and 4 weeks old mice for DCX, as in the CR™/~ mice. A weaker
DCX staining mostly confined to cell bodies was observed in
CB~/~ mice, a staining pattern strongly reminiscent of the one
present in CR™/~ mice (compare Figure 7A with Figure 1C); in
line with results in CR™/~ mice, DCX protein levels were not dif-
ferent between WT and CB~/~ mice (data not shown). In CB~/~
mice we used CR IHC to check the overall morphology of the
subpopulation of postmitotic neurons that partly also express
DCX. Neither immunostaining signal intensity and distribution
(Figure 7A) nor CR protein expression levels (Figure 7B) were
different between CB™/~ and WT mice.

PCNA-ir cells in the SGZ showed a significant age-dependent
decrease in both WT and CB™/~ mice, most pronounced in the
period from 2—4 weeks. A decrease in the density of PCNA-ir cells
was observed only at the earliest time point (2 weeks) in CB~/~
mice in comparison to WT animals. So contrarily to what we
observed in CR™/~ animals, a long-term recovery of the prolifer-
ative capacity occurred in CB™/~ mice (Figure 8A). Noteworthy,
the BrdU proliferation assay at 2 weeks did not reveal signifi-
cant differences between genotypes (Figure 8B, for details, see
discussion). Analysis of the 2 weeks survival/differentiation assays
(same as those reported for CR™/~ mice in Figure6) did not
show any differences between CB~/~ and WT mice (Figure 8C).
Accordingly, no differences with respect to the relative distribu-
tion of BrdU-ir cells in the different compartments SGZ, GCL,
and GCL/ML were detected (data not shown); the values largely
corresponded to those reported for WT in Figure 6D.
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FIGURE 6 | BrdU differentiation assay: survival of newborn cells is
significantly reduced in adult (14w) CR~/~ mice and the migration into
the GCL is impaired. (A) Overview of the distribution of BrdU-ir cells in the
DG of WT (left panel) and CR™/~ (right panel) mice. High-resolution
micrographs (lower images, scale bar: 10 um) correspond to the boxed
areas in the overviews (scale bar: 100 um). Red arrows point to individual
BrdU-ir cells. (B) Bar graph plotting the mean total number of BrdU-ir cells
determined along the whole septotemporal extent of the DG, 2 weeks after
3 daily BrdU pulses in adult 3 months old animals. The survival of newborn
cells in CR=/~ is significantly reduced by a factor of 2 as compared to WT
(=50%, n = 3 per genotype). (C) Drawing of the DG (not scaled)
exemplifying the layer distribution of BrdU-ir cells (black dots) 2 weeks after
the last marker injection. (D) Layer specific counts of BrdU-ir nuclei are
plotted for the two genotypes. In CR~/~ the mean cell number is
significantly lower than in WT at each location. (E) Relative distribution of
BrdU-ir cells in SGZ (rel. migration: 0), in the GCL (rel. migration: 0.5) and in
the border region GCL/ML (rel. migration: 1) of WT and CR=/~ mice. The
slopes of the linear regression curves (2 = —0.99 for both genotypes)
served as a proxy measure for migration of newborn granule cells. The
steeper slope in CR™/~ mice is indicative of slower/reduced migration.
(F-G) Double labeling of BrdU and CB (F) or BrdU and CR (G) in the DG of
a representative adult WT animal evaluated 2 weeks after the last BrdU
injection. BrdU-ir nuclei never colocalize with CB-ir granule cells (F); CR is
expressed in approx. one third of BrdU-ir cells. Due to the low number of
BrdU-ir cells per section, rarely more than 1-2 double-labeled cells are
observed on a given section; they are located at the inner border of the GCL
(G). Scale bar: 50 um. Boxed areas are shown enlarged as insets at the left
bottom of the micrographs (scale bar: 10 wm). Abbreviations: see Figure 1.
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FIGURE 7 | No reduction in DCX and CR expression levels, but in DCX
staining in 2-4 weeks old mice lacking CB. (A) Double immunolabeling
with DCX (green, left panel) and CR (red, right panel). The images show
details of the GCL and the SGZ for the 2 genotypes at 2 and 4 weeks. Note
that the changes in DCX labeling intensity and intracellular signal
distribution are the same as described for the CR~/~ in comparison to WT
(Figure 1). No qualitative differences in CR-ir cells are visible between WT
and CB~/~ at the two different time points. Scale bar: 25 um.

(B) Representative Western blots for CR from WT and CB~/~ mice at the
age of 2 and 4 weeks. Densitometric analysis reveals no differences
between genotypes (2w: n =5 per genotype; 4w: n = 3 per genotype).
Abbreviations: see Figure 1.
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FIGURE 8 | An early putative deficit in proliferative activity in the DG
cell stem niche of 2 weeks old CB~/~ mice has no effect on
survival/differentiation of granule cells in adult (14w) mice. (A) Density
estimates of PCNA-ir cells in the septal extent of the SGZ of WT and CB—/~
mice. PCNA-ir cell density is highest in young (2 weeks) WT animals and
decreases steadily and significantly in the successive 2 weeks. At the adult
age of 3 months the density is reduced to one third of the initial value

(*p < 0.05 4w vs. 2w; **p < 0.01 14w vs. 2w). In CB~/~ mice a significant
decrease is only observed from 2 to 4 weeks, while no changes occur from
4 to 14 weeks (°°p < 0.01 4w vs. 2w and °p < 0.05 14w vs. 2w). The initial
reduction in the density of PCNA-ir cells observed in 2 weeks old CB~/~
mice is not maintained at later time points (4w and 14w). N = 3 for both
genotypes and ages. (B) Density of BrdU-ir nuclei determined 24 h after a
single BrdU pulse in the septal SGZ. The small decrease in the density of
BrdU-ir nuclei in 2 weeks old CB~/~ mice (20%) is not significant (n = 6
mice per genotype). (C) Mean total number of BrdU-ir cells estimated along
the whole septotemporal extent of the DG, 2 weeks after 3 daily BrdU
pulses in adult 3 months old animals. The survival of newborn cells in
CB~/~ mice does not differ from WT mice (n = 3 per genotype).

These data indicate that loss of CB expression from DG gran-
ule cells as well as from the few hippocampal CB-ir interneurons
(Gulyas and Freund, 1996) has no significant effect on the pro-
liferative activity of progenitor cells nor affects survival and/or
migration of newborn neurons within the adult SGZ.

DISCUSSION

We studied the impact that the constitutive absence of the Ca®*-
binding proteins CR and CB, mutually expressed at different
stages of maturation of granule cells, may have on the prolifer-
ation and differentiation within the SGZ neurogenic niche of the

DG in null-mutant mice. Effects were evaluated at young age (2
weeks and 4 weeks) and in adult animals (3 months). The consti-
tutive absence of CB expression from differentiated DG granule
cells has no retrograde effect on the proliferative activity of pro-
genitor cells, nor affects survival or migration/differentiation of
newborn neurons in the adult DG including the SGZ. On the con-
trary, lack of CR from immature early postmitotic granule cells,
causes an early loss in proliferative capacity of the SGZ that is
maintained into adult age, when it has a further impact on the
migration/survival of newborn granule cells.

ABSENCE OF CR EXPRESSION IN NEWBORN GRANULE CELLS

IMPAIRS THE PRECEDING PROGENITOR PROLIFERATION PHASE

DCX is a microtubule-associated protein that promotes their
polymerization. In the SGZ of the DG, DCX is transiently
expressed in proliferating neural progenitors and in early
postmitotic neurons expressing CR and NeuN (Brandt et al,
2003; Brown et al., 2003; von Bohlen Und Halbach, 2011). Thus,
the pool of DCX-positive cells also includes to a minor extent cells
exiting the cell cycle to become immature granule cells. Whole
hippocampal DCX protein levels were similar in 2 and 4 weeks
old CR™/~ and CB~/~mice and did not differ from WT ones.
However, compared to WT animals, differences in DCX distri-
bution were evident at the morphological level: in 4 weeks old
mutant mice, in particular, the intensity per pixel was significantly
weaker in processes than in the cell bodies. DCX plays an active
role in cytoskeletal assembly and process growth in immature
neurons (Bilimoria et al., 2010; Jin et al., 2010). Such redistribu-
tion from dendritic processes to the cell body may therefore reflect
a decrease of the cytoskeletal scaffold resulting in less and/or
impaired growth of neuronal processes. Reduced process growth
may eventually limit the capacity of sensing modulatory cues
from the neighboring environment promoting targeting, net-
work integration and survival. However, the changes in DCX-ir
varied between genotypes and even between animals from the
same genotype suggesting rapid redistribution dynamics and/or
large inter-individual variety. A more detailed, possibly in vitro
approach might be necessary to further investigate the putative
role of DCX localization in neurogenesis in CR™/~ and CB™/~
mice.

To address more directly the putative role of CR and CB in
postnatal neurogenesis, PCNA and TCF-4 expression, as well as
BrdU incorporation 24 h post injection were investigated. PCNA
is a sliding clamp processivity factor, essential for fast replication
of DNA during the S-phase of the cell cycle (Mathews et al., 1984).
Therefore it is a well-known marker for dividing cells (Miyachi
et al., 1978; Ino and Chiba, 2000); used as a complement or
as an alternative to the classical 24 h BrdU proliferation assay.
In line with previous reports (Ben Abdallah et al., 2010; Knoth
et al., 2010), the density of proliferating cells in the SGZ con-
siderably decreased with increasing age in WT mice. In 2 weeks
old CR™/~ mice densities of PCNA-ir and of BrdU-ir cells were
much lower than in WT mice indicating a loss of the proliferat-
ing pool. Of note, in all experiments, the differences in density
between WT and knockout mice were larger for PCNA-ir cells
than for BrdU-ir cells (e.g., Figure 3B vs. Figure 4B). In the case
of PCNA-ir, we reason that the lower contrast between the specific
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immunolabeling and the counterstaining led to an overestimation
of differences. The BrdU-ir instead presented a better signal-to-
background contrast and thus reflects more accurately the real
differences between genotypes.

