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The tale of cyclic GMP has been astonishing. Having overcome an initial disbelief,

cyclic GMP has risen to its present eminence as a premium cellular signal transduction
messenger of not only hormonal extracellular but also of the intracellular signals. This
research topic focuses on the pathways and functions of membrane guanylate cyclases in
different tissues of the body and their interplay with intracellular sensory signals where in
many cases, cyclic GMP along with Ca?* have taken on roles as synarchic co-messengers.
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Table 1. Nomenclature: Membrane Guanylate cyclases; Extracellular Ligands;
Ca?* Binding Protein Subunit/s

Guanylate Cyclase Other Names  Extracellular Ligands a2+ Binding Protein

Subunit/s
ANF-RGC GC-A, NPR-A ANE BNP .
Neurocalcin &
CNP-RGC GC-B, NPR-B CNP
Sta-RGC GC-C Enterotoxin, guanylin,
uroguanylin
ONE-GC GC-D Guanylin, uroguanylin GCAP1, Neurocalcin ,
Hippocalcin
ROS-GC1 GC-E, retGCl GCAPs, S100B, GCIP,
Neurocalcin &
ROS-GC2 GC-E retGC2 GCAPs, GCIP
GC-G

Hippocalcin and GCIP are not specifically covered in this Topic. Future research is needed to
revise this Table and eliminate any errors of omission. ANP, atrial natriuretic peptide (also
known as ANF atrial natriuretic factor); ANF-RGC, atrial natriuretic factor receptor guanylate
cyclase; BNP, B-type natriuretic peptide; CNP, C-type natriuretic peptide; CNP-RGC, CNP
receptor guanylate cyclase; GCAP, guanylate cyclase activating protein; ONE-GC, olfactory
neuroepithelium guanylate cyclase; ROS-GC, rod outer segment guanylate cyclase; GCIP,
guanylate cyclase inhibitory protein.
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The papers in this research topic are focused on the extraordinary tale of cyclic GMP: its recogni-
tion as a hormonal second messenger and its subsequent interplay with intracellular calcium where
the two together become co-messengers in cellular signal transduction processes. In this emerging
theme membrane guanylate cyclases sense intracellular as well as extracellular signals. Four original
research and 12 review articles sample the extraordinary progress that has been made in the field.

The topic introduces the present status of the field with a figure illustrating that cyclic GMP
is generated by two structurally different guanylate cyclases, soluble and the membrane form
(Figure 1: Sharma and Duda, 2014). The synthetic machinery and the modes of their operation
by which they generate cyclic GMP are entirely different, and so are their physiologically regulated
processes. Since many of the membrane guanylate cyclases carry multiple names and all names
remain in use, the review also provides a guide to the current nomenclature of the membrane
guanylate cyclases (Introductory text Table 1). Then it moves on with a lively historical perspec-
tive, replete with unexpected twists and turns. Current research suggests that new developments
will continue to follow a tortuous but always exciting path! Guanylate cyclase activating proteins or
GCAPs are neuronal calcium sensing proteins that serve as subunits in the ROS-GC complex. The
review article by Lim et al. (2014) delves into the molecular mechanism by which GCAPs inhibit
GC activity when [Ca2t];is high and stimulate it when [Ca2t]; is low. As it turns out, GCAPI has a
more subtle use for its myristoyl tail, compared to other, related neuronal calcium sensors. Besides
the additional forms of GCAPs that are being discovered (cf. Wen et al., 2014), ROS-GCl is subject
to modulation by other Ca** binding proteins: S100B in retinal cones (reviewed by Sharma et al.,
2014) and S100B and neurocalcin 8 (NC8) in spermatozoa (Jankowska et al., 2014). Unlike GCAPs,
S100B and NC$ stimulate ROS-GC1 at high [Ca?*];j. Co-expression of S100B and GCAPs with
ROS-GC1 in the same cells empowers ROS-GC1 with the ability to operate as a novel, bimodal
Ca?* switch wherein guanylate cyclase activity is elevated at very high and at very low [Ca?*];.
Transduction of Ca?™ signals is not restricted to ROS-GCs; NCS serves as a subunit for the trans-
duction of the ANF signal by ANF-RGC (Duda et al., 2014). Thus, NC3, in addition to being a
“neuronal” calcium sensor, takes on responsibilities outside of neurons. If other guanylate cyclases
possess the proper sequences for NC3, S100B and/or GCAPs interactions, their calcium sensing
paradigms will unfold in the future.

Interestingly, GCAP2 has an alternate binding partner that is not a guanylate cyclase. At the pho-
toreceptor synapse, it interacts with RIBEYE to control ribbon size (reviewed by Schmitz, 2014).
Recent work on a new ROS-GC binding partner, RD3, (reviewed by Molday et al., 2014) reveals
that it is necessary for the intracellular transport of ROS-GC. It also inhibits ROS-GC possibly as
a means of suppressing unwanted activity until the cyclase arrives at the proper cellular location.
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In retinal rods and cones, cyclic GMP produced by ROS-GCs
opens cyclic nucleotide gated cation channels in readiness for
visual transduction. Wen et al. (2014) describe the rationale for
expressing multiple forms of guanylate cyclases and GCAPs in
order to adjust photon response amplitude and quicken pho-
toresponse kinetics according to the requirements of the individ-
ual photoreceptor. Besides photoreceptors, there are cyclic GMP
pathways in place elsewhere in the retina. Dhingra et al. (2014)
have begun to probe the function of these pathways in PDE9A
knockout mice by ERG recording.

Downstream signaling pathways for natriuretic peptide recep-
tor GCs are more complex and have not yet been so well charac-
terized (reviewed by Pandey, 2014). In different systems, cyclic
GMP synthesis by natriuretic peptide receptor guanylate cyclases
decreases cyclic AMP, Ca®*, and inositol triphosphate, and
downregulates PKC (protein kinase C) and mitogen-activated
protein kinases. Barmashenko et al. (2014) present intriguing
experiments in rats with reduced expression of C-type natri-
uretic peptide receptor guanylate cyclase, CNP-RGC. In neu-
ronal recordings from hippocampus, long term potentiation
was enhanced while long term depression was reduced. The
changes in neuronal excitability were accompanied by increased
exploratory behavior and improved object recognition.
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INTRODUCTION

A sequel to these authors’ earlier comprehensive reviews which covered the field
of mammalian membrane guanylate cyclase (MGC) from its origin to the year 2010,
this article contains 13 sections. The first is historical and covers MGC from the
year 1963-1987, summarizing its colorful developmental stages from its passionate
pursuit to its consolidation. The second deals with the establishment of its biochemical
identity. MGC becomes the transducer of a hormonal signal and founder of the peptide
hormone receptor family, and creates the notion that hormone signal transduction is its
sole physiological function. The third defines its expansion. The discovery of ROS-GC
subfamily is made and it links ROS-GC with the physiology of phototransduction.
Sections ROS-GC, a Ca?t-Modulated Two Component Transduction System to Migration
Patterns and Translations of the GCAP Signals Into Production of Cyclic GMP are
Different cover its biochemistry and physiology. The noteworthy events are that
augmented by GCAPs, ROS-GC proves to be a transducer of the free Ca?t signals
generated within neurons; ROS-GC becomes a two-component transduction system and
establishes itself as a source of cyclic GMP the second messenger of phototransduction.
Section ROS-GC1 Gene Linked Retinal Dystrophies demonstrates how this knowledge
begins to be translated into the diagnosis and providing the molecular definition of
retinal dystrophies. Section Controlled By Low and High Levels of [Ca?*];, ROS-GC1
is a Bimodal Transduction Switch discusses a striking property of ROS-GC where
it becomes a “[Ca?*]; bimodal switch” and transcends its signaling role in other
neural processes. In this course, discovery of the first CD-GCAP (Ca%t-dependent
guanylate cyclase activator), the S100B protein, is made. It extends the role of the
ROS-GC transduction system beyond the phototransduction to the signaling processes
in the synapse region between photoreceptor and cone ON-bipolar cells; in section
Ca?*-Modulated Neurocalcin 8 ROS-GC1 Transduction System Exists in the Inner
Plexiform Layer (IPL) of the Retinal Neurons, discovery of another CD-GCAR NC3, is
made and its linkage with signaling of the inner plexiform layer neurons is established.
Section ROS-GC Linkage With Other Than Vision-Linked Neurons discusses linkage
of the ROS-GC transduction system with other sensory transduction processes:
Pineal gland, Olfaction and Gustation. In the next, section Evolution of a General
Ca?*-Interlocked ROS-GC Signal Transduction Concept in Sensory and Sensory-Linked
Neurons, a theoretical concept is proposed where “Ca2*-interlocked ROS-GC signal
transduction” machinery becomes a common signaling component of the sensory
and sensory-linked neurons. Closure to the review is brought by the conclusion and
future directions.

Keywords: membrane guanylate cyclase, cyclic GMP, multiple transduction modes

generated by the catalysis of GTP by two structurally different

In addition to cyclic AMP and inositol triphosphate (IP3),
cyclic GMP is an omnipresent intracellular second messen-
ger of prokaryotes and eukaryotes. It plays a critical role in
the control of physiological processes of cardiac vasculature,
smooth muscle relaxation, blood pressure, blood volume, cel-
lular growth, sensory transduction, neural plasticity, learning,
and memory. Unique to itself, this second messenger system is

guanylate cyclases, soluble and the membrane form (Figure 1).
The synthetic machinery and the modes of their operation
by which they generate cyclic GMP are entirely different, and
so are their physiologically regulated processes. This review is
focused on the mammalian membrane guanylate cyclase trans-
duction field, a principal area of research by the authors for
several decades. It begins with its historical development. Briefly
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FIGURE 1 | Soluble vs membrane guanylate cyclase. Upper panel:
Graphical representation of soluble and membrane guanylate cyclases. The
soluble form is encoded by two genes; it is heterodimeric (subunits o and B)
and requires heme for its activity. Both monomers contribute to the catalytic
center, but their orientation is unknown yet (Allerston et al., 2013). The
membrane guanylate cyclase is encoded by 7 genes. It is a single
transmembrane spanning protein. The extracelular domain (Ext) is located
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outside the cell; the transmembrane domain (TM) spans the plasma
membrane; and the intracellular domain (ICD) is located inside the cell. The
active form is homodimeric. The cyclase catalytic domain is located at the
C-terminus of the protein. Both monomers in antiparallel orientation
contribute to the catalytic center (Duda et al., 2012). Lower panel: Both
cyclases are lyases (EC4.6.1.2) and catalyze synthesis of cyclic GMP from
GTR

narrates the efforts involved building on small projects, brick
by brick, and emerged from the chasm of disbelief, through
steady, continuous work. It then moves on to its present sta-
tus. To make the presentation simple and chronologically con-
tinuous, the subject matters of the earlier reviews (Sharma
et al., 1997; Pugh et al, 1997; Sharma, 2002; Duda et al,
2005b; Sharma, 2010; Sharma and Duda, 2012) and publica-
tion of these authors have been freely borrowed with appropriate
citations.

HISTORY: YEAR 1963-1987

BACKGROUND

The present day usage of the term “signal transduction” is rooted
in the original discovery of cyclic AMP (Sutherland and Rall,

1958; reviewed in: Sutherland and Rall, 1960) for which Earl
Wilbur Sutherland, Jr. won a Nobel Prize in physiology/medicine
in 1971. Based on the studies with glycogen metabolism in skeletal
muscle, Sutherland’s group proposed the “second messenger”
role of cyclic AMP in the hormone actions of epinephrine and
glucagon (reviewed in Sharma et al., 1997). This “second mes-
senger” concept was revolutionary because the consensus at the
time was that the hormones acted directly on their target tissues,
and, thus the hormonal pathway could only be studied in intact
cells. Sutherland’s studies demonstrated that it was possible to
study the cell-free systems and monitor the generation of cyclic
AMP indicative of the parent hormone action. Conceptually, the
hormone action occurred in the particulate fraction of the cell
in two stages; first, the hormone interacted with the particulate
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fraction of a cell and second, generated its second messenger,
cyclic AMP.

In this concept, the hormone was the first messenger whose
interaction with its receptor resulted in a stimulus that caused
the production of the second messenger “cyclic AMP,” which
then acted as the hormone messenger in eliciting the intracel-
lular response (reviewed in Sharma et al., 1997). Thus, the term
“second messenger” was coined. Reflective of the time, the bio-
chemical nature of the receptor was not known, because none had
been purified. It was not clear whether the enzyme, termed adeny-
late cyclase, catalyzing the formation of cyclic AMP, was a separate
molecule or part, as a subunit, of the receptor. However, it was
envisioned that interaction between the receptor and adenylate
cyclase generates the second messenger. So enticing was the con-
cept that it was viewed to be applicable to all hormonal systems,
i.e., that cyclic AMP is the universal second messenger of all hor-
mones (Robison et al., 1967). Hence, the general concept evolved
in which hormone, the first messenger, transmits the extracellular
(biological) information to the interior of the cellular machinery
through the adenylate cyclase system, and the concept supposed
that the receptor was a part of the adenylate cyclase system. The
receptor was conceptualized, as defined by the studies in 1930s, as
a part of the cell where hormone, the stimulus, interacts (Clark,
1937; Ariéns and Simonis, 1966). The term “stimulus” was equiv-
alent to the presently used term “signal,” which, then, according to
the “second messenger” concept meant that adenylate cyclase was
the means to convert the extracellular ligand binding signal, into
the production of the intracellular messenger cyclic AMP. Implicit
in this concept was the understanding that the events leading to
the transformation of the hormonal binding signal into the pro-
duction of the second messenger occurred in the cell’s plasma
membrane.

The “cyclic AMP second messenger concept” was brought to
the molecular level by the discoveries of Martin Rodbell and
Alfred G. Gilman for which in 1994 they shared the Nobel Prize in
physiology/medicine. They demonstrated that G-protein signal-
ing bridged the gap between the hormonal signal and activation
of the adenylate cyclase. Rodbell’s group argued that the cellular
system that processes the hormonal signal was made up of three
separate molecular entities: (1) Discriminator (RECEPTOR); (2)
Transducer (G-Protein); (3) Amplifier, which as we understand
now is the adenylate cyclase. The surface receptor receives infor-
mation from the exterior of the cell; the G-protein (transducer)
transmigrates the information across the cell membrane; and
the amplifier (adenylate cyclase) strengthens it to initiate reac-
tions within the cell or to communicate with other cells. In
formulating this “G-Protein hormonal hypothesis” the group
demonstrated that GTP was obligatory for the hormonal action
of glucagon in liver membranes. The term TRANSDUCTION
was introduced to indicate this GTP-dependent transforma-
tion step. And usage of the term SIGNAL TRANSDUCTION
entered the field of cellular signaling (these early studies are
reviewed in Rodbell, 1978). The Gilman’s and then Birnbaumer’s
group defined the sequence of these signal transduction steps
(Hepler and Gilman, 1992; Birnbaumer and Birnbaumer, 1995).
Two types of G proteins, one stimulatory, termed Gs, and
the other inhibitory, Gj, were purified and characterized; G
mediated the stimulatory and G; the inhibitory transduction.

The nature of the receptor defined the specificity of the hor-
mone. The cyclic AMP signaling system therefore comprised
of three distinct proteins—receptor, G-protein, and adenylate
cyclase (Figure 2).

Following the three-component signaling template of cyclic
AMP, phosphatidylinositol (IP3) cellular signaling pathway
evolved. Here, the surface receptor responded to an extracellular
hormonal signal and converted phosphatidyl-4,5-bisphosphate
(PIP;) in two separate second messengers, diacylglycerol and
inositol trisphosphate (IP3). IP3 signal transduction splits into
two: (1) mobilizes the intracellular calcium and (2) results in the
activation of protein kinase C (Early studies respectively reviewed
in Nishizuka, 1988; Berridge and Irvine, 1989).

In this manner, these, and complimentary studies from
other laboratories (reviewed in Strader et al., 1994) estab-
lished the presence of two major G-proteins linked with three-
component cellular signal transduction pathways—cyclic AMP
and phosphatidylinositol—providing the means by which the
extracellular hormonal signal is translated into the production
of the intracellular second messengers. These second messengers,
in turn, initiate a cascade of chemical reactions which ultimately
translate the hormonal signal into a biological response.

CYCLIC GMP SIGNALING PATHWAY

Pursuit

Besides cyclic AMP, could another cyclic nucleotide be an alterna-
tive hormonal second messenger in cellular signaling?

Cyclic GMP was first identified in rat urine (Ashman et al,,
1963). Six years later, cyclic GMP and the enzyme membrane
guanylate cyclase catalyzing its synthesis from GTP were detected
in all tested animal tissues (Goldberg et al., 1969, 1973; Ishikawa
et al., 1969). A groundbreaking “Ying Yang” hypothesis was
proposed where both cyclic AMP and cyclic GMP served as hor-
monal second messengers. They were intertwined and exhibited
opposing biological activities of the cellular regulation (Goldberg
etal., 1975).

Denial

The celebration was short lived, however. The original propo-
nents failed to consistently demonstrate a hormonally dependent
guanylate cyclase in their tested systems (Goldberg and Haddox,
1977). They observed that a variety of non-hormonal ligands
like polyunsaturated fatty acids, peroxides, hydroperoxides, free
radicals, ascorbic acid, sodium nitroprusside, cigarette smoke
also stimulated membrane guanylate cyclase activity. Thus, the
membrane guanylate cyclase was a non-specific enzyme and
underwent regulation via the oxidation-reduction potential of
the biochemical reactions (Murad et al., 1979). Also, at the time,
the only known cyclic GMP-dependent cellular component was
cyclic GMP-dependent protein kinase but not one of its spe-
cific, distinct from that of the cyclic AMP-dependent protein
kinase, substrate was known. Hence, the revised consensus was
that the cyclic GMP-dependent system lacked specificity and
acted as a sub-servant to the cyclic AMP system. Therefore, no
distinct hormonally dependent membrane guanylate cyclase or
cyclic GMP-related specific signaling system existed in any of the
biological systems and cyclic GMP had no second messenger role
in cellular signaling (Gill and McCune, 1979).
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extracellular receptor domain; the signal is potentiated at the
ATP-modulated ARM domain located next to the transmembrane domain
in the intracellular portion of the protein (transducer) and the signal is
amplified by the cyclase catalytic domain located at the C-terminus of
the protein.

With a new twist, this view was strengthened as the presence
of a soluble form of guanylate cyclase activity was found in the
originally tested systems (Murad et al., 1979). This form was stim-
ulated by polyunsaturated fatty acids, peroxides, hydroperoxides,
free radicals and other agents. Impacted by these new findings and
a passion to pursue this new field of soluble guanylate cyclase, the
role of cyclic GMP in hormonal signal transduction was totally
discarded (Goldberg and Haddox, 1977; Murad et al., 1979).
These views are summed up in two of many high-impact reviews:

“While the metabolism of cyclic GMP has many parallelism
to that of cyclic AMP, it is becoming quite clear that the two sys-
tems have distinct differences and that the functions of one system
may not necessarily provide clues to the function of the other.
In retrospect, the apparent parallelisms of the two systems hin-
dered the originality of approaches to the cyclic GMP system and
may, in fact, have impeded some of the developments in the area.
Certainly, many early experiments with guanylate cyclase and
cyclic GMP conducted in this laboratory and others were done
based on previous experience and biases with the cyclic AMP sys-
tem ..., the properties of the soluble and particulate activities in
tissues are quite different .... Minor differences have also been
noted between particulate activities and in plasma and endoplas-
mic reticulum preparations. In spite of these significant physical
and/or kinetic differences that suggest two or more forms of

guanylate cyclase may exist in tissues, it is not yet known whether
or not the proteins or their subunits are different. The apparent
differences may be attributable to assay conditions, other con-
stituents in crude preparations, or possibly other factors” (Murad
et al., 1979).