TCF-4 is a basic-helix-loop helix transcription factor that
mediates Wnt signaling by binding B-catenin and is consid-
ered to control downstream genes promoting cell proliferation
and maintenance of the stem cell phenotype (Clevers, 2006).
However, binding of additional proteins to the p-catenin/TCF-4
complex within the nucleus may alternatively result in cell cycle
exit and induction of differentiation programs (Teo et al., 2005;
Teo and Kahn, 2010). Modulation of Wnt signaling plays a promi-
nent role in CNS development (Michaelidis and Lie, 2008) and
is critical for DG development. Its disruption causes the prolif-
erative activity to stop prematurely and results in DG aplasia or
hypoplasia (Galceran et al., 2000; Zhou et al., 2004). In the post-
natal and adult DG, Wnt is secreted by astrocytes and continues
to regulate the balance between proliferation and differentiation.
TCF-4 is expressed within the SGZ, where it often colocalizes
with DCX (Lie et al., 2005; Kuwabara et al., 2009). These cells
may therefore correspond to the largely DCX-positive progenitor
pool. Thus, we assumed a significant overlap between TCF-4-ir
cells and the population determined by PCNA staining and BrdU
incorporation. In accordance with the latter results, the density of
TCF-4 positive cells was clearly decreased in 2 weeks old CR™/~
and the effect (—27% compared to WT) was in the same range
as for PCNA staining (-39%) and BrdU incorporation (—24%).
Therefore, the loss of proliferative capacity observed with PCNA
and BrdU THC in 2 weeks old CR™/~ appears to affect progenitor
cells that are sensitive to the Wnt signaling cascade and its mod-
ulators and which are about to decide on their fate (either reenter
or exit the cell cycle).

Results in 4 weeks old CR™/~ mice were less conclusive. The
densities of PNCA-ir and TCF-4-ir cells were almost indistin-
guishable from those in WT mice, although the values were
still slightly smaller. This may reflect an attempt to compensate
the earlier loss of proliferative capacity. However, the significant
reduction in whole hippocampal PCNA protein levels observed at
this age rather suggests that compensation is not achieved. Adult
neurogenesis is considered as a process that may be influenced
at many different stages of neuronal development and show-
ing a high degree of plasticity (Kempermann, 2011). Thus, it
is not surprising that the initially rather large differences seen
at 2 weeks in the absence of CR did not extend to the age of
4 weeks. The apparent inconsistencies with respect to PCNA,
i.e., a decrease in PCNA-ir cells without significant changes in
protein levels at 2 weeks and the opposite finding at 4 weeks
may be the result of the low number of animals analyzed per
group and of the larger variability in signal intensities of the
PCNA Western blots. Considering all the investigated markers
(TCF-4, PCNA, BrdU) we can conclude that the absence of CR
expression in early postmitotic granule cells at the age of 2 weeks
negatively affects neurogenesis, namely the preceding progenitor
proliferation phase.

Once morphogenesis of the infrapyramidal blade of the DG is
accomplished by the end of the first postnatal week, the prolif-
erative matrix remains quite active for the following 2-3 weeks.

During this time period more granule cells are added to the
network, i.e., to the inner third of the DG (Altman and Bayer,
1990a,b; Li and Pleasure, 2005). Meanwhile the proliferating pool
in the SGZ changes and rearranges into the prospective adult
state: the strictly genetic/intrinsic control-active during develop-
ment is implemented with additional extrinsic modulatory cues
derived from the functional DG network, e.g., synaptic activ-
ity and its dependent signaling as well as the overall metabolic
state (Kempermann, 2011). It has been proposed that this transi-
tion period would be better-termed “childhood” or “adolescence”
neurogenesis (Knoth et al., 2010). It is well possible that dur-
ing this sensitive period of transition to adult neurogenesis,
early postmitotic neurons may be the source of some extrin-
sic modulatory signals, which influence in a feedback mode
the cycling activity of the progenitor pool. Within the adult
SGZ, CR expression seems restricted to postmitotic cells, i.e.,
CR co-expression in BrdU-ir cells is never observed early (4 h)
after BrdU injection (Brandt et al., 2003). In maturing granule
cells, CR probably functions as a Ca’* buffer and/or sensor dur-
ing Ca?" transients occurring in concomitance with the onset
of synaptic activity and linked to the GABA-dependent depo-
larizing currents (Ge et al., 2006). It is plausible that within the
Ca?" signaling network typical of this stage (Jagasia et al., 2009;
Merz et al., 2011) retrograde signals may be generated to reg-
ulate an antecedent phase. Speculatively, it could be assumed
that during the time period of transient CR expression imma-
ture granule cells give a feedback to the progenitor pool with
regard to their successful differentiation progress, thus regulating
cell fate decision toward cell cycle reentry and further prolifera-
tion/amplification. CR deficiency in mutants would then hamper
feedback signaling and eventually deliver instructions to the pro-
genitor pool to regulate cell fate decision in the opposite direction.
This would result in a more frequent/precocious cell cycle exit
and eventually endanger amplification of the progenitor pool,
thus exhausting the proliferative matrix. According to this sce-
nario, the decrease in TCF-4 expressing cells observed in CR™/~
mice suggests that such regulatory feedback may interfere with
the Wnt/B-catenin-TCF-4 signaling cascade, which is critical for
cell fate decisions both during embryonic DG morphogenesis
(Galceran et al., 2000; Zhou et al., 2004), as well as adult neuroge-
nesis (Lie et al., 2005; Kuwabara et al., 2009). Further experiments
are required to investigate the nature of the putative diffusible
signals and to identifying the Wnt/B-catenin-TCF-4 cascade as a
possible target.

ABSENCE OF CR IN NEWBORN GRANULE CELLS SEVERELY

DECREASES THEIR SURVIVAL AND LIKELY AFFECTS THE

MIGRATION PROCESS

We further examined adult animals, because by this time the
lifelong steady-state levels of proliferation and differentiation typ-
ical of adult neurogenesis have been accomplished (Ben Abdallah
et al., 2010; Knoth et al., 2010; Kempermann, 2011). In both WT
and CR™/~ mice, the density of PCNA-ir cells was much lower
than in 2 weeks old animals and a clear difference (—30%) in
the density of PCNA-ir putative progenitor cells was observed
in mice lacking CR. Thus, the deficit in proliferative capacity of
the SGZ was maintained in adult CR™/~ mice. To test whether
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such a permanent decrease in the progenitor pool would have any
consequences on the survival and differentiation of newborn neu-
rons in adult mice a BrdU differentiation essay was performed.
The number and distribution of BrdU-positive cells within the
SGZ and the GCL were determined 2 weeks after administra-
tion of the substance in adult mice. BrdU-labeled neurons were
reduced by a factor of two in CR™/~ as compared to WT mice.
A period of 2 weeks is not sufficient for BrdU-ir cells to express
CB, since it generally takes 4 weeks for newborn granule cells to
express it (Kempermann et al., 1997). Transient CR expression
reaches a maximum 1 week from birth of a newly generated gran-
ule cell; 2.5 and 4 weeks after birth, the percentage of BrdU-ir cells
expressing CR is reduced to approximately 30 and 5%, respec-
tively, (Brandt et al., 2003). Since we did not observe changes
in CR™/~ mice regarding this timeline, we assume that most
BrdU-ir cells detected in the survival/differentiation assay cor-
respond to postmitotic neurons in the phase of active process
growth and synaptogenesis (Ge et al., 2006; Toni and Sultan,
2011). Thus, the survival of the pool of newborn immature
granule cells is drastically reduced in CR™/~ mice.

Detailed analysis of the relative position of the BrdU-ir cells
within the height of the adult SGZ and GCL in WT and CR™/~
mice revealed that in CR™/~ a larger percentage of neurons
remained confined to the SGZ. Accordingly the relative frac-
tion of newborn cells distributed within the GCL was decreased.
Migration out of the SGZ into the GCL seems to occur in
2 steps. In a first step, which is accomplished while exiting the
cell cycle, all cells move out of the SGZ to reach the inner GCL.
Then postmitotic cells further migrate within the GCL to dif-
ferent extents (Ming and Song, 2011; von Bohlen Und Halbach,
2011). Thus, we may conclude that those newborn cells detectable
in the CR™/~ by this assay exhibit a deficit in the migration
process.

Critical prerequisites for the successful accomplishment of the
different maturation steps are the GABA-mediated depolarization
(Ge et al,, 2006) and the related activation of CREB signaling
(Merz et al., 2011). If the depolarizing effects of GABA are lost
or CREB phosphorylation is reduced at this stage, then survival
of the newborn neurons is at risk (Jagasia et al., 2009). As men-
tioned earlier, the presence of CR in newborn neurons largely
coincides with the phase of sensitivity to the GABA-dependent
depolarizing currents. Many studies in vivo and in vitro have
demonstrated that Ca>t buffers such as CR can affect processes
like protein phosphorylation and/or dephosphorylation mediated
by Ca’*/CaM-dependent kinases or calcineurin, respectively,
(Schwaller, 2010). CR may thus modulate depolarization-induced
Ca?" transients and subsequently affect CREB phosphorylation
and in turn CREB-dependent activation of downstream targets
promoting survival and further differentiation of newborn neu-
rons (Merz et al., 2011). The specific and time-locked expression
of CR at the onset of the differentiation stage in adult neuro-
genesis may thus play (1) a role on the self-maintenance signal
for the pool of cells at the same stage contributing to their sur-
vival/differentiation, and (2) may contribute (as a retrograde
signal) to the maintenance of the progenitor pool. Loss of CR-
mediated signaling would then reduce survival and eventually the

size of the differentiating pool and compromise the proliferative
function of progenitors.

PHYSIOLOGICAL IMPLICATIONS OF CR'S ABSENCE IN

DG PROGENITORS

What would be the consequences of the hypothesized dual role of
CR in terms of network function and of hippocampal dependent
behavior? If we consider that in CR™/~ mice the pool of imma-
ture granule cells which is particularly prone to exhibit synaptic
plasticity (Deng et al., 2009; Mongiat et al., 2009) is only one half
of that present in WT animals, then some effects at the network
level are rather plausible. Thus, the deficient LTP induction spe-
cific to the DG of CR™/~ mice (Schurmans et al., 1997) may well
depend in part on the deficit in the number of immature granule
cells and not solely on the loss of CR’s Ca** buffering/sensing
properties from terminals of the hilar mossy cell commissural
associational pathway. An elegant approach to test this hypoth-
esis would be to repeat the DG LTP study in mutants, where CR
expression is only ablated in maturing granule cells. Numerous
experimental and theoretical studies have accumulated in the last
decades on the specific role of the DG within the hippocam-
pal formation and its function at the behavioral level (Aimone
etal,, 2011). There is also increasing evidence that only a particu-
lar subset of hippocampal-dependent learning and their related
behavioral tasks critically relies on normal adult neurogenesis
(Treves et al., 2008; Aimone et al., 2011; Ming and Song, 2011).
These are more likely tasks requiring encoding and association
of events separated by time, rather than spatial learning tasks
like those developed for the Morris water maze (Shors et al,
2001, 2002). Some impairment in spatial learning can also be
detected, when adult neurogenesis is impaired, provided the time
factor attains more relevance e.g., long-term retrieval in the water
maze over days (Snyder et al., 2005). The behavioral tasks (spa-
tial learning in the water maze and 24 h retrieval) as described in
Schurmans et al. (1997) may therefore not be the ideal way to test
the role of maturing neurons in learning and memory in CR~/~
animals.

Loss of proliferative capacity as shown here for CR™/~ mice,
may also have additive effects on the hypothesized deficits in
LTP and DG-dependent learning and memory tasks. Cells not
generated during early postnatal neurogenesis are then lack-
ing at the stage of maturation and integration into the mature
network and consequently curtailing the neurogenic reserve of
the DG (Kempermann, 2008). We thus hypothesize that such
deficits will worsen with age and either per se or in concomitance
with neurodegenerative challenges will cause severe behavioral
impairments much earlier in CR™/~ than in WT mice.
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INTRODUCTION

Secretagogin is a calcium binding protein (CBP) highly expressed in neuroendocrine cells.
It has been shown to be involved in insulin secretion from pancreatic beta cells and is a
strong candidate as a biomarker for endocrine tumors, stroke, and eventually psychiatric
conditions. Secretagogin has been hypothesized to exert a neuroprotective role in neu-
rodegenerative diseases like Alzheimer’s disease. The expression pattern of Secretagogin
is not conserved from rodents to humans. We used brain tissue and primary neuronal cell
cultures from rat to further characterize this CBP in rodents and to perform a few func-
tional assays in vitro. Immunohistochemistry on rat brain slices revealed a high density of
Secretagogin-positive cells in distinct brain regions. Secretagogin was found in the cytosol
or associated with subcellular compartments. We tested primary neuronal cultures for their
suitability as model systems to further investigate functional properties of Secretagogin.
These cultures can easily be manipulated by treatment with drugs or by transfection with
test constructs interfering with signaling cascades that might be linked to the cellular func-
tion of Secretagogin. We show that, like in pancreatic beta cells and insulinoma cell lines,
also in neurons the expression level of Secretagogin is dependent on extracellular insulin
and glucose. Further, we show also for rat brain neuronal tissue that Secretagogin interacts
with the microtubule-associated protein Tau and that this interaction is dependent on Ca?*.
Future studies should aim to study in further detail the molecular properties and function
of Secretagogin in individual neuronal cell types, in particular the subcellular localization
and trafficking of this protein and a possible active secretion by neurons.

Keywords: Secretagogin, calcium binding proteins, neuronal cell marker, insulin

the modulation of ion channel or receptor function, enzyme activ-

Calcium (Ca®*) is a universal second messenger, which plays a
crucial role in signal transduction in many fundamental physi-
ological processes. In the central nervous system (CNS) calcium
signaling is utilized by neurons to control membrane excitability,
neurotransmitter release, gene expression, cellular growth, differ-
entiation, and cell death. Different variants of high transient and
local Ca?T concentrations in neurons play an important role in
information processing (Niggli and Shirokova, 2007). Intracellular
Ca™ waves are also observed in glia cells, a finding that currently
reshapes the known role of glia cells from neuronal supporters to
active signal transmitting cells (Dityatev and Rusakov, 2011).
Calcium binding proteins (CBPs) therefore play a pivotal role
in sensing and transducing these signals into cellular responses like

Abbreviations: CBP, calcium binding protein; nCBP, neuronal calcium bind-
ing protein; NCS, neuronal calcium sensor; SCGN, Secretagogin (human); Scgn,
Secretagogin (rat).

ity, neurotransmitter release, and many more (Yanez et al., 2012).
The huge number of identified CBPs relates to their different roles
and substrate specificity. N-terminal myristoylation and specific
protein—protein interactions mediate their subcellular targeting
and substrate specificity. Calcium also plays an important role in
the secretory pathway of neurons regulating processes like vesi-
cle budding and fusion, vesicle trafficking between Golgi stacks,
TGN sorting, and the regulation of SNARE proteins. Some CBPs
like calmodulin are possibly present in all neuronal cell types.
Other known neuronal CBPs (nCBPs) are present only in certain
subpopulations of neurons (Mikhaylova et al., 2011). From the
functional point of view two major groups of nCBPs have tradi-
tionally been distinguished: Ca?* buffers, which bind Ca?* with
high affinity without undergoing major conformational changes,
and Ca?*t sensors (NCS), which need higher Ca?* pulses for
activation and undergo substantial conformational changes upon
binding to Ca?*. These activated states lead to the exposure of
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interaction motifs with downstream targets and frequently initiate
signal transduction cascades (Burgoyne and Haynes, 2012). One
of the best-known and well-studied examples also in this respect
is again calmodulin. The distinction between calcium buffers and
calcium sensors is still valid from a functional viewpoint, but it
becomes increasingly difficult to assign individual CBPs selectively
to one or the other group. The more experimental evidence is avail-
able, the more it becomes clear that CBPs might have dual or more
functional properties (Schwaller, 2009; Mikhaylova et al., 2011).

A large body of evidence has indicated that unbalanced Ca**
homeostasis contributes to the development of neurological and
neurodegenerative diseases (Braunewell, 2005; Yu et al., 2009;
Demuro et al., 2010; Hermes et al., 2010; Camandola and Mattson,
2011).

Nonetheless, several mechanisms have been developed to con-
trol Ca>* homeostasis and to prevent cellular damage. Among
these are also nCBPs, which have been reported to display altered
levels in neurodegenerative disorders (Steiner et al., 2011). Apart
from this role in homeostasis, a major task of many nCBPs
is in active signal transduction, where our current knowledge
is restricted to only few representatives and is still frequently
rudimentary.

Most nCBPs exhibit a tissue specific expression pattern in the
mammalian brain. Therefore, they have been used as cell type spe-
cific markers before other ways of identification of cell types in
the CNS became available (Klausberger et al., 2003). Novel nCBPs
are discovered on a regular basis mostly by proteomic screens,
each of them with different developmental and cell type specific
expression patterns.

A more recently identified CBP is Secretagogin, a multi-faceted
protein that is highly expressed in pancreatic beta cells, cells
of the gastrointestinal tract as well as in neuroendocrine cells
of the CNS (Wagner et al., 2000; Gartner et al., 2001; Mul-
der et al,, 2009). Secretagogin contains six EF-hand motifs as
potential Ca®* binding sites, some of which seem to be non-
functional. Structural analysis have revealed some similarities
with the Ca?* sensor calmodulin (Bitto et al., 2009). Secret-
agogin undergoes conformational changes upon Ca?* binding
indicating a potential role as a Ca®* sensor in specialized cells
(Rogstam et al., 2007). Broad screenings by protein arrays have
led to the identification of a variety of Secretagogin interaction
partners that are associated with vesicle fusion (like SNAP-23,
SNAP-25, ARFGAP2, DOC2alpha, rootletin), trafficking (tubu-
lin, KIF5B), enzymatic activity (DDAH-2, ATP-synthase), and
one onco-protein (myeloid leukemia factor 2; Rogstam et al,
2007;Bauer et al., 2011a,b). Secretagogin has received consider-
able attention due to its significance in insulin secretion from
pancreatic beta cells and as a potential biomarker for the diag-
nosis of stroke and distinct tumors of endocrine origin such as
adenocarcinomas of the stomach, pancreas, prostate, colorectum,
kidney, and lung small cell carcinoma in the blood of patients
(Gartner et al., 2001; Lai et al., 2006; Adolf et al., 2007; Ilhan
et al.,, 2011; Zurek and Fedora, 2012). Albeit performed stud-
ies on Secretagogin its function is still unclear. By in silico gene
analysis it was previously found that the Secretagogin gene-
promoter sequence might respond to glucose (Skovhus et al.,
2006).