“Considerable effort has been put forth to demonstrate an acti-
vation of the enzyme by hormonal or other physiological agents
that promote the accumulation of cGMP in intact cells. To date,
no specific direct effect of such an agent on guanylate cyclase
activity in vitro has been convincingly demonstrated. This is a
characteristic of the cGMP system that contrasts sharply with its
cAMP counterpart; adenylate cyclase from disrupted cells as a
general rule can be activated by the agents that stimulate cellular
cAMP accumulation ....It is becoming evident that the greatest
dissimilarity between guanylate cyclase and adenylate cyclase may
be that the activity of the former is modulated indirectly with
respect to the cellular action of hormones (and other cell stimuli)
compared with the direct effect that hormones seem to have on
the activity of adenylate cyclase” (Goldberg and Haddox, 1977).

Consolidation, parallel competing concept

The above intimidating concept, lasting to the mid-1980s, was
challenged mainly by the competing concept of our group. It
favored the hormonal second messenger role of cyclic GMP
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(reviewed in Sharma, 2010). Studies with the model systems
of the isolated adrenal fasciculata and the adrenocortical carci-
noma cells established a membrane guanylate cyclase to be the
direct and specific transducer of the adrenocorticotropic hor-
mone (ACTH). Notably, ACTH had no effect on the activity of
the soluble guanylate cyclase (reviewed in Sharma, 2002). Thus,
the guanylate cyclase existed in two forms, membrane and sol-
uble; and the membrane form was hormone-dependent. These
studies are briefly outlined below.

The models of the isolated adrenal fasciculata and the adreno-
cortical carcinoma cells were tailored to have no phosphodi-
esterase activity (Kitabchi and Sharma, 1971), and they were
used to investigate the second messenger roles of cyclic AMP and
cyclic GMP in steroidogenesis. The tailoring created a height-
ened membrane response to ACTH and it was direct, reflective of
membrane-specific guanylate cyclase activity. The tailored PDE-
deleted isolated fasciculata cells were sensitive to as little as 0.5-10
wU ACTH in stimulating corticosterone synthesis (Sharma et al.,
1974, 1976; Perchellet et al., 1978). These concentrations of
ACTH did not raise the level of cyclic AMP, yet they stimulated
steroidogenesis (Sharma et al., 1974, 1976; Perchellet et al., 1978).
The rise in cyclic AMP level was observed only at ACTH concen-
trations beyond their maximal steroidogenic capacity (Sharma
et al., 1974). Thus, cyclic AMP was not the physiological second
messenger of ACTH.

The physiological levels of ACTH in these cells also generated
an excellent temporal correlation between the sequential pro-
duction of cyclic GMP, phosphorylation, and the concomitant
synthesis of corticosterone, indicating that the hormone caused
the production of cyclic GMP, this, in turn, led to phosphoryla-
tion, and finally to corticosterone synthesis (Sharma et al., 1976,
1977). On similar lines, addition of cyclic GMP to these cells stim-
ulated the protein kinase activity which was followed by a rise
in their steroidogenic activity (Sharma et al., 1976); and, impor-
tantly, this added cyclic GMP mimicked the exogenously supplied
ACTH action in stimulating the direct transformation of choles-
terol to corticosterone (Sharma et al., 1972). Consistent with
the earlier findings these studies also supported the obligatory
role of Ca’* in the ACTH-induced steroidogenesis (Perchellet
and Sharma, 1979). The conclusions were that cyclic GMP and
Ca’* were the two complementary physiological second messen-
gers of the hormone.

The stage was set to directly demonstrate the
ACTH-dependent membrane guanylate cyclase in the adrenal cell
membranes and also the presence of its companion cyclic GMP
system, protein kinase in the bovine adrenal cortex, to strengthen
the cyclic GMP second messenger concept.

The cyclic GMP-dependent protein kinase was purified from
the bovine adrenal cortex. Its important distinctive characteristic
that set it apart from the cyclic AMP signaling system was that its
most effective effector molecule was 8-bromo cyclic GMP (Ahrens
etal., 1982). Compared to its dibutyryl analog, it was 10,000-fold
more active in stimulating the protein kinase activity. This feature
established its unique functional identity because the dibutyryl
cyclic AMP was more potent than cyclic AMP in stimulating cyclic
AMP-dependent protein kinase. Finally, the molecular structure
of the cyclic GMP-dependent protein kinase was entirely different

from that of the cyclic AMP-dependent protein kinase. The single
subunit of the former protein contained both the non-dissociable
regulatory and catalytic domains, opposite was the case with
the latter protein (Ahrens et al., 1982). Besides providing clar-
ity of the molecular elements of the cyclic GMP signaling system,
these unique characteristics of these proteins helped to resolve an
earlier argument that cyclic GMP signaling system was the “sub-
servant” of the cyclic AMP signaling system (vide supra). Clearly,
it was not the case.

Analysis of the adrenal cortex and the adrenocortical
carcinoma tissues demonstrated the direct presence of the
ACTH/Ca?*-dependent membrane guanylate cyclase (Nambi
and Sharma, 1981a,b; Nambi et al., 1982). In addition, the dis-
tinct features of the membrane and the soluble form of guanylate
cyclases were established (Table 1 of Nambi et al., 1982). Most
fundamentally, the membrane guanylate cyclase activity was not
dependent on the free radical and nitric-oxide-generating agents,
including hemin.

These conclusions were supported by the findings of other
investigators. ACTH stimulated membrane guanylate cyclase
activity in the cultured neurons (Anglard et al., 1985), and ANF
peptide hormone stimulated membrane guanylate cyclase activity
of several rat tissues (Hamet et al., 1984; Waldman et al., 1984).
Ironically, these were the same tissues, in the hands of the same
investigators, in which earlier the membrane guanylate cyclase
activity was not observed (Goldberg and Haddox, 1977; Murad
etal., 1979).

The issue was thus resolved. A hormonally-dependent
membrane guanylate cyclase existed in the mammalian cells; it
was a transducer of specific hormonal signals and cyclic GMP
was their second messenger. In addition, the membrane guanylate
cyclase was functionally and kinetically distinct from the soluble
form. At this moment, the task at hand was to define the cyclase’s
molecular nature and to elucidate the mechanism of the hor-
monal signal transduction.

BIOCHEMICAL IDENTITY: ATRIAL NATRIURETIC FACTOR
RECEPTOR, THE PROTOTYPE MEMBER OF THE MEMBRANE
GUANYLATE CYCLASE FAMILY

A plasma membrane guanylate cyclase was purified from the
rat adrenocortical carcinoma and its absolute purity was estab-
lished by these criteria: (1) protein staining: SDS-PAGE showed
a single Coomassie blue- and silver-stained band; (2) isoelectric
focusing, native protein and its iodinated form yielded a symmet-
rical protein peak, which superimposed over the guanylate cyclase
activity peak; (3) Western blot analysis using a monospecific poly-
clonal antibody raised against the native protein yielded a single
immunoreactive band which co-migrated with that of the puri-
fied protein; (4) the antibody raised against the native protein
blocked almost all of its membrane guanylate cyclase activity; and
(5) the protein bound ANF peptide hormone in a stoichiometric
fashion (Paul, 1986; Paul et al., 1987).

Thus, the protein was pure, it was a membrane guanylate
cyclase, and possessed a remarkable characteristic of being also
the ANF hormonal receptor. Accordingly, it was named ANF-
RGC (ANF RECEPTOR GUANYLATE CYCLASE) also known as
GC-A or NPR-A.
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The properties of ANF-RGC also resolved the earlier erroneous
conclusions on the nature of the membrane guanylate cyclase
(Goldberg and Haddox, 1977; Murad et al., 1979). The membrane
guanylate cyclase activity was independent of the nitric-oxide-
generating agents—catalase, hemin, dithiothreitol, arachidonic
acid, and tuftsin, including cigarette smoke. These non-specific
activities apparently belonged to the soluble form of the guanylate
cyclase whose constituent, critical for the functional operation,
was heme (Figure 1).

A parallel report described the purification of a protein from
the rat lung and claimed that “ANF-binding and guanylate cyclase
activity resided on a single protein” (Kuno et al., 1986). These
authors demanded priority on their finding and challenged the
priority on the original discovery of ANF-RGC. This issue was
settled in a commentary (Sharma, 1988), which revealed that
in contrast to the criteria of the absolute purity established for
the adrenocortical carcinoma ANF-RGC guanylate cyclase (Paul
et al., 1987), the lung guanylate cyclase preparation was crude
(Kuno et al., 1986)—in addition to the main and major 120-
kD protein it contained at least 13 other minor bands and the
authors themselves stated “that it was about 95% pure” (Kuno
etal.,, 1986). The possibility existed that the 5% contaminant con-
tained the separate ligand-binding or the cyclase activity. There
were two other serious problems with the claim that the lung
guanylate cyclase was also the ANF receptor: (1) it bound only
14.5% of ANF at the noted theoretical value; (2) the lung enzyme
was stimulated by hemin, a characteristic of the soluble guany-
late cyclase, not possessed by the membrane guanylate cyclase
(Kuno et al., 1986). To this date, these deficiencies in the lung
enzyme to categorize it as a genuine ANF-RGC have not been
resolved.

With two subsequent reports on ANF-RGC purification from
the adrenal cortex and its characterization (Takayanagi et al.,
1987; Meloche et al., 1988), the concept that this membrane
guanylate cyclase is also a surface receptor of the ANF hormone
was established. And a new field of the hormone receptor mem-
brane guanylate cyclases was borne.

This happening had a powerful impact on the cellular sig-
nal transduction field, as it was a ground-breaker. It demon-
strated that the hormonally modulated membrane guanylate
cyclase transduction system was radically different from the
two existing cyclic AMP and IP3 signaling pathways, quoting
in the original publication “coexistence of the ANF receptor
and guanylate cyclase activities on a single polypeptide chain
indicates that the mechanism of transmembrane signal trans-
duction involving mediation by second messenger, cyclic GMP,
is different from the well-established adenylate cyclase system.
In the hormone-dependent adenylate cyclase, there is an assem-
blage of individual components—receptor, GTP-binding protein,
and catalytic moiety—for signal transduction. In contrast, the
presence of dual activities—receptor-binding and enzymic—on
a single polypeptide chain indicates that this transmembrane
protein contains both the information for signal recognition
and its translation into a second messenger” (Paul et al., 1987)
(Figure 2).

In the proposed model, ANF-RGC is depicted as a sin-
gle transmembrane-spanning protein; the ANF-receptor domain

resided on the outside, the catalytic domain protruded inside the
cell and a transmembrane segment separated its two portions
(Sharma et al., 1988; Sharma, 2002; modified version of Figure
1 in Sharma, 2002). Mechanistically, ANF will bind to its recep-
tor which resided in the extracellular domain of ANF-RGC. It will
generate a cascade of structural changes, they will be carried over
the transmembrane domain of ANF-RGC and finally stimulate
its catalytic domain residing in the interior of the cell. The cyclic
GMP will be produced and serve as a second messenger of the
hormonal ANF signal.

ANF-RGC FAMILY

Almost 3 years after its purification, ANF-RGC mRNA was
cloned from the human and rat brain (Chinkers et al., 1989;
Lowe et al., 1989), adrenal gland (Duda et al., 1991) and the
mouse Leydig tumor cells (Pandey and Singh, 1990). In all cases
the deduced protein structure validated the original theoreti-
cal prediction (Paul et al., 1987) that ANF-RGC was a single-
transmembrane-spanning protein. The transmembrane region
divides it in two roughly equal portions: extracellular and intra-
cellular (please note: a more detailed description of a representa-
tive membrane guanylate cyclase modular structure is provided in
Figure 4).

Analysis of the two additional cloned membrane guanylate
cyclases demonstrated that they were the surface receptors of
the respective hormones, CNP (Chang et al., 1989; Schulz et al.,
1989; Duda et al., 1993) and enterotoxin (de Sauvage et al., 1991;
Singh et al., 1991); and they have the identical structural topogra-
phy as ANF-RGC. According to their function, they were named
CNP-RGC (CNP receptor guanylate cyclase also known as GC-B
or NPR-B) and STa-RGC (enterotoxin receptor guanylate cyclase
also known as GC-C). These findings established a three-member
surface receptor family of membrane guanylate cyclases, which
remains the case to date (reviewed in Sharma, 2010).

HORMONE SIGNALING SITE RESIDES IN THE EXTRACELLULAR
DOMAIN OF RECEPTOR GUANYLATE CYCLASES

With the model system of the variant form of ANF-RGC, GCa,
cloned from the adrenal cortex, the original study of Duda
et al. (1991) demonstrated that the ANF binding site in ANF-
RGC resides in the extracellular domain. Compared to ANF-GC,
GCa in its structure had only two amino acid substitutions,
GIn**®His and Leu®**Pro, but it did not bind ANE. Importantly,
it did retain basal cyclase catalytic activity. Reconstitution of the
native ANF-RGC residues restored the mutant’s ANF-binding
and ANF-dependent catalytic activities (Duda et al, 1991).
Thus, the ANF ligand-binding domain resided in the extracel-
lular domain of ANF-RGC; and one, or both of the residues—
GIn*38, Leu?**—controlled its ANE-binding and ANF-dependent
catalytic activities. Refined point mutation analysis demonstrated
that both of these controls resided in Leu®®* (Duda et al., 1991).
Thus, the hypothesis for the ANF signal transduction mechanism
evolved. It involved the ANF binding to its extracellular domain in
ANEF-RGC; the binding initiated a cascade of structural changes in
ANF-RGC; these changes, in turn, stimulated its catalytic domain,
which resided at the opposite end on the intracellular domain
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of the cyclase. The generated cyclic GMP served as the second
messenger of ANF signal.

This signal transduction mechanistic template was applied to
CNP-RGC cloned from the human retina (Duda et al., 1993).
CNP-RGC is a homologous protein to ANF-RGC, with 59%
structural identity. It was found that Glu®*? residue of CNP-RGC
was critical for the CNP binding and the CNP-dependent catalytic
activity of CNP-RGC (Duda et al., 1994). Like ANF-RGC, the site
had no influence on the basal guanylate cyclase activity. These
studies were extended to compare the identities of the folding
patterns of the external domains of these membrane guanylate
cyclases (Duda et al., 1994). They were found to be almost iden-
tical (Duda et al., 1994). The counterpart of CNP-RGC-Glu33?
residue is the GIn*3® residue of ANF-RGC, and that of ANF-
RGC-Leu*® residue is Val**® of CNP-RGC. Conversion of the
ANE-RGC residue GIn*3® to Glu resulted in a change from none
to significant CNP signal transduction activity. And, the con-
version of Val**® to Leu generated significant ANF signal trans-
duction activity in CNP-RGC (Duda et al., 1994). These studies
validated that the ligand-binding domain resides in the extra-
cellular domain of ANF-RGC and CNP-RGC, provided identity
of the residues that are critical in defining the ligand-binding
domains and showed that the folding patterns of these domains
in two guanylate cyclases are very similar.

The subsequent crystallization studies on the isolated extra-
cellular domains of ANF-RGC and CNP-RGC validated the con-
clusions that the hormone-binding site, indeed, resides in the
external domain of the guanylate cyclase and Leu3** of ANF-
RGC and Val**® of CNP-RGC constitute critical hydrophobic sites
essential for the ANF or CNP signaling but the sites are not
the direct hormone-binding sites (Ogawa et al., 2004; He et al,,
2001).

ATP IS OBLIGATORY FOR ANF AND CNP HORMONAL SIGNALING

Prior to the molecular characterization of ANF-RGC, two stud-
ies with crude membrane preparations proposed that ATP
accelerates ANF-dependent ANF-RGC activity (Kurose et al,
1987; Chang et al., 1990). Two different mechanisms for the
acceleration were proposed; direct (Kurose et al., 1987) and indi-
rect via an accessory protein (Chang et al., 1990). Because the
preparations were crude and the guanylate cyclase was unchar-
acterized, the issue as to which mechanism was correct could not
be resolved.

Subsequently, in parallel two independent groups established
that ATP is obligatory for the ANF-dependent ANF-RGC trans-
duction activity (Marala et al, 1991; Chinkers et al., 1991).
Neither ANE nor ATP alone, is able to stimulate ANF-RGC cat-
alytic activity. Only when these two are together they are able
to stimulate the cyclase. Because the non-hydrolyzable analogs,
ATPyS and AMP-PNP, mimicked the ATP effect, both groups
proposed that ATP acts directly by allosteric regulation of ANF-
RGC (Marala et al,, 1991; Chinkers et al., 1991). Later study
with CNP-RGC demonstrated that ATP is also obligatory for its
CNP-dependent activity (Duda et al., 1993).

The mechanistic models proposed for the ATP effect by
these two groups were different, however. Which one is valid,
was debated for over two decades. MODEL 1 proposed by the

Garbers’group stated “...binding of ANP [ANF] to the extra-
cellular domain of its receptor initiates a conformational change
in the protein kinase-like domain (KHD), resulting in dere-
pression of guanylate cyclase activity” (Chinkers and Garbers,
1989). Its central idea was that “KHD in native ANF-RGC sup-
presses its catalytic module activity; ANF functions by relieving
this suppression.” Sharma’s group challenged this model on the
grounds of their findings that partial or complete deletion of
the KHD did not cause any significant elevation in the basal
activity of the guanylate cyclase; therefore, ANF signaling did
not involve overcoming the KHD suppression of the guanylate
cyclase activity, contradicting the central theme of MODEL 1.
(Goraczniak et al., 1992; reviewed in Duda et al., 2005b). They
proposed an alternate MODEL 2. In it the repressor of the core
catalytic domain (CCD) of the guanylate cyclase was the disul-
fide structural motif of ANF-RGC (Duda and Sharma, 2005).
This motif was juxtaposed to the N-terminus of the TM (trans-
membrane of the domain). The motif repressed the ARM (ATP
REGULATED MODULE) domain, which, in turn, inhibited the
CCD. ATP-modulated ANF signal overcame the disulfide struc-
tural motif-dependent inhibition of ARM resulting in activation
of the CCD of ANF-RGC.

The MODEL 2 has been defined in molecular terms by simu-
lating structure of the ARM domain in 3D-terms, experimentally
validating the biochemistry of the structure and its physiology
through the mouse molecular genetic models (Duda et al., 2001c,
2009, 2013). The definition has been arrived at through biochem-
ical experiments involving point mutation, time-resolved trypto-
phan fluorescence, Forster Resonance Energy Transfer (FRET),
reconstitution, recombinant constructs, molecular modeling,
immunohistochemistry and recently mouse molecular genet-
ics (these studies are comprehensively reviewed in Duda et al.,
2014).

LINKAGE WITH SENSORY TRANSDUCTION SIGNALS
EXPANDS THE FAMILY

Because the property of being a hormonal receptor, transducer
and signal amplifier was common in all known members of the
membrane guanylate cyclase family (ANF-RGC, CNP-RGC and
STa-RGC), the notion was that the cyclic GMP signaling path-
way operated solely in the hormonal signaling pathways and was
designed to transduce only the signals generated outside the cell.
However, it was not the case.