Human and mouse brain has been examined to some extent
for Secretagogin expression in previous studies (Attems et al.,
2008;Mulder et al., 2009, 2010). As the regional expression pattern
turned out to differ significantly between species, we now chose
to characterize the expression of Secretagogin in rat brain to com-
pare with previous studies on mouse and human brain. In order
to perform functional studies we were looking for a primary cell
culture system that expresses endogenous Secretagogin at a high
level and chose the well-established primary culture system of rat
embryonic hippocampal and cortical neurons for in vitro studies
to get a hint of the expression dynamics and functional aspects
of the protein. The tight connection between glucose and insulin,
which is also a basic neuronal trophic factor, let us ask, whether
insulin and glucose levels influence the expression of Secretagogin
in neuronal cells.

Our cell culture system proved to be a suitable model system
to perform more functional assays in the future, last but not least,
because interference of signaling cascades by drug treatment and
tracking the fate and trafficking of proteins by transfection of
these neurons with test constructs (like dominant negative or
non-functional variants of proteins, fluorescent tagged versions
of the protein, and subcellular markers) is technically easy to per-
form and analysis by common biochemical and cell biological
techniques promises relevant results. The in vitro studies can be
extended to neuronal cultures derived from other brain areas that
express high levels of endogenous Secretagogin in order to inves-
tigate cell type specific functional similarities or differences of this
protein.

Since the recent clinical studies on Secretagogin revealed its
potential implication as a novel blood and cerebrospinal fluid bio-
marker, further knowledge on this protein is of major interest also
from the medical point of view.

MATERIALS AND METHODS

PRODUCTION AND PURIFICATION OF SECRETAGOGIN PROTEIN
Human and rat Secretagogin protein was produced and purified
the same way as described previously in Wagner et al. (2000)
and Gartner et al. (2007), respectively. In brief, the entire cod-
ing sequence of the human/rat Secretagogin gene was amplified
by PCR using primers with EcoRI and BamHI at the flanking end
and subsequently cloned into the pGEX-1\T expression vector.
The coding sequence for Secretagogin in this construct is located
downstream of the coding sequence for glutathione S-transferase
separated from GST by a thrombin cleavage site. These constructs
(GST-SCGN and GST-Scgn) were transformed into Escherichia
coli BL21, and after colony selection transformed bacteria were
grown overnight at 37°C. The next morning the culture was diluted
1:5 and expression of the fusion proteins was induced by addition
of isopropyl-B-p-thiogalactoside (final conc. 10 mM) followed by
incubation for 3h at 31°C on a rotating shaker. Afterwards the
bacteria were pelleted, sonicated in ice-cold PBS containing 0.1%
Triton X-100, and a mix of protease inhibitors. The bacterial lysate
was precleared by centrifugation at 12,000 rpm for 10 min and
equilibrated glutathione-Sepharose 4B beads were added to the
obtained supernatant and mixed for 30 min at 4°C under con-
stant rotation. Following three washes of protein-bound beads
with cold PBS, full-length Secretagogin was released by thrombin
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cleavage. The reaction was incubated for 3 h at RT on a rotating
platform, centrifuged at 1500 rpm, and the resulting supernatant
containing Secretagogin (human or rat) was tested by SDS-PAGE
gel-electrophoresis in order to evaluate the presence of full-length
protein. After protein quantification the purified Secretagogin
protein was frozen at —80°C until further use.

ANTIBODIES

Rabbit anti-SCGN antiserum was generated against recombinant
Secretagogin protein as described previously and cross-reacts with
the rat ortholog (Wagner et al., 2000; Gartner et al., 2001). We
used dilutions of 1:1000 for immunohistochemistry and 1:5000
for immunoblotting.

The following commercial antibodies were used for immuno-
fluorescence or other techniques as indicated: rabbit anti-pan-TAU
(Cat. No. A 0024, DakoCytomation, Denmark, Glostrup) dil.
1:5000 for immunoblotting; mouse anti-Parvalbumin (Cat. No.
PVG214, Swant, Switzerland) dil. 1:3000; mouse anti-Calbindin
D28k (Cat. No.300, Swant, Switzerland) dil. 1:10,000; mouse anti-
Calretinin (Cat. No. 6B3, Swant, Switzerland) dil. 1:5000; mouse
anti-GRP78 (which was a kind gift from the lab of Prof. Johannes
Berger) dil. 1:100; mouse anti-GM130 (Cat. No. 560257, BD
Biosciences, Franklin Lakes, NJ) dil. 1:100; mouse monoclonal
anti-B-actin (AC-15; Cat. No. NB600-501, Novus Biologicals, Lit-
tleton, CO, USA) for Western blot controls dil. 1:5000. Secondary
antibodies and nuclear staining: DyLight488 goat anti-mouse
(Cat. No. 115-485-1460, Jackson ImmunoResearch, Suffolk, UK)
dil. 1:400; DyLight488 donkey anti-rabbit (Cat. No. 711-485-
1520, Jackson ImmunoResearch) dil. 1:400; Cy3 goat anti-rabbit
(Cat. No. 111-166-003, Jackson ImmunoResearch) dil. 1:500;
DyLight649 donkey anti-guinea pig (Cat. No. 706-495-148, Jack-
son ImmunoResearch) dil. 1:400; DyLight649 donkey anti-rabbit
(Cat. No. 111-196-003, Jackson ImmunoResearch) dil. 1:400; TO-
PRO (Cat. no. T-3605, Invitrogen) dil. 1:500; DAPI (Sigma Cat.
No. D8417) final conc. 1 pg/ml in PBS.

RABBIT ANTI-SCGN ANTISERUM SPECIFICITY TEST

In order to confirm specificity of our rabbit anti-human SCGN
antiserum against rat-Scgn, the recombinant purified protein (rat-
Scgn, 267 amino acid residues) was pre-incubated with anti-SCGN
antibody. The reaction was performed at room temperature for
2 h. The resultant solution containing antibody/antigen complexes
was centrifuged at 13,000 rpm for 15 min at 4°C. The supernatant
was then used in parallel with native untreated antibody for stain-
ing of sections of fixed rat brain. Immunofluorescence staining
and imaging was performed as indicated below. The experiment
was carried out in duplicates.

Further evidence for antiserum specificity was obtained from
a stable cell line expressing human Secretagogin. Jurkat cells were
transfected with full-length human Secretagogin encoding plas-
mid pZeoSV2. Cells, that had stably incorporated the plasmid in
the genome and were expressing the protein at a high level were
chosen for further experiments.

Protein G-Sepharose beads were used to bind rabbit anti-Scgn
antiserum. After washing, beads were incubated with lysates from
sham-transfected and SCGN-expressing Jurkat cells. Following
three washing steps with 0.1% Tween 20 in PBS (TPBS), beads

were eluted in 50 mM triethanolamine, 150 mM NaCl, 0.1% Tween
20, pH 11.2. Eluted fractions were neutralized and loaded onto
a 10% SDS-PAGE gel and transferred to nitrocellulose using a
semi-dry blotting device. Blotted membranes were blocked and
exposed to biotinylated rabbit anti-SCGN antibody followed by
incubation with Streptavidine/HRP for 30 min. Each incubation
step was followed by two washes with TPBS for 10 min. The blot
was finally developed with chemiluminescent reagent and bands
were visualized with a Lumi Imager FI.

IMMUNOHISTOCHEMISTRY OF RAT BRAIN SLICES

Six-week-old rats were deeply anesthetized with Equithesin and
perfused transcardially with 0.9% NaCl, followed by a mixture of
4% paraformaldehyde, and 15% picric acid in 0.1 M phosphate
buffer (PB; pH 7.2-7.4) using a peristaltic pump. Brains were left
in situ for 10-15 min, removed, and kept in 0.1 M PB with 0.05%
sodium azide for a few days at 4°C. Serial coronal sections of 50 pm
were cut on the vibratome. Sections were kept in PB containing
0.05% sodium azide at 4°C until staining.

Immunofluorescence experiments were carried out accord-
ing to previously published procedures (Klausberger et al., 2003;
Vasiljevic et al., 2011). Briefly, free-floating sections were incu-
bated in 0.1% Triton X-100/PB for 30 min, blocked in 20%
normal horse serum diluted in Tris-buffered saline (50 mM
Tris, pH 7.2, 0.85% NaCl) for 2h, and then incubated in a
solution containing a mixture of primary antibodies (rabbit
anti-Secretagogin antibody, dil. 1:5000; mouse monoclonal anti-
Parvalbumin antibody; mouse monoclonal anti-Calbindin D28k
antibody; mouse monoclonal anti-Calretinin antibody) for 48 h
at 4°C. Sections were washed and subsequently incubated for
4h at room temperature with appropriate secondary antibod-
ies conjugated either to Alexa Fluor 488 (anti-rabbit; Invitro-
gen Molecular Probes, dil. 1:1000) or Cy3 (anti-mouse; Jackson
ImmunoResearch Laboratories, dil. 1:400). All antibodies were
diluted in TBS containing 0.1% Triton X-100 and 1% normal
horse serum. After washing in TBS (50mM Tris buffer, pH
7.4), sections were mounted in Aqua PolyMount (Polysciences
Europe, Eppelheim, Germany), and left to polymerize at 4°C
over night. Sections were examined with a Leica TCS SP5 II
confocal microscope (Leica Microsystems GmbH, Wetzlar, Ger-
many). All antibodies were tested for optimal dilution, and sec-
ondary antibodies were tested for cross-reactivity and non-specific
staining.

IMMUNOHISTOCHEMISTRY OF HUMAN SAMPLES

Brain tissue obtained from routine autopsy was fixed in 4% For-
malin and embedded in paraffin as a routine procedure for the
process of pathological specimens. Tissue sections of 4 mm were
deparaffinized with xylol, passed through a graded ethanol series
and finally washed in distilled water. Endogenous peroxidase was
blocked with 3% H,0, in methanol for 10 min. Following anti-
gen retrieval in citrate buffer, pH 6.0 for 60 min at 96°C, slides
were washed in Tris-buffered saline (TBS), and blocked with 10%
FCS for 10 min. The primary antibody was applied for 2 h. After
washing the slide for 10 min in PBS the secondary antibody was
applied and incubated for 1.5 h at RT. Following two washing steps
for 10 min at RT in PBS, the chromogenic substrate DAB was
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applied (EnVision ™Kit DakoCytomation K5007) and the reac-
tion was stopped after 10 min by washing the slide with tap water.
As a counterstain Mayer’s Hemalaun was used for 30 s, which was
washed off by tap water. Finally, slides were exposed to 0.45M
HCl in 70% EtOH followed by a further wash in water. Sections
were dehydrated in acetyl butyrate and mounted with a coverslip.
Images were taken using a Leica Aristoplan microscope.

PRIMARY RAT CELL CULTURE
Primary neuronal cultures were prepared from rat E18 embryos
(pregnant Sprague-Dawley rats were purchased from Charles
River, Germany). Procedures were carried out in accordance
with animal care guidelines of the Medical University of Vienna,
Austria. Cultures were essentially prepared as neuron/glia co-
cultures as described previously with modifications (Brewer et al.,
1993). Hippocampus and cortex were dissected and individually
trypsinized at 37°C in a 10mM HEPES buffered Hank’s bal-
anced salt solution (HBSS; GIBCO Life Technologies, NY, USA).
Tissues were washed three times with ice-cold HBSS and disso-
ciated by trituration. Cortical neurons were additionally sieved
through 100 and 70 pm filters (Falcon). Neurons were plated at
a density of ~52,500 cells/cm? into 24-well culture plates. For
Western blot analysis and real-time quantitative PCR (RT-qPCR)
six-well culture plates were seeded at the same density. Cells
were left to attach overnight in MEM medium containing 10%
horse serum, 1 mM sodium pyruvate (all from GIBCO), 1.2%
D-glucose (Sigma), 100 U/ml penicillin together with 100 pg/ml
streptomycin (GIBCO). All surfaces were coated with a solution
of 0.5 mg/ml poly-L-lysine (MW 30,000-70,000; Sigma) in 0.05 M
sodium borate, pH 8.0 overnight at room temperature and were
washed thoroughly with distilled water before adding the culture
medium. Cultures were maintained in an incubator with 5% CO,
at 37°C during the whole culturing period. After attachment of
cells, the medium was replaced by serum-free Neurobasal medium
(GIBCO) supplemented with 2% v/v B-27 (Invitrogen), 2 mM glu-
tamine (GIBCO), 1.2% p-glucose (Sigma), 100 U/ml penicillin,
and 100 pg/ml streptomycin.

Hippocampal neurons were used for experiments mostly
between 14 and 22 DIV (days in vitro), whereas cortical neurons
were used at 7 DIV.

CELL CULTURE CONDITIONS FOR STUDIES WITH INSULIN

Hippocampal neurons were grown in six-well culture plates either
in normal Neurobasal medium supplemented with 2%v/v B-
27, 2mM glutamine, 1.2% b-glucose, 100 U/ml penicillin and
100 pg/ml streptomycin, or in insulin-free medium consisting of
Neurobasal medium and all ingredients such as indicated above,
except commercially available insulin-free B-27 (Cat. No. 05-
0129SA, GIBCO). For insulin deprivation experiments neurons
were initially grown in standard Neurobasal medium in order to
support optimal growth. At 18 DIV, one third of medium was
replaced with pre-warmed insulin-free medium. This procedure
was repeated on the following 2 days. On the fourth day neurons
were harvested using TRIzol reagent (Cat. No. T9424, Sigma, Ger-
many) to stabilize the mRNA and samples were frozen at —80°C
until further proceeding. For insulin boost experiments 21 DIV
neurons grown in standard Neurobasal medium were challenged

once with 100 pg/ml of insulin (Cat. No. 19278, Sigma, Germany)
added to the growth medium for 1,4, and 24 h. After the individual
time periods, neurons were again harvested with TRIzol reagent.
Additionally, we cultured hippocampal neurons in insulin-free
medium from 0 DIV onward in comparison with the same batch of
cells in standard growth medium and harvested the cells at 21 DIV
using TRIzol reagent.

ISOLATION OF mRNA FROM RODENT AND HUMAN BRAIN SAMPLES
Three rats were sacrificed and their brains were isolated. Tis-
sues were immediately shock frozen in liquid nitrogen. Subse-
quently, different brain regions (cerebellum, hippocampus, stria-
tum, frontal cortex, parietal cortex, olfactory bulb) were dissected
under the microscope.

For human samples tissues were obtained from the Pathology
Department, Medical University of Vienna, Austria in agreement
with the Ethical Committee of the Medical University of Vienna
(EK: 987/2010). Samples were from three male individuals 62,
73, and 70years of age, who have died of lung cancer, chronic
obstructive airway disease and myocardial infarction, respectively.

About 30 mg of each human brain tissue (cerebellum, frontal
cortex, parietal cortex, occipital lobe, temporal cortex, hippocam-
pus, olfactory bulb, thalamus, hypothalamus, stem ganglia) was
put into TRIzol reagent and RNA was isolated as described below.

REAL-TIME QUANTITATIVE PCR

RNA (from neuronal cells or brain tissues stabilized with TRI-
zol reagent) was extracted using chloroform-isopropanol with
phase-separation by centrifugation. Subsequently, 1 g of total
RNA was reverse-transcribed (1 h, 55°C) using MLV reverse tran-
scriptase (Invitrogen). The diluted (1:3) cDNA was used as a tem-
plate together with TagMan 2xMasterMix (Lot: N10545, Applied
Biosystems) and with TagMan probes specific for rat-Scgn (No.
Rn01529973_m1), human-SCGN (No. Hs00907373_m1), rat-Tau
(No: Rn01495715_m1), rat-SNAP-25 (No. Rn00578534_m]1), rat-
Syt-1 (No. Rn00436852_m1), rat-Sgk (NO. Rn00570285_m1),
and rat-Ins-1 (No: Rn02121433_g1). The RT-qPCR measure-
ment was carried out at the StepOnePlus Fast Real-Time PCR
System (Applied Biosystems). Expression values were calculated
according to the AACT method or with calculation of the copy
number using rat-Scgn plasmid as standard. As housekeeping
genes, the TagMan Ubc probe (No. Rn01789812_g1) was used
for samples from neuronal cell cultures and the Gapdh probe (No:
Rn01775763_gl for rat, Hs02758991_gl for human) was used in
brain samples.

GST PULL-DOWN ASSAY FROM RAT BRAIN

GST pull-down assays were performed essentially in the same
manner as described in (Maj et al., 2010). Briefly, human GST-
SCGN fusion protein or GST only was loaded onto Glutathione-
Sepharose 4B beads (Cat. No.17-0756-01, Healthcare Biosciences).
Whole rat brain tissue was homogenized and 200 mg was lysed in
2000 pl TPBS including 1 mM PMSF in Lysing Matrix A (MP Bio-
medicals Cat.nr. 6910-050) tubes using the Precellys 24 lysis and
homogenization device set at 5000 for 20s. The resultant lysate
was centrifuged at 12,000 x g for 10 min and incubated with GST-
and GST-SCGN-Sepharose beads according to Maj et al. (2010).
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In brief, 35 l of beads were incubated with 400 1 of lysate at 4°C
for 90 min under constant rotation. In order to test for calcium
dependence of the interaction between Secretagogin and Tau pro-
tein, we used different concentrations of EDTA (0, 2.5, 5.0, 7.5,
and 10.0 mM) in the lysate upon incubation with GST-SCGN-
Sepharose beads. After three washes with TPBS including 1 mM
PMSF bound proteins were eluted with 10 mM EDTA. The eluates
were then further processed for Western blot analysis. 15% of the
lysate used for pull-downs was loaded as input control.

IMMUNOPRECIPITATION

PureProteom protein G magnetic beads (100 pl, Millipore) were
washed in PBS and loaded with D24 mAb by incubation at
RT for 60 min under constant rotation (negative control: unre-
lated isotype mAb) and afterwards washed with 0.2M sodium
borate pH 9.0. Antibodies bound to the beads were chemically
crosslinked using 40 mM dimethyl pimelidate dihydrochloride
(DMP, Sigma) for 1h at RT. Excess of DMP was neutralized with
0.2 M ethanolamine pH 8.0 followed by washes with PBS. Before
use, beads were pre-eluted with 0.1 M glycine pH 2.0.

For immunoprecipitation, antibody-coupled beads were incu-
bated with brain extract (prepared as for GST pull-down experi-
ments) and incubated at 4°C for 2 h under constant rotation. After
three washes with TPBS, bound protein was eluted with 100 mM
glycine pH 2.0. Eluates were loaded onto SDS-PAGE, transferred
onto nitrocellulose and developed with rabbit anti-SCGN and
anti-pan-Tau, respectively.