The membrane guanylate cyclase signal transduction
paradigm changed with the landmark discovery of the pho-
toreceptor ROS-GC guanylate cyclase. Here the signal initiation
occurred inside the cell and the signal transduction system was
composed of two separate elements, Signal receiver and the
Transducer (detailed reviews Sharma and Duda, 2012; Koch
et al., 2010; Pugh et al., 1997).

It was known that in phototransduction, which is the transfor-
mation of the light signal into an electrical signal, both [Ca?*];
and cyclic GMP are the critical cytosolic regulatory effectors of
the photon signal in the vertebrate photoreceptors. Which one
of these is the second messenger of the LIGHT signal; how these
signals are generated; how they interact with each other; and
what was the source of the cyclic GMP was not known, however
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(early reviews Pugh and Cobbs, 1986; Stryer, 1986; Lamb et al.,
1986). Early reports on the successful identification of photore-
ceptor ROS-GC contradicted each other, and created chaos. They
ranged from the guanylate cyclase being a 67 kDa subunit (Horio
and Murad, 1991a,b), consisting of “separate regulatory and cat-
alytic subunits” (Stryer, 1991) and of its molecular from of retGC
(Shyjan et al., 1992).

The breakthrough came with the seminal observation that
a soluble bovine rod outer segment (ROS) fraction stimulated
the catalytic activity of a particulate photoreceptor guanylate
cyclase in the absence of Ca?t (Koch and Stryer, 1988). This
hinted that the guanylate cyclase was of the membrane form; the
soluble ROS fraction was Ca’* sensitive and the two compo-
nents together constituted the phototransduction-linked guany-
late cyclase transduction element. However, the conceived struc-
ture of this guanylate cyclase was erroneous, believed to be
composed of “separate regulatory and catalytic subunits” (Stryer,
1991).

The true identity of the photoreceptor ROS-guanylate cyclase
(ROS-GC also known as GC-E) was resolved by establishing
its direct purification from the bovine outer segments (OS)
(Margulis et al., 1993), the site of phototransduction; and its
protein-sequence-based molecular cloning, structure, and func-
tion (Goraczniak et al., 1994). ROS-GC had a theoretical molec-
ular mass of 120,360 Da; a value similar to that reported earlier
for a bovine (Koch, 1991) and a toad photoreceptor guanylate
cyclase (Hayashi and Yamazaki, 1991). Unlike the other known
membrane guanylate cyclases, atrial natriuretic factor receptor
guanylate cyclase ANF-RGC (Paul et al., 1987; Sharma, 1988;
Chinkers et al., 1989; Duda et al., 1991) and type C natri-
uretic peptide CNP-RGC guanylate cyclase (Chang et al., 1989;
Duda et al., 1993), ROS-GC was not hormonally-responsive
(Goraczniak et al., 1994). And also ROS-GC was not composed
of “separate regulatory and catalytic subunits”; it was not nitric
oxide sensitive nor was its structure identical to retGC (Shyjan
et al., 1992), which apparently was a cloning artifact whose pri-
mary structure was eventually revised to match that of bovine
ROS-GC (Accession number M92432).

Hydropathy analysis of its deduced amino acid sequence
revealed that topography of this protein was similar to the
other three peptide hormone receptor guanylate cyclase mem-
bers (Goraczniak et al., 1994), ie., (1) it was a single trans-
membrane spanning protein; (2) the TM domain divided the
protein into roughly two equal segments, extracellular and intra-
cellular; (3) it showed a significant overall homology with the
other peptide hormone receptor guanylate cyclases: 27% iden-
tity with STa-RGC, 30% with ANF-RGC, 31% with CNP-RGC.
The level of identity rose to 37, 40, and 41% in their intracel-
lular regions, and there were respective identities of 25, 32, and
32% between their kinase like domains. The least identity with
peptide hormone receptor guanylate cyclase existed in their extra-
cellular domains: 14% with STa-RGC, 17% with ANF-RGC and
18% with CNP-RGC. Despite these similarities, there were two
significant structural variances. The signature ATP-modulated
domain Gly-X-X-X-Gly present in ANF-RGC and CNP-RGC was
absent in ROS-GC. And the ROS-GC protein beyond the catalytic
domain contained a C-terminal extension tail of 90 amino acids,

Y?65_K195 this tail was absent in ANF-RGC and CNP-RGC. On
these grounds the discovery of ROS-GC represented expansion
and the generation of a new subfamily of the membrane guanylate
cyclases.

It is noteworthy that in the membrane guanylate cyclase fam-
ily ROS-GC is the only one whose molecular identity has been
established on the basis of its protein sequence. This strategy
has provided an experimental proof for the position of the N-
terminus amino acid of the mature protein and demonstrated
that the mature protein contains a 56 amino acid N-terminus
hydrophobic signal peptide. The theoretical molecular mass of
the protein with its signal peptide is 120,361 Da and without it
is 114,360 Da. (Goraczniak et al., 1994).

R0OS-GC, A CA2+-MODULATED TWO COMPONENT
TRANSDUCTION SYSTEM

Following the functional description by Koch and Stryer (1988),
almost contemporaneously, two independent groups discovered
two structurally dissimilar guanylate cyclase activating proteins
(GCAPs), GCAP1 (Palczewski et al., 1994; Subbaraya et al., 1994;
Gorezyca et al., 1994; Frins et al.,, 1996) and GCAP2 (Dizhoor
etal., 1995). In the presence of free Ca?*, did these GCAPs inhibit
catalytic activity of the photoreceptor ROS-GC?

Availability of the recombinant (r)ROS-GC made it possible
to answer this question. Expressed in the heterologous system
of COS cells, ROS-GC was responsive at 10nM [Ca**]; to the
GCAP1 stimulation in a dose dependent manner. The stimulation
was inhibited cooperatively by free Ca®* with a K, of 100 nM.
Under identical conditions, GCAP1 had no effect on the catalytic
activity of the recombinant peptide hormone ANF-RGC (Duda
et al., 1996b). An important characteristic of the transduction
system was that GCAP1 remained bound to ROS-GC at the low
and high Ca®* levels, consistent with physiological observations
(Koutalos et al., 1995). Similar reconstitution studies established
GCAP2 as another Ca?*-sensor of ROS-GC signaling. With the
subsequent discovery of a second ROS-GC, termed ROS-GC2, or
GC-F (Lowe et al., 1995) to distinguish it from the original ROS-
GC which was renamed as ROS-GC1 (GC-E), it became clear that
a Ca?*-modulated system composed of a pair of ROS-GCs and a
pair of GCAPs sub-serve phototransduction in the outer segments
of photoreceptors. Which of the two ROS-GCs is physiologically
linked with phototransduction?

This problem has not yet been solved for ROS-GC2, but by
all criteria ROS-GC1 is a vital component of the phototrans-
duction machinery. (1) It is the only one purified directly from
the ROS, the site of phototransduction. (2) Direct quantitative
estimation of the two isozyme guanylate cyclases in the bovine
ROS demonstrates that their ratios are 96% ROS-GC1 and 4%
ROS-GC2, suggesting ROS-GC2 presence is minor (Helten et al,,
2007). The latest estimation in the mouse shows the same pat-
tern, 76 vs. 24% (Peshenko et al., 2011). Notably, in contrast to
the bovine, the mouse study was made with the total OS instead
of the isolated membrane fractions. (3) The multiple cone rod
dystrophies in humans have only been linked with the ROS-GC1
mutations, none so far with ROS-GC2 (reviewed in Hunt et al.,
2010). Finally, (4) it has been demonstrated that the ROS-GCl1
gene deletion results sequentially in the cone and then the rod
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degenerations, indicating that the guanylate cyclase is directly
linked with the vitality and the function of photoreceptors (Yang
etal., 1999).

GCAPS INTERLACE CAZ+ AND ROS-GC

Together with recoverin (Dizhoor et al., 1991; Hurley et al., 1993),
GCAPs are the prototype members of the NCS (neuronal Ca?*
sensor) proteins family (reviewed in Sharma and Duda, 2012;
Koch et al., 2010). Except for S100B, which has two, a gen-
eral characteristic of this family is that its members have four
Ca?T-specific structural motifs, termed EF hands. They define
the general Ca?™ sensor property of the family. While the teleost
fish expresses up to 8 forms, the mammals express 2-3 GCAPs
(reviewed in: Ritscho et al., 2010).

GCAP1 and GCAP?2 are expressed in the same concentration
of 3 M in the bovine ROS (Hwang et al., 2003). Their quanti-
tative, relative, and cellular concentrations in the cones are not
known. Yet immunocytochemical studies show that both GCAPs
are present in the outer and inner segments of the rods and
cones (Gorczyca et al., 1994; Frins et al., 1996). In mouse cones,
the expression of GCAP1 exceeds significantly the expression of
GCAP2 (Wen et al.,, 2014). Notably, GCAP1 presence in the cone
synaptic pedicles can be clearly defined (Venkataraman et al.,
2003).

True to the NCS family trait, GCAPs harbor four EF-hand
Ca’*-binding motifs, yet only three are functional (reviewed in
Koch et al., 2010; Sharma and Duda, 2012). They are second, third
and fourth. They sense Ca’* in the range of tens to hundreds
nanomoles and are the Ca’*-sensor elements of the ROS-GC
linked phototransduction machinery.

The knowledge on the [Ca’*]; sensing properties of GCAP1
is more advanced than that of GCAP2. In a recent proposal, 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).
Ca?T associates with GCAP1 with a rate of ~ 2 x 108 M~! 57!
(kon) which is close to the diffusion limit (Sokal et al., 1999).
The apparent dissociation 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 in the presence of 2mM Mg?t, respectively (Lim
etal., 2009). Thus, these nanomolar affinities result in fast dissoci-
ation rates (for example, ko = ko xKp =2 x 108 M~ 1s71 x0.2
x107% M = 405715 1/ koﬁr = 25ms), consistent with the kinetics
of the photoresponse.

GCAP2 senses Ca?T signals differently through its second,
third, and fourth EF-hands. They display an apparent Kp of
300nM (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 reac-
tivity toward Cys'!' at sub-micromolar Ca?*-concentrations,
indicating that within the Ca?* concentration range where ROS-
GCs are regulated, Ca’"-induces conformational changes in
GCAP2 (Helten and Koch, 2007). Thus, these fluctuations in the
free Ca®* concentrations of the rods and cones control and signal
GCAPs to transmit their messages to the bound ROS-GC and be

transduced in the generation of cyclic GMP, the second messenger
of phototransduction.

DIFFERENTIAL ROS-GC1 MODULATION BY GCAPS

In a significant conceptual advancement, the original study of
Krishnan et al. (1998) proposed and demonstrated that “the
intracellular region of ROS-GC1 is composed of multiple mod-
ules, each designed to mediate a specific Ca>* signaling pathway?”
This meant that the sensing mechanisms of [Ca?*]; by the ROS-
GC1 modules are more than one. This concept was arrived
at through the use of ROS-GC1 deletion and ANF-RGC/ROS-
GC1 hybrid mutants which retained only the catalytic domain
of ROS-GC1. The GCAP1- and GCAP2- modulated domains in
ROS-GC1 were separate and they resided on the opposing ends of
the catalytic domain of ROS-GC1, GCAP2 at the C-terminal side
and the GCAP1 at the N-terminal.

This concept was fine-tuned by mapping the GCAP1- and
GCAP2-modulated sites of ROS-GC1 by the use of a comprehen-
sive technology involving soluble constructs of ROS-GC1, direct
binding measurements by surface plasmon resonance (SPR) spec-
troscopy, coimmunoprecipitation and functional reconstitution
utilizing progressive deletion constructs and peptide competition
studies. The GCAP1 site is composed of two subdomains: trans-
duction, M*#3-1.45¢ and binding, 1203522 (Lange et al., 1999),
and the GCAP2 of one continuous domain, Y?0>-N%81, containing
both the transduction and the binding site (Duda et al., 2005a).

These two GCAP sites have different sensitivities to capture
[Ca**]; signals and activate ROS-GCI. The [Ca’"] K, for
GCAP1 is 707 nM and for GCAP2, 100 nM (Hwang et al., 2003).
Thus, the latter is about one-order of magnitude more sensitive
to [Ca?*]; in signaling ROS-GCI activation.

At a secondary structural level, there also exists a striking dif-
ference between the activities of the two GCAPs. The indication
is that dimerization of GCAP2 is a necessary requisite to activate
the ROS-GC (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).

GCAP-MODULATED ROS-GC1 PHOTOTRANSDUCTION
MODEL (FIGURE 3)

The biochemical process by which the rods and cones convert the
incoming LIGHT signal into the generation of the electrical sig-
nal is termed photo-transduction. Educated by the ROS specific
photoreceptor features of the interlocked GCAP/ROS-GC trans-
duction system, a model for its role in operation of the photo-
transduction machinery is proposed (Figure3). This model
explains two principal characteristics of photo-transduction
machinery, recovery and its variable luminosity dependent oper-
ation; the latter characteristic adds an advanced feature to the
previous models (Pugh et al., 1999; Burns and Baylor, 2001;
Koch et al.,, 2002, 2010; Sharma, 2002; Luo et al., 2008; Stephen
etal., 2008; Wensel, 2008) and depicts the differential involvement
of GCAPs in its operation. The luminosity-dependent photo-
transduction principles of the present model incorporate a core
theme of the previously proposed “Ca?*-relay model” (Koch,
2006; reviewed in Koch et al.,, 2010; Sharma, 2010), which
explained the results of a transgenic GCAPs null mice study where
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FIGURE 3 | Schematic representation of the luminosity-dependent outer segment membrane (see also right panels) maintain the overall ionic
operation of the ROS-GC-GCAP transduction system. Left panel. An gradients against the dark flows. The capture of a photon (hv) by a rhodopsin
illustration of a typical vertebrate rod. In the DARK a circulating current molecule in one of the disc membranes of the outer segment initiates the
(arrows) is present. It is outward in the inner segment and carried primarily by ~ photo-transduction cascade. Right upper panel. DARK. The components of
K*: in the outer segment the net charge is inward, with about 90% of the the Photo-Transduction cascade are shown in the dark/resting steady-state.
inward flow carried by the Na™ and 10% by Ca%* ions. Na™/K* exchange Cytoplasmic cyclic GMR, generated by the basal catalytic activity of ROS-GC,
pumps in the inner segment membrane and Na*/K+-Ca?t exchangers in the (Continued)
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FIGURE 3 | Continued

keeps a fraction of CNG channels in the plasma membrane open. ROS-GC1
via its 41°M-L4%6 segment is GCAP1- and via 95Y:N%8" is GCAP2-bound. Ca%*
ions enter the cell via the CNG-channel and are extruded via the Na*t/K+,
Ca?t-exchanger. Synthesis and hydrolysis of cyclic GMP by ROS-GC and PDE,
respectively, occur at a low rate. The heterotrimeric G protein transducin is in
its GDP-bound state and is inactive. The Ca2*t binding proteins calmodulin
(CaM), recoverin (Rec) are bound to their target proteins, the CNG-channel,
rhodopsin kinase (Rhk), respectively. Right middle panel. Absorption of
BRIHT 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

Ca?*-concentration falls. The fall in cytoplasmic [Ca%t]; is sensed by
Ca?t-binding proteins: CaM dissociates from the CNG-channel what leads to
an increase in cyclic GMP sensitivity of the channel; recoverin stops inhibiting
rhodopsin kinase; rhodopsin becomes phosphorylated. Both Ca2t-free GCAPs
in their changed configurations activate ROS-GC and synthesis of cyclic GMP
increases. Arrestin (Arr) binds to phosphorylated rhodopsin and interferes
with the binding and further activation of transducin. Enhancement of cyclic
GMP synthesis brings it to its original DARK state level and termination of the
cascade, which leads to reopening of CNG channels. Right bottom panel,
DIM LIGHT. The initial fall of [Ca2*]; is selectively detected only by GCAP1. In
its Ca*-free state GCAP1 attains the activated mode and stimulates ROS-GC
activity. GCAP2 remains Ca%*-bound and in its inhibitory mode.

the role of GCAP2 was questioned (Howes et al., 2002; Wen et al.,
2014).

MIGRATION PATTERNS AND TRANSLATIONS OF THE GCAP
SIGNALS INTO PRODUCTION OF CYCLIC GMP ARE
DIFFERENT

After settling the issue that the biochemical modes of two GCAPs
in Ca’* signaling of the photoreceptor ROS-GC1 are different
and autonomous of each other, the next task was to analyze their
migratory pathways at the structural levels, determine the mech-
anisms involved in transmission and translation of the signals at
the CCD of ROS-GCl1 into the production of cyclic GMP.

To comprehend these issues and their resolutions, Figure 4
is presented and the parts of the discussion are excerpted
(Duda et al., 2012) and briefly recounted. The study involved a
programmed domain deletion, expression, in vivo fluorescence
spectroscopy, and in vitro reconstitution experiments. The find-
ings validated (1) in structural terms that operational modes
of two GCAPs in signaling of ROS-GC1 activity are different.
GCAP1 signal transduction occurs through M*#>-14%¢ and 15%3-
1°22 subdomains of JMD and of GCAP?2 signal transduction via
the Y?9°-N?8! subdomain of CTE. These subdomains are at the
opposite ends of CCD and they are the sites where the signal of
the respective GCAPs originates.

(2) In living cells, both GCAPs by themselves are soluble pro-
teins. Only when they are present with ROS-GC do they become
membrane bound through their specific target sites on the ROS-
GCl. Thus, ROS-GC1 is the one that bestows on them the prop-
erty of being membrane bound; the anchoring sites are M#4>-.45
and L°%-1°22 for GCAP1 and Y*%°-N%¥! for GCAP2. In accor-
dance with these conclusions, disruption of the GCAP1 anchoring
site on ROS-GC1 through mutagenesis, results in GCAP1 being a
soluble protein. In contrast, GCAP2 remains bound to this ROS-
GCl asits activator. These results prove that the two GCAPs signal
ROS-GC1 activation through different modes and the differences
reside in the spatial characteristics of ROS-GC1; and because ori-
entations of the two domains of their signal origins are different,
their migration pathways are different: GCAP1 downstream from
M*45_1456 and 1593-15%2 to the P8%8-K!%54, This assumption was
validated through the studies with the SHD-deleted ROS-GC1
mutant. Being downstream from the JMD, the site of the GCAP1
signal, and being a component of the GCAP1 signal trajectory,
deletion of the SHD disrupted the GCAP1 signaling of ROS-GC1.
But the GCAP2 signaling of the ROS-GC remained intact.

Strikingly, these results also revealed the existence of an in
intriguing signaling pathway, never observed before for the mem-
brane guanylate cyclase family. This pathway is unique to GCAP2
and runs opposite to that of GCAP1, upstream from the Y-
N1 site in CTE to the CCD for translation of the signal into the
production of cyclic GMP (Figure 4).

(3) The CCD is a common and conserved translation site for
the GCAP1, GCAP2 and all other signals generated by the ligands
of the membrane guanylate cyclase family. The current model,
based on biochemical analysis, is one in which CCD has intrinsic
basal catalytic activity and in its isolated form exists as a homod-
imer (Venkataraman et al., 2008). Through molecular modeling,
this secondary structure has been advanced to its 3D-form, which
reveals that its two subunits are in antiparallel conformation (Liu
et al., 1997; Venkataraman et al., 2008). Is this model applicable
in depicting the 3D structure of CCD in a living cell?