SUBCELLULAR FRACTIONATION ON A SUCROSE GRADIENT
One-hundred milligrams of whole rat tissue were homogenized
in 1.7 ml sucrose buffer (250 mM sucrose, 20 mM Tris/HCl pH
7.4,1 mM EDTA, protease inhibitors). Cell nuclei and large aggre-
gates were pelleted by centrifugation at 10,000 x g for 10 min. The
entire supernatant was loaded onto a discontinuous sucrose gradi-
ent in polyAllomer centrifuge tubes (14 mm x 95 mm, Beckman).
Following centrifugation (2 h at 4°C) at 40,000 rpm using a SW40
Ti rotor in a L-80 ultracentrifuge, the gradient was fractionated in
500 w1 aliquots using a peristaltic pump starting at the bottom of
the tube. Individual fractions were subjected to immunoblotting
using antibodies for Scgn, SNAP-25, a-tubulin, and pan-Tau.

RESULTS

EXPRESSION OF SECRETAGOGIN IN THE MAMMALIAN BRAIN
Expression of Secretagogin has been found at the highest level
in pancreatic beta cells and in neuroendocrine cells of the CNS
(Wagner et al., 2000; Gartner et al., 2001; Attems and Jellinger,
2006; Mulder et al., 2010). Studies on mouse and human brain
tissue indicated a varying expression pattern in mice and men.
However, until now no detailed comparative analysis of the Secre-
tagogin distribution in mammalian brain has been presented. We
used quantitative real-time PCR (RT-qPCR) to measure relative
Secretagogin mRNA levels in different major areas of rat brain and
compared it to tissue from the corresponding areas in human brain
(Figure 1). Interestingly, while human brain reveals an expression
maximum in the cerebellum (Figure 1A), in rat brain by far the
highest expression of Secretagogin is found in the olfactory bulb
(Figure 1B). This is also the case in mouse brain (Mulder et al.,

2009). Significant expression of Secretagogin is also found in the
hippocampus of humans and rodents confirming previous stud-
ies (Gartner et al., 2001; Attems et al., 2007; Mulder et al., 2009).
The same pattern translates into differences of protein expres-
sion especially with regard to expression maxima in cerebellum
and olfactory bulb respectively, which we confirmed by Western
blotting also for human and rat brain (Inserts in Figures 1A,B).
Differences between mRNA levels and protein have been found
in other areas with lower expression levels. B-actin was used as
internal standard. For all of our immunological studies we used a
rabbit polyclonal anti-SCGN antibody generated in our lab. The
antibody specificity has been tested for individual applications, like
Western blotting, immunocytochemistry of fixed cells in culture,
and immunohistochemistry on paraffin-embedded human and
rat tissue and paraformaldehyde-fixed rat tissue (Figures 2A,B).

CELL TYPE SPECIFIC EXPRESSION OF SECRETAGOGIN IN HUMAN
CEREBELLUM AND RAT OLFACTORY BULB

The neuronal circuits and cell identities are well defined in cere-
bellum and olfactory bulb. In order to investigate the distribution
of Secretagogin in the different cell types of human cerebel-
lum and rat olfactory bulb we performed immunohistochemistry
from paraffin-embedded slices of the respective tissues. Human
cerebellum reveals especially high Secretagogin expression in the
molecular layer (Figure 3A). Positive neurons have previously
been identified as interneurons of the basket and stellate cell type
(Gartner etal., 2001). Purkinje cell bodies are faintly staining posi-
tive, granule cells are free from intracellular Secretagogin staining,
while interneurons of the granule cell layer are Secretagogin-
positive (Figures 3A,C). A contribution of a small cross-reactivity
of our Secretagogin antibody to faint stainings (like in Purkinje
cell bodies) cannot be fully excluded.

The outer part of the olfactory bulb is also organized in well
defined cell layers. In rat, many neurites (probably dendrites and
axons) and some cell bodies stain positive in the glomerular layer
and in the external plexiform layer. However, within the granular
cell layer mainly cell bodies and only few neurites are Secretagogin-
positive. From the routine experience with our antibody we con-
sider the faint staining of mitral cell bodies as slightly positive
for Secretagogin. But a staining due to weak cross-reactivity again
cannot be fully excluded (Figures 3B,D).

HOTSPOTS OF SECRETAGOGIN-POSITIVE CELLS IN SPECIALIZED
AREAS OF RAT BRAIN

As previous studies describe Secretagogin in the mouse and human
nervous system, we extended our investigations to rat brain.
Although both mice and rats are rodents, differences in Secret-
agogin distribution cannot be excluded. Also, recent studies on
mouse focused only on special areas in the mouse brain (Mulder
et al., 2009, 2010).

Therefore we stained coronal sections from rat brain with
anti-Secretagogin antibody and counterstained with hematoxylin
(Figure 4). Secretagogin-positive (Scgn+) cells frequently occur
in cell clusters in addition to positive cells scattered over larger
areas. As described for mouse, also in rats peripheral cell layers
of the olfactory bulb are Scgn+. When choosing a more lat-
eral layers in addition to the cell layers described in Figure 3,
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FIGURE 1 | Expression of Secretagogin in different regions of human cortex, parietal cortex, and occipital cortex. Equal protein loading was
and rat brain. Tissues from different brain areas were analyzed for relative verified by staining with B-actin antibody. (B) Rat brain tissues from three
Secretagogin gene and protein expression by RT-gPCR and Western adult rats were dissected and analyzed from cerebellum, frontal cortex,
blotting. (A) Human post-mortem tissues from three individuals were parietal cortex, hippocampus, striatum, and olfactory bulb. A
analyzed with regard to the following specific brain regions: cerebellum, representative Western blot of equal amounts of protein from cerebellum,
frontal cortex, parietal cortex, hippocampus, thalamus, and olfactory bulb. frontal cortex, parietal cortex, hippocampus, striatum, and olfactory bulb is
Western blot analysis was performed from tissue of white matter, shown on the right. B-actin immunostaining was again used as loading
thalamus, hypothalamus, hippocampus, stem ganglia, cerebellum, frontal control.

seemingly unordered patches of strong Scgn+- cells were observed
(Figure 4A). Moving in caudal direction we found strong stain-
ing lining the surface above the optic nerve (Figure 4B). Further
positive nuclei are the supraoptic nuclei on both sides of the
optic chiasm and the suprachiasmatic nuclei of the hypothala-
mus (Figure 4C). In addition some islets of clustered cells can be
seen in this figure, which we could not unambiguously attribute to
a defined anatomical structure (arrows). A highlighted area is also
the paraventricular nucleus (Figure 4D). Prominent Secretagogin
staining has been observed in hippocampal areas CA1-CA3, with
almost no staining in dentate gyrus (Figure 4E). A magnification

of an area in CA1 reveals staining of hippocampal pyramidal cell
bodies and more positive intercalated interneurons as defined later
in co-stainings with antibodies for marker proteins in Figure 5
(Figure 4E1). Moving further in caudal direction again accumu-
lations of strongly stained cells were detected in the outer cortex
around the posterolateral cortical amygdaloid area (Figure 4F).
A magnification of the positive cell patch reveals strong stain-
ing of neuronal processes in this area (Figure 4F1). Further a
meshwork of positive processes with some scattered Scgn+ cells
is observed in the basal ganglia with caudate putamen shown in
(Figure 4G). Patches of positive cells are seen at the beginning
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FIGURE 2 | Secretagogin antibody specificity. (A) A Jurkat cell line (1) was
stably transfected with human Secretagogin (2). Immunocytochemistry and
Western blot analysis from cell lysates reveal the specificity of the antibody in
this heterologous cell line for both techniques. (B) Secretagogin antibody
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specificity test on rat brain slices: our Secretagogin antibody was used to
stain rat brain slices in the CA1 region of the hippocampus without (upper
panel) and with pre-absorption (lower panel) with purified antigen.
Secretagogin staining is shown in green and nuclear staining (DAPI) in blue.

"

Bgsteos AT i
A e N

A

rat olfactory bulb

FIGURE 3 | Subcellular distribution of Secretagogin-positive cells in
human cerebellum and rat olfactory bulb. Paraffin sections from human
cerebellum (A) and rat olfactory bulb (B) were processed for Secretagogin
immunoreactivity (DAB staining in brown) and counterstained with Mayer’s
Hemalaun (blue). Human cerebellum reveals positive Secretagogin staining
of interneurons in the molecular layer (ML) and the granule cell layer (GCL).
Granule cells are immuno-negative and Purkinje cells bodies revealed faint
positive staining (PCL). Actual expression of Secretagogin in Purkinje cells
would need verification by single cell analysis. The rat olfactory bulb shows
Secretagogin-positive cells in the glomerular layer (GL), the external
plexiform layer (EPL), and the granular cell layer (GrO). The mitral cell bodies
(indicated by an arrow, MIL) seem to be very weakly positive. Scale bars:
200 wm. Magnifications of the human Purkinje cell layer and rat mitral cells
are shown in (C,D) respectively. Principal cells are indicated by arrows.
Scale bars: 20 um.

of the hippocampal formation close to the ventricle. The same
figure reveals Scgn+- cells in the habenular region, which is located
ventral to the hippocampus, again near the ventricle (Figure 4H).

The lateral amygdala nucleus reveals also quite a few positive cells
(not shown). Two nuclei, arrays of surface lining cells and scattered
Scgn+- cells were found in the medulla oblongata (Figure 41 and
magnification in Figure 4I1). Finally we also found the superior
colliculus as a Scgn+ area (Figure 4J). Larger magnifications of
Scgn+ cells in different areas are shown in (Figures 4K,E1).

SECRETAGOGIN AND OTHER CALCIUM BINDING PROTEINS

Coronal sections revealing the hippocampal formation were co-
stained for Secretagogin and other known CBPs like Parvalbumin,
Calbindin D28k, and Calretinin (Figure 5).

The antibodies mostly recognized different cell popula-
tions with occasional overlaps like co-expression of Parvalbu-
min and Secretagogin in interneurons of the CAI-3 regions
(Figures 5A—C), and Calbindin-Secretagogin co-expression in
young, possibly migrating cells (Figure 5D). Frequently, patches of
Secretagogin-positive cells are in close vicinity of patches of neu-
rons that stain positive for another CPB. This can nicely be shown
in the habenula, where large groups of Secretagogin-positive cells
are flanked by groups of Calbindin or Calretinin-positive cells
(Figures 5E,F).

SUBCELLULAR LOCALIZATION OF SECRETAGOGIN

We observed some degree of colocalization of Parvalbumin-
positive (inter-)neurons with Secretagogin in rat hippocampus.
But cells, that co-expressed Parvalbumin and Secretagogin mostly
revealed a different subcellular staining pattern for both pro-
teins (Figures 5A—C). While Parvalbumin always stained the
soma homogenously, Secretagogin frequently seemed to be accu-
mulated on subcellular structures (Figure 5C). In order to
visualize the different subcellular distribution we performed
a high resolution z-stack with a confocal microscope of a
Parvalbumin/Secretagogin-positive cell from a rat brain slice in the
CALl region of the hippocampus and show the three-dimensional
reconstruction in a movie (see Movie S1 in Supplementary
Material).
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FIGURE 4 | Subregional expression of Secretagogin in rat brain.
Representative sections from rat brain were stained for Secretagogin
immunoreactivity and counterstained with hematoxylin. Panels represent the
following brain areas: (A) olfactory bulb, arrow pointing to a patch of strong
Scgn+ cells. Scale bar: 500 um. (B) Medial septal nucleus. Scale bar: 500 pm.
(C) Supraoptic nucleus (SON) and Suprachiasmatic nucleus (SCN). Scale bar:
500 um. (D) Paraventricular nucleus (PVN). Scale bar: 400 um. (E)
Hippocampus. Scale bar: 500 wm. (E1) Magnification of hippocampal neurons
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in CA1. Scale bar: 10 um. (F) Lateral amygdaloid nucleus (indicated by box).
Scale bar: 500 wm. (F1) Magnification of the region indicated in (F). Scale bar:
100 wm. (G) Cells in caudate putamen. Scale bar: 100 wm. (H) Panel reveals
two Scgn+ areas: beginning of hippocampal CA1 region (HIP CA1) and
habenula (HAB). Scale bar: 400 um. (I) Medulla oblongata. Scale bar: 500 um.
(I1) Magnification of a strongly Scgn+ nucleus in medulla oblongata as
indicated in (1). Scale bar: 25 wm. (J) Superior colliculus (SC). Scale bar:

500 um. (K) Cells around the lateral ventricle. Scale bar: 25 um.

To further investigate the structures, that Secretagogin seems
to be associated with, we stained for compartmental maker pro-
teins localized in the ER or Golgi apparatus. The marker GM130
is an intracellular peripheral membrane protein associated with
the cis-Golgi network and vesicles derived from ER and asso-
ciated with cis-Golgi. We found, that Secretagogin frequently

stained clusters in immediate apposition to GM130 clusters. In
contrast, Secretagogin clusters seemed not to be spatially associ-
ated with staining for the ER marker GRP78 (Figure 6). The close
localization of Secretagogin and GM130 is again visualized in a
three-dimensional reconstruction based on z-stack imaging (see
Movie S2 in Supplementary Material).
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FIGURE 5 | Secretagogin and other CBPs. PFA-fixed rat brain slices were
immunostained for Secretagogin (Scgn: green) and other CBPs (red) and
processed for immunofluorescence. (A-C) Hippocampal CA1 region:
Secretagogin (green), Parvalbumin (PV, red). (A) Scale bar: 100 wm. (B)
Arrows indicate co-expression of Scgn and PV; green arrow: Scgn only, red
arrow: PV only; yellow arrow: co-expression of Scgn and PV in a single

neuron. Scale bar: 50 wm. (C) Larger magnification of Scgn/PV co-expressing
neurons indicates a distinct subcellular distribution. Scale bar: 7.5 um. (D)
Secretagogin-positive neurons near the ventricle. Secretagogin (green),
Calbindin D28k (red). Scale bar: 25 um. (E) Habenula: Secretagogin (green),
Calbindin D28k (red). Scale bar: 75 um. (F) Habenula: Secretagogin (green),
Calretinin (red). Scale bar: 100 um.

and antibodies for marker proteins of subcellular compartments (red): (A)

FIGURE 6 | Subcellular localization of Secretagogin. Rat brain slices were
processed for immunofluorescence with anti-Secretagogin antibody (green)

GM130 (for cis-Golgi compartments) and (B) GRP78 (for Endoplasmatic
Reticulum). White arrows in upper panel indicate close spatial apposition of
Secretagogin clusters and GM130. Scale bar: 10 wm.
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FIGURE 7 | Fractionation of rat hippocampal extract by sucrose
density gradient. The fractionation and sampling was done as described in
the methods section. Fractions were immunoblotted and proteins detected
with antibodies for Tau protein (pan-Tau), alpha-tubulin, synaptic
vesicle-associated protein SNAP-25 and Secretagogin. Fractions of high
density hold the membrane-associated components and fractions with
lower sucrose concentration contain soluble proteins of the cytosol.
Calculated sucrose concentrations of collected aliquots are indicated on top
of the panel. The experiment was repeated three times with similar results.

We also used sucrose density centrifugation of rat hippocampal
tissue extracts to separate membrane-bound proteins from solu-
ble proteins. Secretagogin was found in the membrane-fraction as
well as in the cytosolic fraction (Figure 7).

SECRETAGOGIN AND TAU PROTEIN

Secretagogin has previously been shown to interact with an iso-
form of Tau in an insulinoma cell type (Maj et al., 2010). We
now investigated, if this interaction is also present in rat brain. We
immunoprecipitated Secretagogin from brain extracts and per-
formed a Western blot. The co-precipitation of Tau was confirmed
by incubation with a pan-Tau antibody (Figure 8A).

The dependence of this interaction on the presence of Ca?* was
verified with an in vitro pull-down assay. A GST-fusion protein of
full-length Secretagogin was incubated with rat brain extracts in
the absence or presence of different concentrations of EDTA. Tau
protein could only be found to be associated with GST-SCGN in
the complete absence of EDTA, indicating the Ca?*-dependence
of this interaction (Figure 8B).

INSULIN REGULATES SECRETAGOGIN EXPRESSION /N VITRO

Insulin is a conventional growth factor for cultured cells. A vast
number of publications deals with the roles of insulin in the ner-
vous system affecting neuronal growth, neuroprotection, neuro-
transmitter release, activation of Ca*t channels, and more (Un ger
et al., 1991; Zhao and Alkon, 2001). On the other hand, Secreta-
gogin has been discovered and is now well-established as Ca**
sensor in insulin secretion from pancreatic beta cells (Wagner
et al., 2000). Interestingly, Secretagogin mRNA transcript levels
are significantly higher in a pancreatic tissue obtained from Goto—
Kakizaki rats (an animal model for type 2 diabetes) when com-
pared to non-diabetic control Wistar rats (Bazwinsky-Wutschke

et al., 2010). On this basis, we aimed to investigate the effects of
insulin on the expression of Secretagogin in a rat primary neuronal
cell culture.

Hippocampal neurons were grown in standard Neurobasal
medium with B-27 supplement (with a basal insulin concentra-
tion of 40 pg/ml in the final medium as indicated in the data sheet
of the manufacturer). When synaptogenesis was finished, a strong
insulin boost (final concentration: 100 pg/ml) or a gentle — but
almost complete — insulin deprivation was performed as described
in the Section “Materials and Methods.”

Insulin deprivation from normal culture medium over 3 days
caused a significant decline in Secretagogin gene expression level to
as little as 20% of control levels already on the first day after feeding
with insulin-free Neurobasal/B-27 medium (Figure 9A), whereas a
single insulin boost caused a steady highly significant increase in its
expression levels after 24 h (Figure 9B). In addition, we measured
the mRNA level of other proteins similarly involved in exocyto-
sis processes, such as SNAP-25 and synaptotagmin-1. These levels
were also significantly increased by the insulin boost (not shown).
All measurements were related to housekeeping genes.

As insulin is a major control factor of the energy status, we
also checked if addition of a high glucose concentration to the
medium has an effect on Secretagogin gene expression level. We
expected that the effect of glucose would be rather fast, as it is
readily taken up by cells via transporters and metabolized quite
fast. One hour after the addition of glucose to a final concen-
tration of 50mM we harvested the cells and determined the
expression level of endogenous Secretagogin mRNA, which had
significantly declined by 56%. The data from the glucose-boost
experiments show that glucose decreases Secretagogin expression
(Figure 9C).

DISCUSSION
In the present study we report novel immunocytochemistry
and functional data of the CBP Secretagogin in the context of
neuronal cells. Secretagogin has been shown to be involved in
insulin release from pancreatic beta cells, but it is also highly
expressed in neurons — another type of excitable cells. Studies
in flies have revealed that the pancreatic islet has evolutionarily
developed from an ancestral insulin-producing neuron (Rulif-
son et al., 2002; Craft and Watson, 2004). The intrinsic prop-
erties of the protein might be similar in different locations, but
the functional aspects most probably have evolved independently
in the endocrine and nervous system. A large number of CBPs
exist with different molecular properties. Some CBPs have been
used as markers for neuronal cell types especially to group the
enormous heterogeneity of cells in the nervous system before
other measurable characteristics like unambiguous morpholo-
gies or firing patterns became accessible. More recently, those
CBPs received focused attention with regard to their individual
functional properties. Their very limited co-localization indi-
cates, that different cell types might tune the expression accord-
ing to their needs based on the molecular properties of the
CBPs.