It is. The studies using the bimolecular fluorescence comple-
mentation (BiFC) technique demonstrated for the first time that
in living cells, the CCD is present in its homodimeric form; and
the two subunits are fused in the antiparallel orientations (Duda
etal., 2012).

R0OS-GC1 GENE LINKED RETINAL DYSTROPHIES

The disclosure of true identity, complete structure and organiza-
tion of the ROS-GCI1 gene (Duda et al., 1998) and the mechanism
by which Ca** signal modulates its encoded ROS-GC1 enzyme
activity made it possible to investigate its role in the human reti-
nal diseases at the genetic levels and explain their biochemistry in
molecular terms. For recent comprehensive reviews on this topic
the reader is referred to (Hunt et al., 2010; Karan et al., 2010;
Sharma, 2010; earlier findings to the year 2002 are covered in
Duda and Koch, 2002; Newbold et al., 2002).

In their original study Perrault et al. (1996) demonstrated that
there is a point mutation in the human ROS-GCI gene, F>>S,
Patients inheriting this mutation are inflicted with Leber’s con-
getinal amauresis type 1 (LCA1); they are born blind or become
blind soon after birth. Identity of the GCAP1 regulatory regions
in bovine ROS-GC1 provided an opportunity to define this dys-
trophy in molecular terms (Lange et al., 1999). The human F>%°S
residue corresponds to the bovine F°'*S residue. This residue
is located in the mapped L’%-122 ROS-GC1 binding region
for GCAP1. Biochemical analysis on the heterologusly expressed
LCA1-linked ROS-GC1 mutant in COS cells demonstrated that
the point mutation causes almost complete loss (84%) of the basal
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FIGURE 4 | Pathways of GCAPs signaling of ROS-GC1 activity. Left domain. It is noteworthy, that the sites targeted by the two GCAPs
panel: Schematic representation of the structural topography of ROS-GC1. It (encircled) are at the opposite ends of CCD. Right panel: The two GCAP
is a single transmembrane homodimer protein. The dashed lines on the right pathways run in opposite directions. The trajectory of the GCAP1 pathway
show the defined boundaries of its segments: LS, leader sequence; ExtD, shown in blue dashed arrow is downstream. From its origin in the JMD, it
extracellular domain; TM, transmembrane domain; ICD, intracellular domain. passes through the structural domains of KHD and SHD in its course to CCD.
All its functional domains are housed in ICD; their designated names and the In contrast, the trajectory of the GCAP2 pathway (shown in pink dashed
amino acid residues constituting their boundaries are indicated at the left: arrow) is upstream. From its origin in the CTE, it directly flows to CCD. The
JMD, juxtamembrane domain housing the indicated GCAP1-targeted domain;  CCD exists as an antiparallel homodimer. Both GCAP signals are translated at
KHD, kinase homology domain; SHD-signaling helix domain; CCD-core the CCD into the production of cyclic GMP, which serves the second
catalytic domain; CTE-C-terminal extension housing the GCAP2-targeted messenger of the LIGHT signals.

catalytic activity of ROS-GC1 and also of its Ca’T sensitivity to
modulation by GCAP1 (Duda et al., 1999b). Thus, the basic struc-
tural integrity of ROS-GC1 has been deranged by the mutation
and this has also incapacitated GCAP1-modulated Ca** signaling
mechanism of the guanylate cyclase.

Following this lead, similar approach has been used to inves-
tigate the second type of retinal disease that correlates with
mutations of the ROS-GC1 gene. Named cone-rod dystrophy type
6 (CORD 6), patients suffering with this disease carry one or sev-
eral point mutations in the dimerization domain of ROS-GC1
(Kelsell et al., 1998). One example is ROS-GC1-E"80D, R787C,
T78M mutation. The mutation deranges the dimer formation of
the guanylate cyclase and reduces the basal catalytic activity of the
ROS-GC (Duda et al., 1999a, 2000; Tucker et al., 1999). This basic
structural derangement in the guanylate cyclase, intriguingly,
increases its sensitivity to GCAP1 and GCAP2. Physiological
consequences are that there is a change in the trigger of the
Ca’*-feedback 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.

CONTROLLED BY LOW AND HIGH LEVELS OF [CA%*];,
ROS-GC1 IS A BIMODAL TRANSDUCTION SWITCH
Discovered contemporaneously with GCAPs, CD-GCAP (Ca?*-
dependent guanylate cyclase activator) is the conformational iso-
mer of S1I00B protein (Pozdnyakov et al., 1995, 1997; Margulis
et al., 1996; Duda et al., 1996a, 2002; Wen et al., 2012). In con-
trast to the commercial S100B that is apparently Zn?>*-bound,
CD-GCAP native to the retinal neurons is Zn** -free (Pozdnyakov
et al., 1997).

S100B possesses a striking property toward ROS-GC1 stim-
ulation that is opposite to that of GCAPs. This finding started
a new paradigm of Ca?" signaling to the cyclic GMP pathway.
Recombinant ROS-GC1 expressed in a heterologous system of
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COS cells responds at 10 nM [Ca?t]; to GCAPI1 stimulation in a
dose dependent manner. Free Ca?* inhibits this stimulation with
a Ky, of 100nM (Duda et al., 1996a). Zn**-free S100B, how-
ever, stimulates native and recombinant ROS-GC1 with a [Ca2™T]
Ki/2 of 400 nM. Presence and ability of the ROS-GC to couple
to GCAPs and/or to S100B places a neuronal cell under stringent
[Ca?t]; modulation. The cell can accelerate or de-accelerate the
generation of cyclic GMP; and in this manner can operate as a
Ca’* bimodal switch. In this hypothetical scheme, the bimodal
Ca?T ROS-GC transduction switch would be an elegant general
mechanism for neural transmissions.

This hypothesis was put to test (Duda et al., 2002). Direct
interaction between ROS-GCl and S100B was demonstrated
by cross-linking studies utilizing bis-(sulfosuccinimidyl)suberate.
A cross-linked product between ROS-GC1 dimer and S100B
occurred. Studies with ROS-GC1 deletion constructs confined an
interaction of S100B with the C-terminus of ROS-GCl1, aa731-
1054. An ECsp of 395nM, calculated using SPR spectroscopy,
was comparable to the ECsg of 800 nM for stimulation of ROS-
GCl1 by S100B. Refined analysis revealed that aa952-991 segment
of ROS-GC1 defines the S100B binding site with half maximal
binding at 198 nM. The site contained a ***RIHVNS®’? motif
that was obligatory for binding and a flanking cluster of four aa
residues, '%*RRQK!%4? forming a transduction site. This trans-
duction site did not contribute to S100B binding but promoted
maximal activation of ROS-GCl.

These interactive physical parameters between S100B and
ROS-GC1 were brought to the functional level in the synaptic lay-
ers of the retina where the co-presence of ROS-GC1, GCAP1 and
S100B existed (Liu et al., 1994; Cooper et al., 1995; Duda et al,,
2002). Below 200nM, Ca®* elicited a dose-dependent decrease
in guanylate cyclase activity with an ICso for Ca?* of 100 nM.
In contrast, at higher concentrations, ROS-GC activity began to
climb with an ECsgy of 0.8 wM. That GCAP1 is involved in the
inhibitory phase of ROS-GCl1 activity was confirmed by peptide
competition experiments. A sequence motif L>*-1°22 in ROS-
GCl1 is critical and specific for the cyclase activation by GCAP1
(Lange et al., 1999). The core motif within this domain consists
of D07_R518.

Thus, in the synapse ROS-GCI acts as a bimodal Ca?* trans-
duction switch. GCAP1 has the higher affinity for Ca’" and
upon binding, lowers ROS-GC1 activity. S100B captures the high
Ca’* signal and upon binding, stimulates ROS-GC1. This ROS-
GC1 signal transduction model is schematically diagrammed in
(Wen et al., 2012) (Figure 4: Sharma et al., 2014).

RECENT FINDINGS

ERG recordings on the retinas of the mouse S100B~/~ model sug-
gest that S100B up-regulates ROS-GC1 Ca?*-dependent catalytic
activity and modulates the transmission of neural signals to cone
ON-bipolar cells (Wen et al., 2012).

CA2+-MODULATED NEUROCALCIN 3 ROS-GC1
TRANSDUCTION SYSTEM EXISTS IN THE INNER PLEXIFORM
LAYER (IPL) OF THE RETINA

Besides S100B, a NCS family member, neurocalcin § (NC83), is
present in bovine IPL (Krishnan et al., 2004; details reviewed

in Sharma and Duda, 2012). Co-expressed with ROS-GC1 in
the heterologous system of COS cells, NC8 stimulates ROS-GC1
in a Ca’*-dependent manner with a K; /2 of 0.8 WM. Its target
site in the ROS-GC is V87-188 (Venkataraman et al., 2008). In
accordance with their mutual physiological interaction, NC8 and
ROS-GC1 are present together in IPL; added presence of [Ca®*];
stimulates native IPL ROS-GCI activity and nM range of Ca**
keeps NC3 ROS-GCI1 bound. The Ca?*-dependent NC3 interac-
tive ROS-GC1 kinetic parameters are: without Ca>*, NC3 has no
affinity for ROS-GCl; in the presence of Ca?*, it binds ROS-GC1
with a Ky of 2.3 x 10° M~! and a Kp of 4.6 x10~7 M.

These analyses reveal that the steps of NC3 binding to and dis-
sociation from ROS-GC1 are Ca®*-dependent, they occur within
the physiological levels of Ca?*, they are direct and of moder-
ate affinity; and they occur within the time span of the visual
transduction steps. And significantly, the target site of NC8§ for
ROS-GCl1 is unique to itself; it does not overlap with that of SI00B
or the GCAPs.

An extraordinary characteristic about the NC8§ binding
domain in ROS-GC is that it resides directly within the CCD
(Venkataraman et al., 2008). This finding demonstrated that
NC3-modulated Ca?* signaling of ROS-GCI occurs through a
new model, its principles are (1) NC3 directly interacts with CCD;
(2) it does not require the adjacent N-terminally located a-helical
dimerization domain structural element for its interaction; (3)
the CCD module, housing the site, is intrinsically active, iLe., it
has basal guanylate cyclase activity. (4) The CCD module by itself
is dimeric; it does not require the dimerization domain struc-
tural element for being so; and (5) the core dimeric form of the
catalytic module is directly regulated by the Ca’>*-bound NCS;
Ca?t-unbound NC3 is ineffective (Venkataraman et al., 2008).

ROS-GC LINKAGE WITH OTHER THAN VISION-LINKED
NEURONS

The very brief following sections are meant to demonstrate that
the interlocked elements of the Ca** sensors and ROS-GC fam-
ily are not unique to just the visual transduction processes they
expand their signaling roles to many other sensory and sensory-
linked transduction processes.

PINEAL GLAND

The bovine pineal gland embodies the Ca?*-modulated GCAP1-
and S100B-modulated ROS-GC1 transduction systems. They
exist in two separate sets of pinealocytes. In one set, in the GCAP1
mode, the ROS-GC catalytic activity is modulated by free [Ca?*];
Kj /2 of 100 nM. The second set is in the S100B mode, the ROS-
GC activity is modulated by [Ca®*]; with Kj/2 of about 0.5 uM.
It has been proposed that these two processes may be involved
in the dark and light states of the two types of pinealocytes
(Venkataraman et al., 1998, 2000).

OLFACTION

Following the lead observation of Duda et al. (2001b) that
GCAP1-modulated Ca?*- signaling of ROS-GC1 transduction
system is expressed in the rat olfactory bulb, its presence and
a role in odorant transduction was investigated (Duda et al.,
2001a). Prior to these studies role of the membrane guanylate
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cyclase transduction system was denied in the odorant transduc-
tion and the system was exclusively believed to be “involved in
behavioral responses induced by hormones or pheromones, pos-
sibly related to reproduction, rather than a response to specific
odorants” (Juilfs et al., 1997; Meyer et al., 2000). Yet, these studies
revealed the presence of selected components of the membrane
guanylate cyclase in the ONE-GC (GC-D) neurons. These neu-
rons were segregated from the dominant odorant linked cyclic
AMP signaling neurons.

Odorant Transduction Model (Duda and Sharma, 2009, Figure 4)

A small population of the olfactory receptor neurons (ORN) con-
tains a cyclic GMP signal transduction pathway (Juilfs et al., 1997;
Leinders-Zufall et al., 2007; Duda and Sharma, 2008; Pertzev
et al., 2010). This pathway resides at the apical region of the cilia.
Present in this region is ONE-GC. Its outer domain is a receptor
for uroguanylin (Duda and Sharma, 2008). In its inner domain, at
the C-terminus, resides the catalytic domain (Duda and Sharma,
2008). The M380-L2! segment of this domain is bound to Ca?*
sensor component NC3. In the resting state, the ORN is in a
60-100nM range of [Ca’*]; and ONE-GC is in its basal state.
The uroguanylin odorant signal starts by its interaction with the
receptor domain of ONE-GC (Duda and Sharma, 2008). It is
processed through two sequential steps. In step one, ONE-GC is
primed and activated minimally. In step 2, [Ca?*]; rises. With a
Ki/2 of 0.3-0.8 uM, Ca** binds NC$ facilitating its interaction
with the ONE-GC’s segment M380-192! (Duda and Sharma, 2008;
Duda et al., 2004); Ca?t-bound NC3 than signals full activation
of ONE-GC and maximal synthesis of cyclic GMP (reviewed in
Sharma and Duda, 2010a,b; Zufall and Munger, 2010).

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 NC3,
which then fully activates ONE-GC.

SPECIAL NOTE

There are clues that, besides NC3, two additional Ca?* sensors of
ONE-GC are involved in the odorant transduction. One is hip-
pocalcin (Hpca) (Krishnan et al., 2009) and the other is GCAP1
(Pertzev et al., 2010). The studies with the Hpca_/ ~ mouse model
and with the GCAP1-specific antibodies demonstrate that both
Ca’* sensors are physically linked with ONE-GC and are present
in the rat and the mouse olfactory neuroepithelium region. In
addition, 35% of the total ONE-GC transduction activity is con-
trolled by GCAP1, 27% by NC8, and 38% by Hpca (reviewed in:
Sharma and Duda, 2010a).

GUSTATION

Similar to olfaction, gustation (taste) belongs to chemical senses.
In response to the sweet, sour, salty, bitter, and umami, taste
receptor cells generate electric signal in a process called gustatory
transduction (Avenet and Lindemann, 1989; Gilbertson et al.,
2000, 2001; Herness, 2000; Lindemann, 1996). The molecular
steps in this transduction process are ill defined. Yet in a gen-
eral scheme Ca®* is pivotal for the process; it depolarizes plasma
membrane of the given taste cell, releases the transmitter release

and functions through the CNG-gated channels, cyclic AMP and
cyclic GMP (Kolesnikov and Margolskee, 1995).

The expression of a Ca?* signaling ROS-GC1 transduction
system in the anterior portion of the bovine gustatory epithe-
lium has been demonstrated at the biochemical, molecular and
functional levels (Duda and Sharma, 2004). The system is com-
posed of two components: the Ca?*-sensor protein, S100B and
the transducer, ROS-GC1. Co-immunoprecipitation experiments
reveal that ROS-GC1 and S100B physically interact with each
other. The precise operational mechanism of this signal trans-
duction mechanism and its physiology has yet not been decoded
(reviewed in Sharma and Duda, 2010b).

EVOLUTION OF A GENERAL CA2*-INTERLOCKED R0OS-GC
SIGNAL TRANSDUCTION CONCEPT IN SENSORY AND
SENSORY-LINKED NEURONS

Extraordinary feature of the ROS-GC signal transduction system
is that it is an extremely delicate Ca>"-modulated machinery. It
is crafted impressively to do so. In a range of nM, [Ca?*]; sig-
nals produce the ROS-GC activity to its peak level and then they
decline it with a [Ca?t]; K, /2 0f 100 nM. In a bimodal fashion, the
signals then accelerate it with a Ca?t K, /2 of 500 nM to 800 nM.
The ROS-GC accomplishes the former mode through its Ca’*
sensor partners, GCAPs and the latter function through its CD-
GCAP partners. This mechanism of bimodal regulation enables
ROS-GC to generate the Ca>*-dependent pulsated levels of cyclic
GMP, which functions as a second messenger of the sensory and
sensory-linked Ca>* transduction mechanisms. Presented illus-
trations are: (1) LIGHT signal induced GCAP-modulated ROS-
GC transduction mode in the photoreceptor cells; (2) bimodal
GCAP1 and S100B modes in the photoreceptor-cone synapse; (3)
the odorant signal-GCAP1, S100B and Hpca-regulated modes in
ONE-GC neurons and (4) not yet well-understood processes of
the pineal gland and gustation. Bestowed with this design and
clues of its linkage with physiology of the various sensory neu-
rons, these investigators have proposed that “Ca?*-modulated
ROS-GC” machinery is a central signal transduction compo-
nent of all the sensory and/or sensory-linked secondary neu-
rons. Accompanied by a nearby CNG channel, the machinery is
empowered to de-or hyper-polarize neurons, thereby affecting the
generation of action potentials (model in Figure 4 of Sharma,
2010). It becomes an elegant theoretical general mechanism for
neural transmissions.

CONCLUSION AND FUTURE DIRECTIONS

This review has briefly chronicled the events that have resulted in
the step-by-step development of the field of membrane guany-
late cyclase. Its foundation rests on the initial seminal finding
made five decades ago (1963) that cyclic GMP exists in rat urine.
Based on the conceptual framework of the cyclic AMP second
messenger, it implied the existence of a hormonally-dependent
membrane guanylate cyclase transduction system that generates
cyclic GMP in the mammalian cells. For about a decade, this
concept underwent a tortuous evolution; first, the euphoria and
then a chaos. Barring ours, and few others, most of the fash-
ionable groups denied existence of this transduction system. The
field rekindled with the first purification and characterization of
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a membrane guanylate cyclase, ANF-RGC. Surprisingly, besides
being a guanylate cyclase, it was also a hormone receptor. And,
the field of membrane guanylate cyclase was born. Yet, the notion
evolved that the membrane guanylate cyclase family is solely
represented by its hormone-receptors. The field expanded and
changed with the discovery of a Ca?*-modulated ROS-GC trans-
duction system. Yet it remained restrictive, believed to be linked
with the single physiological function of phototransduction in the
photoreceptor cells. This belief also changed with the discovery
that besides GCAPs, which are selectively linked with phototrans-
duction, other Ca?* sensors coupled with ROS-GC exist beyond
the photoreceptor cells. Consistent with its broader role, Ca**-
sensor S100B modulated ROS-GC transduction system is linked
with the photoreceptor-bipolar neural transmissions. In addition,
the system is also present in the pinealocytes and a ROS-GC-
variant (ONE-GC) transduction system is expressed in the rodent
olfactory systems.

Exponential expansion of the field has generated new problems
which have to be solved. Some of them are briefly outlined below.

The first at hand deals with the modes of guanylate cyclases
modulation. Have all the modulators of each cyclase been dis-
covered? Recent studies suggest that it may not be the case as
exemplified by ONE-GC. For over a decade this cyclase was con-
sidered by some groups an orphan receptor (Fulle et al., 1995;
Juilfs et al., 1997) but it is now known that it is the receptor
for odorant uroguanylin/guanylin (Leinders-Zufall et al., 2007;
Duda and Sharma, 2008; Zufall and Munger, 2010). In this new
paradigm, the extracellularly-generated odorant signal needs to
be further processed in the intracellular domain of the cyclase in a
Ca**-dependent manner (Duda and Sharma, 2009). Thus, ONE-
GC becomes the first cross-over functional guanylate cyclase,
being modulated by both odorant peptide receptor domain and
the Ca?*-modulated domain. How many other guanylate cyclases
possess this feature and what is the molecular mechanism under-
lying the process of dual regulation?

Second, a new model of ANF-RGC signal transduction has
evolved (Duda et al., 2012). ANF-RGC is the bimodal switch;
one switch is the traditional ANF hormone and the other,
[Ca?T];. [Ca?*]; signal targets directly the CCD of ANF-RGC and
increases the production of cyclic GMP. What is its mechanism
of operation? Are other hormone receptor guanylate cyclases also
bimodal switches?

Third, the ANF-RGC receptor subfamily is multifunctional.
Besides controlling the well-known processes linked with cardiac
vasculature—diuresis, fluid secretion, smooth muscle relaxation,
it also influences the processes involved in metabolic syndrome
and obesity control (Martel et al., 2010). Similarly, CNP-RGC
triggered by its hormonal CNP signal affects such diverse pro-
cesses as bone growth (Bartels et al., 2004) and axonal sprouting
in neurons (Schmidt et al., 2007, 2009). How does it achieve this
characteristic?

Transcending to the ROS-GC subfamily, it is also multifunc-
tional; linked with the physiology of visual transduction in the
retina, photoentrainment in the pineal gland, as well as odorant-
and gustatory transduction. Except for phototransduction, the
underlying molecular principles of its linkage with the other
sensory processes are lacking.

Fourth, a new model of ROS-GCI signaling specific to cone
photoreceptors has emerged. Its key molecule is the S100B pro-
tein. Molecular principles of this model need to be deciphered.

Fifth, ill-defined information suggests that GC-G is linked with
the processes of capacitation (Kuhn et al., 2004), atmospheric
CO; detection (Chao et al., 2010) and is also modulated by cool
ambient temperature (Mamasuew et al., 2008). The molecular
explanations for these processes are not available.

Sixth, a common trait of the membrane guanylate cyclase fam-
ily is that it is a multi-modular protein. Experimentally validated
evidence indicates that each of its modular domains is precisely
crafted to control the cyclase’s functional specificity (Sharma
and Duda, 1997). Complete function of each domain is lacking,
however. Consequently, none of the intact membrane guanylate
cyclase structures have been solved by X-ray crystallography.

Seventh, and final, the basic knowledge gained by the preced-
ing studies will be invaluable in defining the physiology of each of
the guanylate cyclases, linking them with respective pathological
states, and in the long run, in designing targeted therapies against
these pathologies.
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Neuronal calcium sensor (NCS) proteins, a sub-branch of the calmodulin superfamily,
are expressed in the brain and retina where they transduce calcium signals and are
genetically linked to degenerative diseases. The amino acid sequences of NCS proteins
are highly conserved but their physiological functions are quite different. Retinal recoverin
controls Ca2t-dependent inactivation of light-excited rhodopsin during phototransduction,
guanylyl cyclase activating proteins 1 and 2 (GCAP1 and GCAP2) promote CaZ*-dependent
activation of retinal guanylyl cyclases, and neuronal frequenin (NCS-1) modulates synaptic
activity and neuronal secretion. Here we review the molecular structures of myristoylated
forms of NCS-1, recoverin, and GCAP1 that all look very different, suggesting that the
attached myristoyl group helps to refold these highly homologous proteins into different
three-dimensional folds. Ca?*-binding to both recoverin and NCS-1 cause large protein
conformational changes that ejects the covalently attached myristoyl group into the solvent
exterior and promotes membrane targeting (Ca2*+-myristoyl switch). The GCAP proteins
undergo much smaller CaZ*-induced conformational changes and do not possess a Ca?+-
myristoyl switch. Recent structures of GCAP1 in both its activator and Ca?*-bound
inhibitory states will be discussed to understand structural determinants that control their

Ca?*-dependent activation of retinal guanylyl cyclases.

Keywords: calcium, EF-hand, Ca2+-myristoyl switch, NCS-1, recoverin, GCAP1, NCS protein, NMR

INTRODUCTION
Intracellular calcium ions (Ca?*) regulate neuronal signaling in
the central nervous system (Berridge etal., 2000; Augustine etal.,
2003). Neuronal Ca?* signals are detected by a family of neu-
ronal calcium sensor (NCS) proteins (Ames etal., 1996, 2012;
Braunewell and Gundelfinger, 1999; Burgoyne and Weiss, 2001;
Burgoyne etal., 2004; Weiss etal., 2010) that contain EF-hand
motifs (Moncrief et al., 1990; Ikura, 1996; Ikura and Ames, 2006)
as well as by a family of C,-domain containing proteins (synapto-
tagmin and protein kinase C isoforms; Nalefski and Falke, 1996;
Corbalan and Gomez, 2014). At least sixteen different NCS pro-
teins are known (Weiss and Burgoyne, 2002; Burgoyne and Haynes,
2012) and are conserved from yeast to humans (Figure 1). Recov-
erin (Dizhoor etal., 1991) and guanylyl cyclase activating proteins
1and 2 (GCAP1 and GCAP2; Dizhoor et al., 1994; Palczewski et al.,
1994) are expressed in the retina, where they regulate phototrans-
duction in photoreceptor cells (Palczewski etal., 2000; Ames and
Tkura, 2002; Stephen etal., 2008; Ames etal., 2012). NCS proteins
are also expressed in the brain such as neurocalcin (Hidaka and
Okazaki, 1993), frequenin (NCS-1; Pongs etal., 1993; McFerran
etal., 1998), visinin-like proteins (VILIPs; Bernstein etal., 1999;
Braunewell and Klein-Szanto, 2009), K+ channel interacting pro-
teins (KChIPs; An et al.,2000), calsenilin/DREAM (Buxbaum et al.,
1998; Carrion etal., 1999), and hippocalcin (Kobayashi et al., 1992,
1993; Tzingounis etal., 2007).

Recoverin also called s-modulin (Dizhoor etal., 1991; Kawa-
mura and Murakami, 1991), the first NCS protein to be discovered,

controls the lifetime of photo-excited rhodopsin (Kawamura,
1993; Erickson etal., 1998; Makino etal., 2004) by regulating
rhodopsin kinase (Calvert etal., 1995; Chen etal., 1995; Klenchin
etal., 1995; Komolov etal., 2009). Recoverin decreases the life-
time of rhodopsin at low Ca’™ levels to control visual recovery
and promote photoreceptor adaptation to background light. More
recent evidence indicates that recoverin can also modulate the
decay of the light-activated phsophodiesterase activity. Such mod-
ulation may help accelerate visual recovery in the presence of
background light (Chen etal., 2012). Recoverin is also located in
the rod inner segment (Strissel et al., 2005) and is associated with
cancer-associated retinopathy (Polans etal., 1991; Subramanian
and Polans, 2004).

Guanylyl cyclase activating proteins 1 and 2 are also expressed
in photoreceptor cells where they activate retinal guanylyl cyclase
at low cytosolic Ca®™ levels upon light activation (Dizhoor etal.,
1994; Palczewski et al., 1994, 2004). The EF-hand motifs in GCAPs
can bind both Mg?* and Ca?* (Peshenko and Dizhoor, 2004,
2006). Mg** binding stabilizes a structural form of GCAPs
that activates cyclase activity (Peshenko and Dizhoor, 2006; Lim
etal.,, 2009), whereas Ca’T-bound GCAPs inhibit the cyclase
(Dizhoor and Hurley, 1996; Dizhoor etal., 1998). GCAPs are
important for regulating the recovery phase of visual excita-
tion and particular mutants are linked to various forms of
retinal degeneration (Semple-Rowland etal., 1996; Sokal etal,
1998; Baehr and Palczewski, 2007; Bondarenko etal., 2010;
Jiang and Baehr, 2010).
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FIGURE 1 | Amino acid sequence alignment of selected NCS proteins
(sequence numbering is for S. pombe NCS-1). Secondary structure
elements (helices and strands), EF-hand motifs (EF1 green, EF2 red,
EF3 cyan, and EF4 yellow), and residues that interact with the myristoyl
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group (highlighted magenta) are indicated. Swiss Protein Database
accession numbers are Q09711 (S. pombe NCS-1), Q06389 (S.
cerevisiae Frq1), P21457 (bovine recoverin), and P43080 (human
GCAP1).

Neuronal calcium sensor proteins (frequenin or NCS-1)
are expressed in other tissues beside the brain (Kapp etal,
2003) and in lower organisms including flies (Pongs etal,
1993), worms (Gomez etal, 2001), and yeast (Frql; Hen-
dricks etal., 1999; Huttner etal., 2003; Hamasaki etal., 2004).
Yeast NCS homologs (called Frql) activate a phosphatidyl
inositol 4-OH kinase isoform (Pikl; Hendricks etal., 1999;
Kapp etal., 2003; Strahl etal., 2003, 2007) required for vesi-
cle trafficking and secretion (Hama etal., 1999; Walch-Solimena
and Novick, 1999). Mammalian NCS-1 interacts with voltage-
gated Ca?t and K channels (Weiss etal, 2000; Naka-
mura etal., 2001) and activates inositol trisphosphate receptors
(Boehmerle et al., 2006).

NCS proteins typically contain about 200 amino acid residues
in chain length with four EF-hand motifs, a first EF-hand that
does not bind Ca?*, and a myristoylation consensus sequence
at the N-terminus. NCS proteins have similar sequences, rang-
ing from 35 to 60% identity (Figure 1). EF-hand residues are the
most highly conserved, particularly in the Ca?>* binding loops.
The fourth EF-hand sequence is variable, and Ca?t is able to
bind to EF4 in frequenin (Cox etal., 1994; Ames etal., 2000) and
GCAPs (Peshenko and Dizhoor, 2007; Stephen etal., 2007) but
Ca?* does not bind to EF4 in recoverin (Ames etal., 1995a) and
VILIPs (Cox etal., 1994; Li etal., 2011). Ca?*-binding to EF4 in
GCAP1 controls whether GCAP1 can activate or inhibit guany-
Iyl cyclase (Peshenko and Dizhoor, 2007). The residues near the
C-terminus and linker between EF3 and EF4 are non-conserved,

suggesting that these regions may play a role in target specificity
for recoverin but not for GCAPs.

Retinal recoverin and most other NCS proteins are myristoy-
lated at the amino terminus (Dizhoor etal., 1992; Kobayashi et al.,
1993; Ladant, 1995). Recoverin and GCAPs contain a saturated
myristoyl (14:0) or related fatty acyl group (12:0, 14:1, 14:2),
because N-myristoyl transferase (Gordon etal., 1991) can effi-
ciently utilize C12 and/or C14 acetyl-CoA as fatty acyl donors
in the retina. In tissues other than the retina, myristoylation is the
predominant modification. Myristoylated recoverin binds to cell
membranes only at high Ca?* levels (Zozulya and Stryer, 1992;
Dizhoor et al., 1993), whereas unmyristoylated recoverin does not
bind to membranes. Likewise, bovine neurocalcin (Ladant, 1995)
and hippocalcin (Kobayashi etal., 1993) both are myristoylated
and exhibit Ca? " -induced localization at the plasma membrane in
response to neuronal stimulation. Ca’*-induced membrane tar-
geting by NCS proteins has been termed, Ca*-myristoyl switch.
The attached fatty acyl group is buried inside the protein struc-
ture of Ca?*-free recoverin (Tanaka etal., 1995). Ca?** binding
to recoverin causes extrusion of the fatty acid, enabling it to
interact with lipid bilayer membranes. Recoverin’s Ca>* -myristoyl
switch may control its light-induced movement into the rod inner
segment (Strissel etal., 2005). GCAP proteins are also myristoy-
lated (Palczewski et al., 1994; Frins et al., 1996; Olshevskaya et al.,
1997). However, unlike recoverin, GCAPs do not possess a func-
tional Ca?*-myristoyl switch (Olshevskaya etal., 1997; Hwang
and Koch, 2002). Instead the N-terminal myristoyl group remains
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sequestered inside GCAP1 in both Ca?*-free and Ca?*-bound
states (Hughes etal., 1998; Lim etal., 2009). Indeed, the crystal
structure of Ca?*-bound GCAP1 shows the myristoyl group sur-
rounded by the protein (Stephen etal., 2007), and a recent nuclear
magnetic resonance (NMR) structural analysis reveals that the
activator state of GCAP1 has an overall structure similar to that
of Ca?T-bound inhibitory state in which the N-terminal myris-
toyl group is buried in both the Ca?>*-free and Ca?*-bound states
(Lim etal., 2013).

Atomic-resolution structures are known for myristoylated
forms of recoverin (Ames etal., 1997), GCAPI1 (Stephen etal,
2007), and NCS-1 (Lim etal., 2011) that each fold differently
around the attached myristoyl group (Figure 2). For NCS-1, the
attached myristoyl group is located in a protein crevice formed by
helices from EF3 and EF4 near the C-terminus (Figure 2A). The
covalently attached fatty acyl group in NCS-1 protrudes in a par-
allel fashion between four helices from EF3 and EF4 (Figure 2B).
The C-terminal location of the myristoyl binding site in NCS-1
is quite different from that of recoverin in which the myristate is
positioned inside a cavity near the N-terminus (Figure 2C). The
attached fatty acyl chain in recoverin is wedged between the helices
of EF1 and EF2 in a perpendicular fashion (Figure 2D), which con-
trasts with the parallel arrangement of the fatty acyl chain in NCS-1
(Figure 2B). For GCAP1, the myristoyl group is sequestered in a
cavity formed by the N-terminal domain with participation of
a C-terminal helix (Figure 2E). The myristoyl group in GCAP1
bridges the N-terminal and C-terminal ends of the protein by
contacting helices at each end (Figure 2F). In short, the protein
structural environment around the myristoyl group is quite differ-
ent in recoverin, GCAP1 and NCS-1 (Figure 2). This suggests that
each NCS protein folds differently around the N-terminal myris-
toyl group by contacting non-conserved patches of hydrophobic
residues that are unique to each NCS protein. However, myris-
toylation of GCAP2 is not essential for its ability to activate its
target (retinal guanylyl cyclase), because unmyristoylated GCAP2
can activate cyclase activity nearly as well as myristoylated GCAP2
(Olshevskaya et al., 1997).

In this review, we discuss recent structures of GCAPI in
both Ca?*-free activator and Ca’*-bound inhibitor states to
understand structural determinants that control Ca?*-dependent
activation of retinal guanylyl cyclases.

Ca?*-DEPENDENT ACTIVATION OF RETINAL GUANYLYL
CYCLASE

GUANYLYL CYCLASE ACTIVATION AND PHOTORECEPTOR RECOVERY

In vertebrate rods and cones, photon absorption by rhodopsin or
cone visual pigments triggers a phototransduction cascade that
hydrolyzes cGMP, resulting in the closure of cGMP-gated cation
channels on the plasma membrane that causes membrane hyper-
polarization [see reviews (Pugh etal., 1997, 1999)]. To reset the
resting dark-state of retinal rods (known as visual recovery), cGMP
levels are replenished very quickly (Burns and Baylor, 2002) by
retina-specific guanylyl cyclases (RetGCs), a membrane enzyme
present in rod and cone outer segments (Dizhoor etal., 1994;
Lowe etal., 1995). RetGC is a Ca’>*-regulated enzyme (Koch
and Stryer, 1988; Koutalos and Yau, 1996) whose activity is con-
trolled by intracellular domains (Laura etal., 1996; Duda etal,,

2005) that interact with soluble EF-hand Ca’™ sensor proteins,
called guanylyl cyclase activating proteins (GCAPs: GCAP1 and
GCAP2; Dizhoor etal., 1994, 1995; Gorczyca etal., 1994, 1995;
Koutalos etal., 1995).

Light-induced channel closure in photoreceptor cells causes
a decrease in the cytosolic free Ca?* concentration (Gray-Keller
and Detwiler, 1994), in mammals from 250 nM in the dark to
25 nM in the light (Woodruff etal., 2002). The catalytic activ-
ity of RetGC in the dark is negatively controlled by Ca?*-bound
GCAPs (Dizhoor and Hurley, 1996; Dizhoor etal., 1998; Burns
and Baylor, 2002), whereas the release of Ca?* from GCAPs at
low Ca?* levels in light-activated photoreceptors causes activa-
tion of RetGC (Dizhoor etal., 1994, 1995; Gorczyca etal., 1994,
1995; Dizhoor and Hurley, 1996; Mendez etal., 2001). Light
stimulation of the rod cell causes a more than 10-fold increase
in ¢cGMP production due to the activation of RetGC by GCAPs
(Hodgkin and Nunn, 1988; Burns and Baylor, 2002) and is a
critical step for controlling the recovery rate of a single-photon
response (Pugh etal., 1999; Burns and Baylor, 2002) as well as
the cone response to stronger light stimuli (Sakurai etal., 2011).
In mouse rods, GCAPs have been demonstrated to have differ-
ent Ca?t sensitivities (Dizhoor etal., 1998; Hwang etal., 2003)
and therefore contribute to the recovery by activating guanylyl
cyclase at different steps of excitation and recovery, thus imparting
proper recovery kinetics to the rod response (Mendez etal., 2001;
Makino et al., 2008, 2012).

Mg?* AND Ca2* BINDING TO GCAPs RECIPROCALLY CONTROL
CYCLASE ACTIVATION

Guanylyl cyclase activating proteins activate RetGC at low Ca’*
levels (less than 50 nM) and only in the presence of physiological
Mg2Jr levels (Peshenko and Dizhoor, 2004, 2006, 2007; Dizhoor
etal., 2010). This Mg?™ requirement for RetGC activation by
GCAPs initially suggested that Mg?>*t binding to GCAPs might
be important for their activation of RetGC. Indeed, Mg?™ was
shown to bind directly to at least two of the EF-hands in GCAP1
(Lim etal., 2009), and NMR studies showed that Mg?* bind-
ing to GCAP1 at EF2 and EF3 was needed to stabilize the overall
tertiary fold of the protein (Lim etal., 2009). By contrast, the
Ca?*-free/Mg?*-free GCAP1 (apo-state) forms a molten globule-
like structure, that contains regular secondary structure (Dell’Orco
etal.,2010) but does not form a stable tertiary fold (Peshenko and
Dizhoor, 2004; Lim etal., 2009). The flexible and unstructured
molten-globule apo-protein could explain in part why GCAPs do
not activate RetGC in the absence of Mg?* (Dizhoor et al., 2010).
Thus, Mg?* binding to GCAP1 stablizes its protein structure in
order to bind and activate RetGC (Dizhoor et al., 1994; Peshenko
and Dizhoor, 2004), whereas Ca?* binding to GCAP1 stabilizes a
distinct structure important for the inhibition of RetGC (Dizhoor
etal., 1998).

The four EF-hands in the GCAPs have quite distinct divalent
metal binding properties that control whether GCAPs can activate
or inhibit RetGC. The first EF-hand (EF1) does not bind to either
Ca’* or Mg? ™" because the residue at the 3-position in the EF-hand
binding loop (Cys29 in GCAP1, see Figure 1) is not suitable for
ligating either Ca?™ or Mg? ™. Ca*" binds to GCAPI at the other
three EF-hands (EF2, EF3, and EF4) in an independent fashion
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Figure 1. Adapted from and originally published by Lim etal. (2011).