Secretagogin belongs to a family of hexa EF-hand CBPs and
is capable of binding four Ca®" ions at physiological intracel-
lular Ca?* levels with a binding affinity of Ca?* similar to
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FIGURE 8 | Calcium-dependent association of Secretagogin with Tau
protein. (A) Immunoprecipitation from brain extracts using anti-Secretagogin
antibody followed by immunoblot with pan-Tau antibody (upper panel) and
anti-Secretagogin antibody (lower panel). The input-lane contains 15% of the
whole extract used for immunoprecipitation. For a negative control an equal
amount of an unrelated antibody was used for the immunoprecipitation. (B)
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Pull-down experiment from rat brain using GST-SCGN fusion protein in the
presence or absence of EDTA. Upper panel: Coomassie staining of GST-SCGN
fusion protein, which was used for pull-down assays. Lower panel:
Immunoblot with pan-Tau antibody. The input-lane contains 15% of the extract
used for individual pull-down experiments. All experiments were repeated at
least three times.

other nCBPs (Rogstam et al., 2007). High Secretagogin expres-
sion was reported not only in the pancreatic tissue, but also in
subpopulations of developing or adult neurons (Gartner et al.,
2001; Mulder et al., 2009, 2010). As the expression of Secre-
tagogin is restricted to specialized brain areas, it is especially
motivating to research for a context of Secretagogin expres-
sion and functional aspects of these neuronal populations in the
organism. Intrinsic mechanisms of activation (also with regard
to Mg2+ as a co-factor), subcellular location, and target pro-
tein specificity as investigated also for other CBPs are impor-
tant parameters in this regard (Rogstam et al., 2007; Schmidt,
2012).

In this study we characterized the distribution of Secretagogin
immunoreactivity in rat brain and in specialized areas from human
brain. The unique, but distinct Secretagogin expression pattern
within human and rodent brain presumably underlines the exis-
tence of complex and refined mechanisms of Ca?* signaling. This
goes hand in hand with the expression of neuronal insulin and
insulin receptors. Apart from entering the CNS via the blood-brain
barrier by a receptor-mediated transport process, insulin expres-
sion is also found directly from cells of the CNS. In rodents insulin
binding is especially high in the olfactory bulb, the cerebral cor-
tex, hippocampus, hypothalamus, amygdala, and septum (Baskin
et al., 1987). Insulin receptors are also found in the substantia
nigra, basal ganglia, and frontal cortex (Unger et al., 1991; Craft
and Watson, 2004). By immunohistochemistry we could show a
high expression of Secretagogin not only in the olfactory bulb and
the hippocampal pyramidal cell layer, but also in the basal ganglia,
and with extreme density in major nuclei of the hypothalamus
(in the neurosecretory neurons of the supraoptical nucleus, the

suprachiasmatic nucleus controlling circadian rhythms, and the
paraventricular nucleus involved in the control of food-intake),
the habenula, the amygdala, the medulla oblongata, and the supe-
rior colliculus. Many neurons in the hypothalamus release peptide
hormones like oxytocin, vasopressin, vasoactive intestinal peptide,
anti-diuretic hormone, and others that are released into the blood
as well or act directly within the brain on receptors on the sur-
face of other neurons. Many of these areas have some functional
similarities and are interconnected. In analogy to insulin-releasing
pancreatic beta cells, a role of Secretagogin in neuronal hormone-
release or glucose metabolism can be hypothetically anticipated.
The habenula is a phylogenetically old area receiving input from
the limbic system, the pineal gland, and the basal ganglia. The
habenula is thought to play a part in many basic processes. It is
a relay area for olfactory stimuli and is thought to be involved
in processing of external stress, decision-making, and also sleep
(Hikosaka, 2010). The habenula seems to be especially activated
during experiences that are associated with unpleasant events,
the absence or opposite of reward, and even punishment. In
rat models of depression the glucose metabolism in the lateral
habenula has been shown to be elevated. Secretagogin knock-
out mice would be an extremely interesting model system for
investigating the role of this CPB in more complex brain-body
functions.

In relation to other CBPs, we observed only a restricted overlap
of Secretagogin with Parvalbumin and Calbindin D28k in some
areas. Even in cells expressing Secretagogin together with another
CBP, the time course of expression or the subcellular localization
might be different in development, different phases of brain activ-
ity or metabolic states. A role of Secretagogin in developing or not
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FIGURE 9 | Insulin and glucose regulate Secretagogin expression in
neuronal cell culture. Hippocampal neurons in culture were subjected to
insulin deprivation or challenged with an insulin- or glucose-boost and
analyzed for Secretagogin expression at 21 DIV. Relative amounts of
Secretagogin mRNA were determined by RT-gPCR after insulin deprivation
(A), insulin boost (B), and glucose boost (C) at different time points after
treatment (n=3).

terminally differentiated neurons has been proposed and shown
previously in some areas like the olfactory bulb (Mulder et al,
2009,2010). In our studies we also observed Secretagogin-positive
neurons, that are probably not terminally differentiated in areas
known to contain migrating neurons (as shown in Figure 4K)
and sometimes also in areas with few other neuronal cell bodies
like the corpus callosum (not shown). We think, that this issue
needs a detailed study on its own. It might be possible, that neu-
rons also switch the expression of their CBPs in the course of
development.

In mature neurons of the CA1 pyramidal cell layer a compart-
mental association of Secretagogin could be observed in rat brain
slices. Secretagogin does neither possess a classical signal pepti-
dase cleavage site that would be a sign for targeting to the ER nor
a consensus site for myristoylation for membrane attachment like
in many other CBPs. However, we could show a direct opposition
of strong Secretagogin and GM130 immunoreactivity indicating
an association with cis-Golgi vesicles or compartments. The exact
identification of these compartments and the form of interaction
needs further investigations.

It is accepted knowledge that Ca** homeostasis is shifted dur-
ing normal aging and is especially disturbed in many neurodegen-
erative disorders. Thus the intimate connection between intracel-
lular Ca?™ levels and diseases of the CNS reinforces the importance
of maintaining the delicate balance of Ca?T levels within the
brain, and the important role of CBPs in this matter. Of special
interest with regard to Alzheimer’s disease further studies on the
Secretagogin-Tau interaction in vitro should not be neglected. A
neuroprotective role of Secretagogin in the human hippocampus
has been previously suggested, as Secretagogin expressing neurons
have been shown to be free of the pathological hyperphosphory-
lated form of Tau in AD brains (Attems et al., 2008). In particular
the Secretagogin expression level in human hippocampus from AD
patients versus healthy individuals seems to remain unchanged for
longer periods of the developing illness, implying that these neu-
rons might be more resistant to pathological deregulation and
cell death (Attems et al., 2008). A causal link between Secreta-
gogin expression and neuroprotection has not been shown. But
also, if this hypothesis holds true, a contribution of other factors
might as well play a significant role. Unpublished observations
indicated that Secretagogin seems to be upregulated in cells close
to amyloid plaques what can be interpreted as a protective adap-
tation with the aim of regeneration. This promising hints have
led to further studies on the communication between Secreta-
gogin and Tau using transgenic animals (Attems et al., 2011).
The (P301L) Tau transgenic mice are a model system for the
Tau-pathological aspects in AD in the absence of AB plaques. Inter-
estingly, overexpression of this mutant (pathological form of) Tau
protein significantly reduced Secretagogin expression in the brains
of these mice.

As Secretagogin has been shown to be involved in insulin release
from pancreatic cells, a possible link between Secretagogin and
insulin in the brain can be imagined. Insulin together with insulin
growth factor-1 (IGF-1) belongs to the main growth factors in situ,
and therefore it is also added to the medium for neuronal cell cul-
turing in vitro. The downstream signaling cascades are relatively
well known. On the other hand, Secretagogin not only influences
insulin synthesis in and secretion from endocrine cells, but it might
also play a role in energy household and metabolism. Here we show
that Secretagogin expression is increased in response to insulin
in vitro supporting the idea that levels of Secretagogin could be
regulated by circulating insulin or via different factors influenc-
ing insulin signaling pathways in the brain under normal and
pathological conditions.

In this study we provide new insights into the expression pat-
terns of Secretagogin in rodent’s (rat) brain that should help to
formulate new hypotheses concerning the role of this CBP in the
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nervous system. Neuronal cell culture systems have meanwhile
undergone further technical advancement and protocols are avail-
able for many more cell types of the CNS compared to the recent
past. These primary neurons in vitro can be simple model systems
to study the cellular functions and dynamics of Secretagogin. A
high translational relevance of further knowledge on this protein
is already apparent.
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Movie S1 | Three-dimensional reconstruction of a hippocampal interneuron
co-expressing Parvalbumin and Secretagogin. Rat brain slices were
immunostained for Secretagogin (green) and Parvalbumin (red). Z-stacks were
taken on a Leica confocal microscope from a Parvalbumin-positive interneuron
in the CA1 region of the hippocampus co-expressing Secretagogin. The different
subcellular distribution of both CBPs becomes clearly visible.

Movie S2 | Subcellular association of Secretagogin with cis-Golgi marker
GM130. Rat brain slices were immunostained for Secretagogin (green) and
GM130 (red). Z-stacks were taken on a Leica confocal microscope and
recombined in a three-dimensional reconstruction of the cell. A non-random
spatial proximity of compartment- or subcellular structure-associated
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