FIGURE 2 | Main chain structures of CaZ*-free myrisoylated NCS-1 (PDB ID: 212e) (A), recoverin (PDB ID: 1iku) (C), and GCAP1 (PDB ID: 2r2i) (E).
Close-up views of the myristate binding pocket in NCS-1 (B), recoverin (D) and GCAP1 (F). EF-hands and myristoyl group (magenta) are colored as defined in
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EF1 &
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(Lim etal., 2009) in contrast to the cooperative binding of two
Ca®* to recoverin (Ames etal., 1995a). The apparent dissociation
constant for Ca>* binding to GCAPs is in the submicromolar
range (Lim etal., 2009; Dizhoor etal., 2010), whereas Mg2+ binds
with ~1000-fold lower affinity (Gifford etal., 2007) in the sub-
millimolar range (Peshenko and Dizhoor, 2004, 2007; Lim etal.,
2009). These binding affinities imply that three Ca®>" bind per

mole of GCAP1 in dark-adapted rod cells, which have relatively
high cytosolic Ca? ™ levels [Ca?* ] e = 250-500 nM [(Woodruff
etal., 2002; Matthews and Fain, 2003) and [Mg?*] ~1 mM (Chen
etal., 2003)]. Light-activation of the rod cell causes a dramatic
lowering of the cytosolic Ca?t level [Ca® T ]fee = 5-50 nM (Gray-
Keller and Detwiler, 1994; Sampath etal., 1998; Woodruff etal.,
2002) while the Mg?* level remains fixed at [Mg?* ]gee ~1 mM
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(Chen etal., 2003). Therefore in light-adapted rods, GCAPs do
not bind Ca?* but instead bind to at least two Mg?*. Thus, Ca>™* -
free/Mg? T -bound GCAPs activate RetGC in light exposed rods
(Dizhoor etal., 1994, 1995; Gorczyca etal., 1995), whereas CaZt-
bound GCAPs (with Ca?* bound at EF2, EF3, and EF4) inhibit
RetGC in dark-adapted rods (Dizhoor and Hurley, 1996; Dizhoor
etal., 1998).

CONSTITUTIVELY ACTIVE MUTANTS OF GCAP1 CAUSE RETINAL
DISEASE

Various point mutations in the EF-hand motifs of GCAP1 that
weaken Ca’T binding (but do not affect Mg?* binding) cause
GCAPI1 to constitutively activate RetGC in rods and cones,
which is genetically linked to various retinal diseases (Jiang
and Baehr, 2010). These mutations in the EF-hand motifs
[YO9C (Dizhoor etal., 1998; Payne etal, 1998) and E155G
(Wilkie etal., 2000, 2001)] weaken the Ca?* binding affinity
beyond the photoreceptor Ca?T concentration and cause the
Ca?*-free/Mg?*-bound GCAP1 activator state to persist even
at high Ca?* levels in dark-adapted rods, which causes persis-
tent activation of RetGC (Sokal etal., 1998; Olshevskaya etal.,
2004). The GCAP mutants that constitutively activate RetGC
then cause elevated cGMP levels in photoreceptor cells that
promotes apoptosis and disease (Olshevskaya etal., 2004, 2012;
Woodruff etal., 2007).

Mutagenesis studies of the individual EF-hands in GCAP1
have revealed that Ca’T-binding to EF4 is critical for control-
ling Ca® " -dependent activation of RetGC (Peshenko and Dizhoor,
2007). Mutants of GCAP1 that weaken or abolish Ca2* binding
to EF4 but retain Ca’* binding at EF2 and EF3 [D144N/D148G
(Peshenko and Dizhoor, 2007 and E155G Wilkie etal., 2000,
2001)] are constitutively active even in the presence of high
Ca®™ levels in dark-adapted photoreceptors. Furthermore, these
mutants that disable Ca>* binding to EF4 (but not EF2 and
EF3) are unable to inhibit RetGC at high Ca?* levels in the dark
(Peshenko and Dizhoor, 2007). In summary, GCAP1 can activate
RetGC even if Ca?t is bound to EF2 and EF3 (but not bound
to EF4). Also, Ca>* binding to EF4 is essential for having Ca™ -
induced inhibition of RetGC. Therefore, Ca’>* binding to EF4
is critical for controlling whether GCAP1 can activate or inhibit
RetGC.

GCAPs DO NOT POSSESS A CaZ*-MYRISTOYL SWITCH

Ca?™ binding to GCAP1 and GCAP2 does not cause ejection
of the covalently attached myristoyl group (Hughes etal., 1998;
Lim etal., 2009, 2013) and Ca** binding to GCAPs do not pro-
mote their membrane targeting (Olshevskaya etal., 1997; Hwang
and Koch, 2002). This is in stark contrast to the Ca’>*-induced
exposure of the N-terminal myristoyl group [termed CaT-
myristoyl switch (Zozulya and Stryer, 1992; Dizhoor etal., 1993)]
that promotes membrane targeting of recoverin (Zozulya and
Stryer, 1992; Dizhoor etal., 1993; Valentine etal., 2003), neu-
rocalcin (Ladant, 1995), hippocalcin (O’Callaghan etal., 2003),
VILIPs (Spilker etal., 1997, 2002), and NCS-1 (Hamasaki etal.,
2004). Instead, the covalently attached myristoyl group of GCAP1
remains sequestered inside the protein hydrophobic core in both
Ca?*-free and Ca?t-bound forms of GCAP1 (Lim etal., 2009,

2013). NMR studies on the myristate attached to recoverin (Ames
etal., 1995b, 1997; Hughes etal., 1995), VILIP1 (Li etal., 2011),
and NCS-1 (Lim etal., 2011) reveal that the covalently attached
myristoyl group is buried inside these proteins only in the Ca?™ -
free state. Ca?*-binding causes protein conformational changes
that lead to exposure of the fatty acyl chain in recoverin (Ames
etal.,, 1997), VILIP1 (Li etal., 2011), and NCS-1 (Lim etal.,
2011). By stark contrast, NMR studies on GCAP1 indicate that
the covalently attached myristoyl group is buried inside both
Ca?*-free and Ca®*-bound GCAP1 (Lim etal., 2009, 2013). Fur-
ther evidence that GCAP1 lacks a Ca?*-myristoyl switch comes
from SPR studies that show myristoylation of GCAP1 has little
effect on membrane binding (Hwang and Koch, 2002). Finally,
the recent atomic level structures of GCAP1 directly demon-
strated that the myristoyl group is buried inside the protein
in a similar environment in both the Ca?*-free activator (Lim
etal., 2013) and Ca?*-bound inhibitor states (Stephen etal.,
2007).

Solid-state NMR and other spectroscopic studies on GCAP2
have suggested that Ca?*-free GCAP2 might be targeted to cell
membranes by a reversed Ca?*-myristoyl switch (Theisgen etal.,
2010,2011). The covalently attached fatty acyl group has been sug-
gested to become exposed in Ca T -free GCAP2 in the presence of
lipid bilayer membranes (Theisgen et al., 2011), in contrast to hav-
ing the myristoyl group sequestered inside Ca?>*-bound GCAP2
(Schroder etal., 2011). However, other studies on GCAP2 indicate
that the myristoyl group remains sequestered inside the protein
environment in both Ca*-free and Ca> " -bound GCAP2 (Hughes
etal., 1998). Also, unmyristoylated GCAP2 activates RetGC with
nearly the same potency as that of myristoylated GCAP2, and
myristoylation of GCAP2 is not essential for its targeting to the
membrane-bound cyclase (Olshevskaya etal., 1997; Hwang and
Koch, 2002).

Ca2*-INDUCED PROTEIN CONFORMATIONAL CHANGES IN GCAPs

Atomic level structures are known for Ca?>*-bound forms of
GCAP1 (Stephen etal., 2007) and GCAP2 (Ames etal., 1999).
The four EF-hands in GCAP1 (Figures 1 and 3) are grouped into
two globular domains: N-domain includes EF1 and EF2 (residues
18-83) and C-domain contains EF3 and EF4 (residues 88—161).
Ca’* is bound to GCAPI1 at EF2, EF3 and EF4, and the struc-
ture of each Ca?*-bound EF-hand in GCAP1 (Figure 3B) adopts
the familiar open conformation of EF-hands as seen in calmod-
ulin and other Ca?>*-bound EF-hand proteins (Ikura, 1996).
Indeed, the interhelical angles for each Ca?*-bound EF-hand
in GCAP1 are similar to those of recoverin (Ames etal., 1997)
and NCS-1 (Bourne etal., 2001). Although the internal struc-
ture of each EF-hand in GCAPI is similar to that of recoverin,
the overall three-dimensional packing arrangement and spatial
organization of the four EF-hands is very different for GCAP1
vs. recoverin. Indeed, the overall root-mean-squared deviation
of main chain atoms is 3.4 A when comparing the structures of
GCAP1 and recoverin (Figure 2). A unique structural feature of
GCAPI is that the N-terminal a-helix (residues 5-15) upstream
of EF1 and C-terminal helix (residues 175-183) downstream of
EF4 are held closely together by their mutual interaction with
the N-terminal myristoyl group (Figure 2F). Thus, the covalently
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A EF4mut (activator)

FIGURE 3 | Structures of activator (A) vs. inhibitor forms (B) of GCAP1 adapted from and originally published by Lim etal. (2013).

B Ca?+-saturated (inhibitor)

attached myristoyl group in GCAP1 is sequestered within a unique
environment inside the Ca>*-bound protein, which is quite dif-
ferent from that of recoverin as described above in Figure 2.
The myristoyl group attached to GCAP1 makes contacts with
N-terminal residues (V9, L12, and F42) and the C-terminal
helix (L174, V178 and 1181; Figure 2F). In essence, the myris-
toyl group serves to bridge both the N-terminal and C-terminal
ends of the protein, which explains how Ca?*-induced con-
formational changes in the C-terminal domain (particularly in
EF4) might be transmitted to a possible target binding site in
EF1. A Ca’T-myristoyl tug mechanism (Peshenko etal., 2012)
has been proposed to explain how Ca’*-induced conforma-
tional changes in EF4 serve to “tug” on the adjacent C-terminal
helix that connects structurally to the myristoyl group and EF1.
This tug mechanism helps explain how Ca?*-induced structural
changes in EF4 might be relayed to the cyclase binding region
in EF1 (Lim etal,, 2013). The Ca2*t-induced structural changes
involving the C-terminal helix might also be related to Ca**-
dependent phosphorylation of S201 in GCAP2 (Peshenko etal.,
2004).

The atomic level structure of Ca*>*-free/Mg?* -bound activator
form of GCAP1 or GCAP2 is currently not known. The main diffi-
culty is that Ca®*-free/Mg?*-bound GCAP proteins form dimers
and higher order protein oligomers that causes considerable sam-
ple heterogeneity at high protein concentrations needed for NMR
or to make crystals for X-ray crystallography (Ames etal., 1999;
Lim etal., 2009, 2013). Ca“'—dependent dimerization of GCAP2
has been suggested to be important for activating the cyclase
(Olshevskaya etal., 1999b; Ermilov etal., 2001). Protein dimeriza-
tion was also reported for GCAP1, and a GCAP1 mutant (V77E)
that prevents protein dimerization also abolishes its ability to
activate RetGC, suggesting that dimerization of Ca® " -free/Mg?*-
bound activator state might be important for activating RetGC
(Lim etal., 2013). However, protein dimerization of GCAPI is
not Ca?t dependent and only occurs at relatively high protein
concentrations above 100 uM (Lim etal., 2013). Future studies
are needed to investigate whether GCAPs might form a func-
tional dimer upon binding to the dimeric RetGC to form a 2:2
complex (Ramamurthy etal., 2001; Peshenko etal., 2010), and

whether the dimeric quaternary structure may play a regulatory
role.

A GCAPI mutant, D144N/D148G called EF4mut, (Lim etal.,
2013) that binds Ca2+ at EF2 and EF3 (and does not bind Ca? ™ at
EF4) can activate RetGC at high Ca?™T concentrations (Peshenko
and Dizhoor, 2007). Therefore, EF4mut (with Ca?>t bound at
EF2 and EF3) serves as a model of the Ca?*-free/Mg?*-bound
activator state. The EF4mut protein is more soluble and sta-
ble than Ca?*-free/Mg?*-bound wild type, and EF4mut exhibits
NMR spectra with much higher resolution and sensitivity com-
pared to that of Ca?*-free/Mg?*-bound wild type (Lim etal.,
2009, 2013). NMR structural studies on EF4mut provide some
insights for a structural model of the GCAP1 activator state
(Figure 3A). The overall structure of EF4mut is similar to the
crystal structure of Ca? T -bound GCAP1 (root mean squared devi-
ation of main chain atoms is 1.3 A when comparing the two
structures). However, residues at the domain interface (between
EF2 and EF3) are structured somewhat differently in EF4mut
compared to the crystal structure of Ca?-bound GCAP1. Many
of the GCAP1 residues at the domain interface have quite broad
NMR resonances, suggesting that these residues are conforma-
tionally dynamic (Lim etal., 2013). The corresponding residues
in recoverin (Figure 1) also exhibited broad NMR resonances and
I>N NMR relaxation dispersion studies reveal that these domain
interface residues exhibit millisecond exchange kinetics (Xu et al.,
2011). Ca?T-induced rearrangement of residues at the domain
interface in recoverin gives rise to a 45° swiveling of the two
domains (Ames etal., 1997). A structural comparison between
EF4mut and Ca’>*-bound GCAP1 suggests a related but much
smaller Ca?>*-induced structural change at the domain interface
in GCAP1 (Figure 3). The most noteworthy Ca?*-induced struc-
tural difference in GCAP1 can be seen in the entering helix of EF3
that unravels a half turn in EF4mut, which causes a repositioning
of the W94 side-chain at the domain interface. A Ca®*-induced
change in the structural environment around W94 is consistent
with previous tryptophan fluorescence and electron paramagnetic
resonance studies of GCAP1 (Sokal etal., 2001; Peshenko and
Dizhoor, 2006, 2007). We suggest that Ca?*-induced rearrange-
ment of residues at the domain interface (V77, A78, 182, K85, and
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W94) plays a role in modulating Ca?*-dependent contacts with
RetGCI.

ACTIVATION MECHANISM FOR RetGC BY GCAPs

The structural information for the GCAPs above provides insights
into the activation mechanism of RetGC (Figure 4). GCAP1
residues in EF1 (Krylov etal., 1999; Olshevskaya etal., 1999a,b;
Ermilov etal., 2001) and at the domain interface (Krylov etal.,
1999; Lim etal., 2013; Peshenko etal., 2014) are suggested to
make direct contact with RetGC (see labeled residues in Figure 4).
In our model (Figure 4), Ca?*-induced conformational changes
in EF4 (Lim etal., 2013) are transmitted to the cyclase binding
site (see labeled residues in EF1, EF2, and EF3, Figure 4) by a
Ca?*-myristoyl tug mechanism as described by (Peshenko et al.,
2012). Inthe GCAP1 activator state under physiological conditions
(Figure 4, left panel), EF2 and EF3 are bound to Mg?* (blue circles
in Figure 4) with EF1 and EF4 unoccupied. The Ca? T -free state of
EF4 forms a loose and dynamic structure (Lim etal., 2013), which
allows the adjacent C-terminal helix to reach all the way to the
N-terminal myristoyl group (magenta in Figure 4) and thus indi-
rectly form hydrophobic contacts with residues in EF1 and EF2.
In essence, the myristoyl group forms a bridge between Ca’*-
induced conformational changes in the C-terminal domain and
the cyclase binding site in the N-terminal domain. In the GCAP1
activator state, residues in the cyclase binding site [see Figure 4,
labeled residues in EF1, EF2 and EF3 (Peshenko etal., 2014)] are
spatially close together and form particular contacts with RetGC
that require close proximity between W94 and V77 (see arrow in
Figure 4). In the Ca?*-bound GCAP1 inhibitor state (Figure 4,
right panel), Ca?* is bound to EF2, EF3, and EF4 (orange circles
in Figure 4). Ca?*-binding to EF4 causes local conformational
changes that in turn “tug” on the C-terminal helix which causes a
slight reorientation of the N-terminal domain (EF1 and EF2) with
respect to the C-terminal domain (EF3 and EF4). This domain

Activation Inhibition

FIGURE 4 | Schematic diagram of retinal guanylyl cyclase activation by
GCAP1. RetGC is shown in gray. The four EF-hands in GCAP1 are colored
coded as defined in Figure 1, bound l\/Igz‘*' are depicted by blue circles,
bound Ca2+ are orange circles, the C-terminal helix is white, and
N-terminal myristoyl group is magenta. The labeled GCAP1 residues (K23,
M26, G32, F73, V77 A78, and W94) have been implicated in the RetGC
binding site (Lim etal., 2013; Peshenko etal., 2014). The binding of Ca2+ at
EF4 causes conformational changes that are transmitted to the RetGC
binding site by a Ca2*-myristoyl tug mechanism (see arrows) modified
from Peshenko etal. (2012).

swiveling causes key residues in EF3 at the domain interface (K85,
W94, and K97) to move farther away from cyclase binding site
residues in EF2 [F73, V77, and A78 (Peshenko etal., 2014)], which
disrupts key contacts to RetGC that we suggest may be important
for regulating cyclase activation.

CONCLUSION

N-terminal myristoylation serves to remodel the structure of NCS
proteins as seen for recoverin, GCAP1 and NCS-1. Each NCS pro-
tein folds differently around the attached myristoyl group, which
causes each NCS protein to adopt a unique structure. Most NCS
proteins possess a functional Ca?*-myristoyl switch that promotes
their Ca?*-induced membrane targeting. By contrast, GCAP1
contains a sequestered myristoyl group in both its Ca?*-free and
Ca?*-bound states and undergoes rather small Ca> " -induced pro-
tein conformational changes. Ca®>* binding to the fourth EF-hand
in GCAP1 triggers conformational changes in the N-terminal
domain via a Ca?*-myristoyl tug mechanism that controls the
exposure of residues in EF1 and EF2 that we propose may serve as
a target binding site for guanylyl cyclase.
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Photoreceptor rod outer segment membrane guanylate cyclase (ROS-GC) is central to
visual transduction; it generates cyclic GME the second messenger of the photon
signal. Photoexcited rhodopsin initiates a biochemical cascade that leads to a drop in
the intracellular level of cyclic GMP and closure of cyclic nucleotide gated ion channels.
Recovery of the photoresponse requires resynthesis of cyclic GMP typically by a pair
of ROS-GCs, 1 and 2. In rods, ROS-GCs exist as complexes with guanylate cyclase
activating proteins (GCAPs), which are CaZt-sensing elements. There is a light-induced
fall in intracellular Ca2*. As Ca2* dissociates from GCAPs in the 20-200 nM range, ROS-
GC activity rises to quicken the photoresponse recovery. GCAPs then progressively turn
down ROS-GC activity as CaZ* and cyclic GMP levels return to baseline. To date, GCAPs
mediate the only known mechanism of ROS-GC regulation in the photoreceptors. However,
in mammalian cone outer segments, cone synapses and ON bipolar cells, another Ca2*
sensor protein, S100B, complexes with ROS-GC1 and senses the Ca%* signal with a Ky 2 of
400 nM. Unlike GCAPs, S100B stimulates ROS-GC activity when Ca2t is bound. Thus, the
ROS-GC system in cones functions as a Ca2* bimodal switch; with rising intracellular Ca2™,
its activity is first turned down by GCAPs and then turned up by S100B. This presentation
provides a historical perspective on the role of S100B in the photoreceptors, offers a pictorial
model for the “bimodal” operation of the ROS-GC switch and projects future tasks that
are needed to understand its operation. Some accounts of this review have been adopted

from the original publications of these authors.

Keywords: ROS-GC guanylate cyclase, cyclic GMP, phototransduction, cones, S100B

INTRODUCTION

A seminal observation in the field of visual transduction was that
a soluble bovine rod outer segment (ROS) fraction kicked the cat-
alytic activity of a photoreceptor guanylate cyclase into high gear in
the absence of Ca>* (Koch and Stryer, 1988). The structure of this
guanylate cyclase was believed to be composed of “separate regu-
latory and catalytic subunits” (Stryer, 1991); however, elucidating
the molecular identity of the guanylate cyclase and its regulator
turned out to be quite complicated. There were reports that guany-
late cyclase possessed a molecular mass of 67 kDa and was nitric
oxide sensitive (Horio and Murad, 1991a,b). Yet another report
claimed to have solved the molecular structure of the photore-
ceptor retGC, the human retinal guanylate cyclase (Shyjan etal.,
1992).

Later, the true photoreceptor ROS-guanylate cyclase (ROS-
GC) was purified directly from bovine outer segments (Margulis
etal,, 1993) and its protein-sequence-based molecular cloning,
structure, and function were established (Goraczniak et al., 1994).
ROS-GC had a calculated molecular mass of 120,360 Da, a value
similar to 112,000 Da reported earlier for a bovine (Koch, 1991)
and 110,000-115,000 Da for toad photoreceptor guanylate cyclase
(Hayashiand Yamazaki, 1991). Unlike the other known membrane
guanylate cyclases, atrial natriuretic factor receptor guanylate

cyclase (ANF-RGC; Paul et al., 1987; Sharma, 1988; Chinkers et al.,
1989; Duda etal., 1991) and type C natriuretic peptide CNP-RGC
guanylate cyclase (Koller etal., 1991; Duda etal., 1993), ROS-GC
was not hormonally responsive (Goraczniak etal., 1994). It thus
represented a new subfamily of the membrane guanylate cyclases.
Further study revealed that ROS-GC was not composed of “sep-
arate regulatory and catalytic subunits”, it was not nitric oxide
sensitive nor was its structure identical to retGC. The RetGC
structure was eventually revised to match that of bovine ROS-GC
(Accession number M92432).

Meanwhile, groups from the U.S. and the former Soviet Union
joined forces to describe a newly purified Ca?* binding pro-
tein, recoverin, that appeared to regulate guanylate cyclase activity
(Dizhoor etal., 1991) and adhere to the functional description of
Koch and Stryer (Koch and Stryer, 1988). It was therefore con-
sidered a Ca>* modulator of ROS-GC; hence, named recoverin
“because it promotes recovery of the dark state” (Dizhoor etal.,
1991). However, ever purer preparations of recoverin showed a
disturbing decline in guanylate cyclase stimulation. It became evi-
dent that recoverin was not the sought after regulator of guanylate
cyclase activity and the initial conclusion was withdrawn (Hurley
etal., 1993). Instead, recoverin exerted Ca’>*-dependent control
over the phosphorylation of photoexcited rhodopsin by rhodopsin

Frontiers in Molecular Neuroscience

www.frontiersin.org

March 2014 | Volume 7 | Article 21 | 39


http://www.frontiersin.org/Molecular_Neuroscience/
http://www.frontiersin.org/Molecular_Neuroscience/editorialboard
http://www.frontiersin.org/Molecular_Neuroscience/editorialboard
http://www.frontiersin.org/Molecular_Neuroscience/editorialboard
http://www.frontiersin.org/Molecular_Neuroscience/about
http://www.frontiersin.org/Journal/10.3389/fnmol.2014.00021/abstract
http://community.frontiersin.org/people/u/48297
http://community.frontiersin.org/people/u/92448
http://community.frontiersin.org/people/u/14416
http://community.frontiersin.org/people/u/46032
mailto:rsharma@salus.edu
http://www.frontiersin.org/Molecular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Molecular_Neuroscience/archive

Sharma etal.

S1008B signaling of ROS-GC1 in cones

kinase (Chen et al., 1995; Klenchin etal., 1995; Kawamura, 1999).
At almost the same time, two separate groups discovered sim-
ilar but distinct guanylate cyclase activating proteins (GCAPs),
GCAP1 (Palczewski etal., 1994; Subbaraya etal., 1994; Gorczyca
etal., 1995; Frins etal., 1996) and GCAP2 (Dizhoor etal., 1995).
These GCAPs did indeed stimulate ROS-GC activity as described
by Koch and Stryer (1988).

Recombinant ROS-GC expressed in a heterologous system of
COS cells responded at 10 nM [Ca’T]; to GCAP1 stimulation
in a dose-dependent manner (Duda etal., 1996b). The stimu-
lation was inhibited cooperatively by free Ca’" with a K, of
100 nM. Under identical conditions, GCAP1 had no effect on
recombinant ANF-RGC, the peptide hormone receptor guanylate
cyclase. An important characteristic of the transduction system
was that GCAP remained bound to ROS-GC at low and high
Ca’* levels, consistent with physiological observations (Kouta-
los etal., 1995). Similar reconstitution studies established GCAP2
asanother Ca”—sensing subunit of ROS-GC (Dizhoor et al., 1995;
Gorczyca etal.,, 1995). When a second ROS-GC was subsequently
discovered in the bovine retina, termed Ret-GC2 in human retina
(Lowe etal., 1995), it was named ROS-GC2 to distinguish it from
the original ROS-GC which was renamed as ROS-GC1 (Goracz-
niak etal., 1997). It became clear that a Ca?t-modulated system,
composed of a pair of ROS-GCs and a pair of GCAPs, sub-
serves phototransduction in the outer segments of photoreceptors.
This conclusion was supported at the physiological level by the
studies with the double knockout ROS-GC1/ROS-GC2 mouse
model (Baehr etal., 2007). Rods and cones were non-functional,
excluding the presence of a third guanylate cyclase linked with
phototransduction.

Thus ROS-GCs are related to peptide hormone receptor guany-
late cyclases but they do not respond to extracellular ligands.
Instead, they exist in stable complexes with GCAPs that sense
changes in internal [Ca2t]. The feature that incrementing [Ca2t];
progressively reduces ROS-GCI catalytic activity was academically
challenging because such a mechanism had never been observed
before for any of the members of the guanylate cyclase family. All
other members were solely stimulated by their effector ligands,
natriuretic peptide hormones, at their extracellular domains. The
molecular properties of this remarkable system and the role that
the system plays in phototransduction are described in greater
depth in Pugh etal. (1997), Sharma and Duda (2012).

DISCOVERY OF CD-GCAP MEANT THAT ROS-GC1 COULD
OPERATE AS A Ca?* BIMODAL TRANSDUCTION SWITCH
Contemporaneous with the discovery of GCAPs that stimulated
ROS-GC1 at low Ca®*, a post-mitochondrial 100,000 g super-
natant fraction from retina was found to stimulate recombinant
ROS-GC at high Ca?* by as much as 25-fold (Pozdnyakov
etal., 1995). The new factor was a peptide with an apparent
molecular weight of 6-7 kDa protein that oligomerized to a
functional size of 40 kDa. It stimulated native and recombi-
nant ROS-GC with a Ky, for Ca?*t of 2 pM with biochemical
characteristics typical of a Ca?*-binding protein. To distinguish
it from the just-discovered GCAPs, the new factor was named
CD-GCAP (Ca®*-dependent guanylate cyclase activator protein;
Pozdnyakov etal., 1995).

The capacity for ROS-GC to couple to GCAPs or to CD-GCAP
allows for a cell to sculpt its response to Ca>*. Depending upon
the cell’s specific needs, it could express either GCAP or CD-GCAP
to stimulate cyclic GMP synthesis at low (tens of nanomolar) or at
high (sub-micromolar) ranges of [Ca2t]. An even more exciting
possibility exists for the simultaneous expression of both Ca**-
regulatory subunits in the same cell. ROS-GC could then operate
as a Ca?t-bimodal transduction switch, stimulated at low and at
high free [Ca?T] by Ca?* -free GCAPs and by Ca?>*-bound S100B,
respectively. A theoretical Ca?T-BIMODAL ROS-GC transduc-
tion model embodying these features was proposed (Figure 1).
Bimodal Ca?* sensing could be an elegant general mechanism for
neural transmission.

CD-GCAP IS AN S100 PROTEIN

The first indication that CD-GCAP might be related to S100
proteins was that it appeared as a 6-7 kDA Ca’T-binding pro-
tein on SDS-PAGE (Pozdnyakov etal., 1995). S100 proteins are
known to run anomalously as 6-7 kDa proteins in SDS-PAGE
even though their subunit molecular weight, calculated from
amino acid (aa) sequence, is about 10.5 kDa (Kligman and Mar-
shak, 1985). Additional evidence for the structural similarity of
CD-GCAP to S100 emerged from mass spectrometry analysis
(Pozdnyakov etal., 1997). The fragmented molecular masses of
10,580 Da for CD-GCAP and 10,582 Da for S100B were essentially
the same. Tryptic digests also yielded indistinguishable fragmen-
tation patterns. Finally, bovine CD-GCAP and bovine S100B

[Ca”*],<100nM [Ca’*],>400nM

FIGURE 1 | Original theoretical Ca2* bimodal ROS-GC transduction
model. In the absence of bound Ca2*, GCAPs 1 and 2 boost ROS-GC1
catalytic activity. In contrast, ST00B boosts ROS-GC1 activity in the
CaZ*-bound state. GCAPs sense [Ca2*]; < 200 nM while S100B senses
[Ca2*]; > 200 nM. Thus in the GCAPs operational mode the S100B switch
is “OFF" and in the S100B operational mode the GCAP switch is "OFF”
(Upgraded with permission from Sharma, 2010; Sharma and Duda, 2012).
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were cloned and their predicted primary protein structures were
identical (Pozdnyakov etal., 1997).

Despite being structurally identical proteins, biochemical anal-
yses revealed two surprising functional discrepancies. As expected,
S100A1-S100B and S100Bf dimer (S100B) from commercial
sources stimulated cloned recombinant and wt-photoreceptor
ROS-GC (Duda etal., 1996a; Margulis etal., 1996). But the Vpax
of ROS-GC was about 50% higher when activated by CD-GCAP
than when activated by commercially obtained S100B. In addi-
tion, the commercial S100B required about 20-times more calcium
(3.2x 107> M vs. 1.5 x 10~% M for CD-GCAP) for half-maximal
stimulation of guanylate cyclase. Clearly, CD-GCAP was not quite
the same as the commercially obtained S100B.

In the search for the explanation for these functional differ-
ences, the proteins were analyzed for post-translational modi-
fications and higher order structures (Pozdnyakov etal., 1997).
After treating both proteins with hydroxylamine, a deacylating
agent, CD-GCAP no longer activated guanylate cyclase while
S100B activation retained its ability to do so. Furthermore,
hydroxylamine fragmented CD-GCAP while S100B was unaf-
fected. These results indicated that the conformations of the
two proteins were different. Such a difference could have arisen
from variations in the procedures for purifying the two pro-
teins: CD-GCAP purification entailed heating at 75°C in 5 mM
Ca?*, while S100B purification included zinc affinity chromatog-
raphy (commercial sources refused to provide these details but
their references indicated so). To investigate, CD-GCAP was sub-
jected to zinc affinity chromatography (CD-GCAP-to-S100B) and
S100B was heated to 75°C in Ca®*t (S100B-to-CD-GCAP). Guany-
late cyclase activation, calcium-—sensitivity, and hydroxylamine
lability measurements demonstrated that CD-GCAP-to-S100B
was identical to S100B and that S100B-to-CD-GCAP was iden-
tical to CD-GCAP. Apparently zinc inhibits the native SI00B
potency toward stimulation of ROS-GC. An additional finding
was that SI00B monomer is about twice as effective as the dimer
in activating the ROS-GC catalytic activity. Hence, CD-GCAP
and commercially obtained S1I00B are conformational isomers.
The native form of S100B present in the retinal neurons is
CD-GCAP.

CHARACTERIZATION OF THE S100B BINDING SITE OF
ROS-GC1

Direct interaction between ROS-GC1 and S100B was verified by
cross-linking experiments with bis-(sulfosuccinimidyl)suberate.
A cross-linked complex, consisting of ROS-GC1 dimer and
S100B, was detected by both ROS-GC1 and S100B antibodies
on Western blots (Duda etal., 2002). Biochemical experiments
with ROS-GC1 deletion constructs localized an interaction of
S100B with the C-terminus of ROS-GCl1, aa 731-1054 (Duda
etal.,, 1996a). An ECsp of 395 nM, measured using surface plas-
mon spectroscopy, was comparable to the ECsy of 800 nM
for stimulation of ROS-GC1 by S100B in a biochemical assay
(Duda etal., 2002).

Since the aa 733-964 segment containing the putative dimeriza-
tion and catalytic domains is highly conserved, the less conserved
aa 965-1054 segment was subjected to further analyses. First,
three ROS-GC1 deletion mutants: A965-1054, A972—1054, and

A1016-1054 were analyzed for their responses to S100B. The
first mutant was totally unresponsive, the response of the sec-
ond mutant was only ~25% and that of the third mutant ~50%
of the wild-type ROS-GCl1 response to SI00B. Therefore the entire
region aa 965-1054 of ROS-GCl is important for Ca>*-dependent
stimulation by S100B, but the region aa 965-1016 appears to be
the most critical (Duda etal., 2002). Second, overlapping peptides
encompassing this region were screened for their effects on S100B-
dependent stimulation of ROS-GC1 at high CaT. Two peptides
covering aa regions 952-991 and 1029-1040 prevented ROS-GC1
stimulation by S100B. Finer analysis revealed that aa 962-981
formed the critical binding site of ROS-GC1 with half-maximal
binding at 198 nM. A *** RIHVNRS®7? motif was obligatory, how-
ever, a flanking cluster of four aa residues, R1**?RQK'%42 formed a
low affinity binding site. While not absolutely required for binding,
the secondary site was an S100B-modulated transduction site that
conferred a twofold increase in maximal activation of ROS-GCl
(Duda etal., 2002).

These studies validated the unique ability of ROS-GC1 to
respond not only to low Ca>* signals mediated by GCAPs but also
to high Ca?* signals mediated by S100B. To analyze the possible
interplay of these signals, the aforementioned ROS-GC1 deletion
mutants were analyzed for their responses to GCAP1 (Duda et al.,
2002) and GCAP2 (Duda etal., 2005). At 10 nM Ca*, activation
of all mutants was identical to that of wild-type ROS-GCI1. Thus,
the S100B and GCAP1 regulatory sites of ROS-GC1 are distinct
and do not interfere with one other. This result was not surpris-
ing because the binding site for GCAP1 was previously mapped to
the N-terminal part of the ROS-GC1 cytoplasmic domain (Duda
etal., 1999; Lange etal., 1999).

The case for GCAP2 was not so clear. Initial mapping had
localized the GCAP2 binding site closer to the C-terminus of
ROS-GC1 (Krishnan etal., 1998). In reconstitution experiments
with the ROS-GC1 deletion mutants (the same as used for
mapping the S100B site: vide supra), the A965-1054 mutant
failed to respond to GCAP2, the A972-1045 responded with
Vmax 0f ~50% of that of the wild-type ROS-GCI, and the
response of the A1016-1054 mutant matched that of the wild-
type cyclase, indicating that the functional GCAP2-modulated
domain resided within aa 965-1016. Detailed peptide compe-
tition assays narrowed down the GCAP2-modulated site to the
sequence motif Y?>-N*8! (Duda etal., 2005). As expected, this
site is distinct from the GCAP1 site. It, however, partially over-
laps with the S100B-regulatory site. These results provide a hint
that, when GCAP1 and S100B are co-expressed, a single ROS-
GCl1 complex could operate as a bimodal Ca’>*t switch. On
the other hand, when GCAP2 and S100B are co-expressed, the
switch might involve separate populations of ROS-GC1 com-
plexes. Furthermore, identification of the binding sites for the
Ca’* sensors disclosed an intriguing topographical feature of
ROS-GC1; GCAP2 and S100B transmit the Ca?™ signals to the
catalytic domain of ROS-GCI from the C-terminal side while
GCAPI does so from a more distant location on the N-terminal
side. These intramolecular mechanics are specific to ROS-GCl
and are different from the peptide hormone receptor subfamily,
where the signal to the catalytic site migrates solely downstream
from a site on the N-terminus located on the opposite side of
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the membrane. A schematic model of the system is depicted in
Figure 2.

ROS-GC2 has an ~8x lower affinity for S100B and with S100B
bound at high Ca?t, its maximal activation is twofold lower than
that of ROS-GC1. Substitution of aa 731-1053 of ROS-GCl1 into
the corresponding region of ROS-GC2 and vice versa reversed the
selectivity (Duda et al., 1998). These results suggest that ROS-GC2
may be an S100B partner of lesser importance than ROS-GCl.

$100B IS EXPRESSED IN CONES BUT NOT IN RODS

Guided by the knowledge that ROS-GC and GCAPs are present
in photoreceptors, including their outer segments where they
serve as critical components of phototransduction (Cuenca et al.,
1998; Kachi etal., 1999; reviewed in Pugh etal., 1997; Koch etal.,
2010; Sharma and Duda, 2012), and that S100B is also present
in photoreceptors (Rambotti etal., 1999; reviewed in: Rambotti
etal., 2002), questions were raised as to whether a ROS-GCl1
bimodal Ca?™ -regulated system operates in visual transduction
and whether it is present in both rods and cones. These issues
are being addressed in mouse (e.g., Wen etal., 2012), for which

there exist useful knockouts including S100B~/~, GCAP1~/~,
GCAP2™/~, GCAP1/GCAP2™/~,ROS-GC1~/~.

Affinity purified S100B antibody recognized on Western blots
of mouse photoreceptors, a protein of molecular weight cor-
responding to S100B. In biochemical assays, guanylate cyclase
activity of mouse ROS membranes exhibited bimodal Ca?* switch
behavior; activity decreased as [Ca®* | rose from 10 to 300 nM and
then increased as [Ca?* ] began to exceed 300 nM. The “inhibitory”
phase of the guanylate cyclase activity was consistent with the loss
of ROS-GCl activation by GCAPs upon Ca?T binding to the latter
and the stimulatory phase with Ca?*-induced activation of ROS-
GCI activity by S100B. The increase in ROS-GC activity at low
[Ca?*] disappeared in ROS membranes from GCAP1/GCAP2~/~
mice, whereas the increase in ROS-GC activity at high [Ca?*] was
missing in ROS membranes from S100B~/~ mice and from ROS-
GC1~/~ mice. The significance of the result from ROS-GC1~/~
mice will be revealed below. Yet, regulation of ROS-GC1 by S100B
was not functionally linked to phototransduction in rods because
flash responses from wild-type and S100B-KO rods were indis-
tinguishable (Wen etal., 2012). The possibility that S100B might

R523-M769 KHD

L770-P807 SHD

Pg08-P964 CCD

Y965-K1054  CTE

6962-N98
1030-Q104)) ~agevrnn s

FIGURE 2 | The modular nature of ROS-GC1. Left Panel. The dashed lines
on the right show the domain boundaries: LS, leader sequence (note: the
leader sequence is absent from the mature protein shown in the right
panel); ExtD, extracellular domain; TM, transmembrane domain; ICD,
intracellular domain. The designated names and the amino acid

residues constituting their boundaries are indicated on the left: JMD,
juxtamembrane domain housing the indicated GCAP1-binding site; KHD,
kinase homology domain; SHD, signaling helix domain; CCD, core catalytic
domain; CTE, C-terminal extension housing the S100B-binding site. It is
noteworthy that the ICD contains all of the functional domains and that

== == of K1054

\

GCAP1 and S100B target sites on opposite sides of the CCD. Right panel.
The GCAP1 and S100B signaling pathways within ROS-GC propagate in
opposite directions. The trajectory of the GCAP1 pathway is shown with
the red dashed arrow. From its origin in the JMD, it passes “downstream”
through the structural KHD and SHD in its course to the CCD. The
trajectory of the S100B pathway shown with the blue dashed arrow.
Originating in the CTE, it directly flows “upstream” to the CCD. The CCD
exists as an antiparallel homodimer. Both GCAP1 and S100B signals are
translated at the CCD into faster production of cyclic GMP (Modified from
Duda etal., 2012).
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contribute to the rod photoresponse at high free [Ca?*] outside
the normal physiological range was tested and not found.

Detailed histochemical analysis of S100B expression in the
mouse retina brought all these observations into accord (Figure 3).
As expected, the S100B-KO retina showed no S100B immunore-
activity (Wen etal., 2012), affirming the specificity of the SI00B
antibody, because photoreceptor outer segments also express
S100A1, another member of the S100 family (Rambotti etal.,
1999). S100B immunoreactivity was present in wild-type photore-
ceptors, however, it was not present in all of them. The scattered
S100B staining corresponded to that for cone-specific arrestin. On
the other hand, in retinas of Nrl=/~ mice, all outer segments
labeled for S100B as well as for cone arrestin. Because Nrl~/~
retina is rod-less and populated exclusively with cone photorecep-
tors (Mears etal., 2001) these results strongly indicate that among
photoreceptors, SI00B expression is restricted to cones. Unimodal
switch behavior in ROS-GC1~/~ outer segments (above) is now
easy to understand. In ROS-GC1~/~ retinas, cones degenerate but
the rods remain intact (Yang etal., 1999). Rods however, do not
express S100B, so the only Ca?* -regulated guanylate cyclase activ-
ity in ROS-GC17/~ retinas is the GCAPs modulated ROS-GC2
activity.

Our ongoing immunohistochemical studies with the Nile Rat
(Arvicanthis ansorgei) retina in which 33% of the photoreceptors
are cones, in contrast to the 3% cone population in the mouse
(Bobu etal., 2006) appear to corroborate the conclusion derived
from analyses of murine retinas that S100B co-exists with ROS-
GC1 exclusively in the cone outer segments.

Atpresent, the question about the role of the ROS-GC1 bimodal
switch in cone phototransduction is still unanswered because
cones from S100B~/~ mice have yet to be recorded. A model
illustrating some of the difficulties in understanding the operation

of the bimodal switch is shown in Figure 4. One issue is that
in darkness (DARK), Ca?* will not bind to S100B and activate
the switch if [Ca®T]; never exceeds 250 nM. However, the value
of 250 nM for [Ca%™T]; in darkness was taken from mouse rods
(Woodruff etal., 2002) because measurements from mouse cones
have not yet been made. Thus the true [Ca?*]; for cones in dark-
ness may be higher. A second issue is that without proper restraint,
operation of the bimodal switch at high [Ca®T]; would ignite
an explosive positive feedback: increased cyclic GMP production,
followed by opening of more cyclic GMP-gated channels, which
then allow a greater influx of Ca?t, etc. Cones could accumu-
late lethal levels of Ca?t or experience a collapse in ion gradients
(DEPOLARIZATION-S100B Mode). Indeed, genetic mutations
that result in a hyperactive ROS-GC complex cause the photore-
ceptors to degenerate (Olshevskaya etal., 2002; Zigel and Koch,
2014).

THE BIMODAL SWITCH EXISTS AT THE
PHOTORECEPTOR-BIPOLAR CELL SYNAPSE
Immunohistochemical studies also place ROS-GC1, GCAP1 and
S100B in the synaptic layers of the retina (Liu et al., 1994; Cooper
etal., 1995; Duda etal., 2002; Venkataraman etal., 2003). To
test whether the ROS-GC1 transduction system utilizes a Ca>*
bimodal switch at the photoreceptor-bipolar cell synapse (pre-
sumably the cone to bipolar synapse, see Figure 3), bovine retinal
synaptosomes (P1) were prepared and analyzed. Purity of the
preparation was ascertained by Western blotting with rhodopsin
kinase antibody. No immunoreactivity for rhodopsin kinase was
detected, assuring that the preparation was not contaminated with
ROSs, the original residential site of the ROS-GC1. Western blots
were positive for ROS-GC1, GCAP1 and S100B demonstrating that
indeed the synaptosomal fraction contained all the components

FIGURE 3 | Immunhistochemical localization of S100B to cones in the
murine retina. (A) Cone arrestin in red. Cone outer segment labeling is
overshadowed with by strong labeling of the synapse, nucleus and inner
segment. (B) S100B in green. Selected outer segments are labeled
intensely. Inner segments and synapses are also labeled. (C) Composite
showing that cone arrestin and S100B labeling are restricted to cones.
(D) Bright field. OS, outer segments; IS, inner segments; ONL, outer
nuclear layer containing nuclei of rods and cones; OPL, outer plexiform

layer containing synapses of rods and cones. (E) Composite showing
cone synapses at higher magnification. Overlap (yellow) between arrestin
and S100B is not perfect because the former is a soluble protein
whereas the latter is membrane bound. (F) Section from a different
retina that was doubly labeled for cone arrestin in green and S100B in
red at high magnification. Conditions were adjusted to optimize the
detection of outer segment labeling Courtesy of A. Pertzev, Salus
University.
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Exchanger

4 Na+

CNG
Channel

FIGURE 4 | Two modes of ROS-GC1 modulation by [Caz"']i in cones.
Dark state [left]. At [CaZ+]; ~250 nM CaZ* sensors: GCAP1, GCAP2,
S100B are ROS-GC1 bound; GCAP1 and GCAP2 are [Ca2*]; bound;
ROS-GC1 is in the basal state. Cyclic GMP generated keeps a fraction of
CNG channels open allowing an influx of Nat and CaZ*. In this graphical
simplification, GCAP2 and S100B are shown bound to the same ROS-GC
dimer but it is more likely that these two CaZ™ sensors bind separate
dimers. Hyperpolarization-GCAP mode [Top right]. LIGHT triggers activation
of phosphodiesterase and hydrolysis of cyclic GMP The decrease in cyclic
GMP causes CNG channels to close, preventing influx of Na™ and Ca2+

[Ca®]~25nM !

HYPERPOLARIZATION-GCAP Mode

[Ca2*1>400 nM &

DEPOLARIZATION-S100B Mode

and hyperpolarizing the outer segment plasma membrane. Extrusion of
Ca2+ by the Nat/Ca2+, K* exchanger lowers [Ca2™]; from ~250 nM to
about 25 nM. The decline causes GCAPs to stimulate ROS-GC1.
Depolarization-S100B mode [Bottom right]. [Ca2]; levels rise when CNG
channels open. With K1/2 of 400 nM, S100B captures Ca2+, triggering
activation of ROS-GC1. Cyclic GMP formed could open many more CNG
channels, greatly increasing the influx of Nat and CaZt. [Cazﬂ-‘ levels rise
still further because extrusion of Ca2* through Na+/Ca2+, K+ exchanger
slows as the ion gradients collapse. The cone outer segment may lose the
ability to maintain a membrane potential (Modified from \Wen etal., 2012).

of the ROS-GC1 bimodal system and was suitable for functional
analyses.

To be physiologically relevant, the components of the ROS-GC1
bimodal system, ROS-GC1, GCAP1 and S100B must reside in
proximity and not, e.g., in different populations of synapto-
somes. Because the Western analyses described above did not
provide information about the proximity of ROS-GC1, GCAP1
and S100B molecules, immunohistochemical analyses (Duda et al.,
2002; Venkataraman etal., 2003) and cross-linking experiments
were performed.

Cryosections of bovine retina were doubly labeled with anti-
bodies against GCAP1 or ROS-GC1 and SV2, a synaptic vesicle
protein that strongly stains photoreceptor termini (Buckley and
Kelly, 1985). The results revealed co-expression of ROS-GC1 and
GCAPI in cone synaptic termini (Venkataraman et al., 2003). Sim-
ilarly, co-localization of ROS-GC1 and S100B was shown (Duda
etal., 2002).

Cross-linking experiments with a non-cleavable imidoester
confirmed the proximity of ROS-GC1 and GCAPI in the
synaptosomal fraction (Venkataraman etal., 2003). Without the
cross-linker, the ROS-GC1 and GCAP1 antibodies identified

separate bands at ~120 kDa and ~21 kDa, respectively, corre-
sponding to the appropriate monomers. But in presence of the
cross-linker, both GCAP1 and ROS-GC1 antibodies identified a
common immunoreactive band at ~250 kDa, the approximate
size for a ROS-GCI1 dimer-GCAP1 complex. The results demon-
strated that ROS-GC1 and GCAP1, indeed, resided in proximity.
Because ROS-GCl1 resides with GCAP1 in cone synaptic ter-
minals and ROS-GC1 also resides with S100B, it was inferred
that all three components of the bimodal system co-reside in
the photoreceptor synaptic terminals, specifically cone synaptic
terminals.

Functionality of the ROS-GC1 bimodal switch in the P1 frac-
tion was determined by measuring guanylate cyclase activity at
Ca’*t concentrations ranging from 10 nM to 10 pM. Below
200 nM, Ca’* elicited a dose-dependent decrease in guanylate
cyclase activity with an “inhibitory” value (ICsg) for Ca?t of
100 nM. But at higher concentrations, ROS-GC activity began
to climb with an EC5g of 0.8 WM. Side by side analysis of photore-
ceptor outer segment and P1 membranes demonstrated that the
cyclic GMP synthetic activities were inhibited identically by free
Ca?*t with an ICsy of 100 nM.
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That GCAP1 was involved in the “inhibitory” phase of
ROS-GCI1 activity was confirmed by peptide competition exper-
iments. A sequence motif L%*-1°?2 in ROS-GCl is critical and
specific for the cyclase activation by GCAP1 (Lange etal., 1999).
The core motif within this domain consists of D°*7—R>'8, Anal-
ysis of the P1 and photoreceptor outer segments membranes
in parallel demonstrated that the incremental concentrations of
the L°%-1°22 and D>Y7—R>!8 peptides at 10 nM Ca’* inhibited
their guanylate cyclase activities with the same dose-dependence.
A control peptide of L3%3—1°22 with a scrambled sequence had
no effect on GCAP-dependent ROS—GC1 activity. Both fractions
showed a reversal of the peptide (D>7—R>!8)-dependent inhibi-
tion upon the addition of an excess of GCAP1 (Venkataraman
etal., 2003). Thus Ca®" signaling in the synapse region is mod-
ulated by GCAP1 and S100B. GCAP1 has the higher affinity
for Ca>* and upon binding, lowers ROS-GC1 activity. S100B
captures the high Ca?* signal and upon binding, stimulates
ROS-GCl.

A ROLE IN SIGNAL PROCESSING IN THE RETINA?

ERG recordings from wild-type and S100B~/~ mice provided the
first clues as to the physiological significance of S100B in retinal
function (Wen et al., 2012). The ERG is a field potential across the
retina generated by the electrical activity of all cells, including that
of rods and cones (reviewed in: Peachey and Ball, 2003; Weymouth
and Vingrys, 2008). The corneal negative a-wave, which sums the
photocurrent responses of rods, is normal in the SI00B-KO mice
because S100B is not present in rods. The corneal positive b-wave,
generated mainly by ON-bipolar cells, displays slower kinetics in
S100B~/~ mice; it peaks later and takes longer to recover. Oscilla-
tory potentials that arise from the activity of inner retinal neurons
are smaller and there are disturbances in their timing. Gaps in our
knowledge about what S100B is doing in the cone outer segment,
the cone synapses and for that matter, in other retinal neurons
preclude any attempt to interpret the changes in the ERG at this
time.

FUTURE DIRECTIONS

The composition and the operational principles of cones and
rods differ in ways that support their specialized visual functions:
extremely high sensitivity in rods, rapid responsiveness over a wide
dynamic range in cones. In addition to the GCAPs, S100B serves
as an additional Ca?>* sensor component of ROS-GC1 in cones.
Future tasks will be to decode this signal transduction system at
the molecular and physiological levels, to link it with cone-related
dystrophies and to design therapeutic options. Progress would be
facilitated if several important objectives were to be met. (1) A suit-
able mammalian model with abundant cones needs to be selected.
No such mouse model is available at present. Through genetic
manipulation, development of the rods has been suppressed in
Nrl~/~ mice and their retinas are cone-exclusive. But these cones
may not be exact copies of the natural, although biochemically
and physiologically, they appear to be very close (Nikonov etal.,
2005, 2006). One alternative is the Nile rat (A. ansorgei), whose
retina contains about 30% cones in contrast to the 3% population
in the mouse (Bobu etal., 2006). (2) The molecular architec-
ture of the ROS-GC complex needs to be understood. Which

combinations of Ca?* sensor proteins are possible in the com-
plex? Which actually occur? How are their relative levels within
different cell types regulated? (3) Ca’"-modulated signal trans-
duction by the ROS-GC complex needs to be defined at a molecular
level. For the S100B native to cones, what are the kinetic param-
eters of the S100B transduction switch? By what mechanism does
S100B sense Ca’>* and how does it effect a change in the cat-
alytic domain of ROS-GC? (4) The physiological role of S100B
in the cone photoresponse needs to be assessed. Does it acceler-
ate the recovery of cone response and increase the dark current?
What limits $100B stimulated ROS-GC activity at high Ca>*? Does
S100B increase the rate of vesicular release of neurotransmitter at
the synapse? SI00A1 is also expressed in outer segments, what is
its function? (5) S100B is expressed in inner retinal neurons but
nothing is known about what it does there. (6) S100B protein does
not fit in the presently classified NCS protein family, sharing only
15% sequence identity and containing only two EF-hands. There-
fore, the NCS family needs to be expanded to include S100B as a
branch.
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ROS-GC1 belongs to the Ca2*-modulated sub-family of membrane guanylate cyclases. It
primarily exists and is linked with signaling of the sensory neurons — sight, smell, taste, and
pinealocytes. Exceptionally, it is also present and is Ca?*-modulated in t he non-neuronal
cells, the sperm cells in the testes, where S100B protein serves as its Ca2t sensor. The
present report demonstrates the identification of an additional Ca%* sensor of ROS-GC1
in the testes, neurocalcin 8. Through mouse molecular genetic models, it compares and
quantifies the relative input of the S100B and neurocalcin § in regulating the Ca2+ signaling
of ROS-GC1 transduction machinery, and via immunochemistry it demonstrates the co-
presence of neurocalcin § and ROS-GC1 in the spermatogenic cells of the testes. The
suggestion is that in more ways than one the Ca2t-modulated ROS-GC1 transduction
system is linked with the testicular function. This non-neuronal transduction system may
represent an illustration of the ROS-GC1 expanding role in the trans-signaling of the neural
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Teresa Duda, The Unit of Regulatory
and Molecular Biology, Research
Divisions of Biochemistry and
Molecular Biology, Salus University,
8360 Old York Road, Elkins Park, PA
19027 USA

e-mail: tduda@salus.edu

INTRODUCTION

Rod outer segment membrane guanylate cyclase, ROS-GC1
(known also as Ret-GC1 or GC-E), belongs to the family of
membrane guanylate cyclases. Its discovery and molecular charac-
terization was a land mark event in the field of phototransduction
(reviewed in Pugh etal., 1997; Koch etal., 2010) as it identified
the source of cyclic GMP that serves as a second messenger of
the LIGHT signal. It also impacted the entire membrane guany-
late cyclase field by dividing the guanylate cyclase family into
two subfamilies, one comprising the hormone receptor cyclases,
and the other, cyclases modulated by intracellular [Ca?*]; signals
(reviewed in: Sharma, 2010). ROS-GCI belongs to the second
subfamily together with another rod outer segment guanylate
cyclase ROS-GC2 (Ret-GC2 or GC-F), and the olfactory neuroep-
ithelial guanylate cyclase, ONE-GC (GC-D; reviewed in: Sharma,
2010).

The best-documented physiological function of ROS-GC1 and
ROS-GC2 is in the recovery phase of phototransduction, to return
the illuminated photoreceptors to the dark, resting state. Illu-
mination of photoreceptors leads to activation of cyclic GMP
phosphodiesterase, depletion of cyclic GMP, closure of the cyclic
GMP gated (CNG) channels, lowering the free Ca?>* concentra-
tion, and hyperpolarization of the plasma membrane (reviewed
in: Pugh etal., 1997; Koch etal., 2010). The ROS-GCs task is
to restore the dark-level of cyclic GMP allowing opening of
the CNG channels, increase of Ca’T influx, and depolariza-
tion of plasma membrane. Ca?* concentration, thus, determines

Keywords: testes, neurocalcin 3, membrane guanylate cyclase, ROS-GC1, calcium ions

the activities of ROS-GCs but in an indirect way. Guanylate
cyclase activating proteins (GCAPs; GCAP1 and GCAP2) sense the
post-illumination fall in Ca?* and stimulate ROS-GCs to synthe-
size cyclic GMP at a faster rate and restore its dark level (reviewed
in: Detwiler, 2000; Koch et al., 2010).

GCAPs, however, are not the only CaZt sensing modulators
of ROS-GC activity. While increasing Ca>* concentrations inhibit
ROS-GCs activity through GCAPs, two other Ca?* sensors, S100B
and neurocalcin 8 stimulate ROS-GC1 in a Ca?*-dependent fash-
ion (Pozdnyakov etal., 1995; Margulis etal., 1996; Duda etal.,
1996a; Kumar et al., 1999). The Ca2+—dependent S100B-mediated
activation of ROS-GC1 operates in cones including their outer
segments and pedicles (Duda et al., 2002; Wen et al., 2012). Its role
in photo- and visual transductions remains to be established, but
existing data indicate its involvement in transmission of the visual
signal from cone ON-bipolar cells (Wen etal., 2012). Ca?* signal-
ing of ROS-GCl1 activity mediated by neurocalcin § is operative in
retinal ganglion cells (Krishnan etal., 2004); and of ONE-GC in
the olfactory neuroepithelium (Duda etal., 2001a, 2004).

Beyond the retina, ROS-GC1 is expressed in the pineal gland
where in one subset of pinealocytes it co-localizes with GCAP1
and in another, with SI00B (Venkataraman etal., 2000); in the
mitral cells of the olfactory bulb where it co-localizes with GCAP1
(Duda etal., 2001b); and it co-immunoprecipitates with SI00B in
the gustatory epithelium (Duda and Sharma, 2004).

Neurocalcin 8 (NC8) belongs to a subfamily of neuronal cal-
cium sensor (NCS) proteins called visinin like proteins (VSNLs).
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Similar to other, but not all NCS proteins, it is acylated
at the N-terminus by myristic acid and undergoes a classi-
cal calcium-myristoyl switch (Ladant, 1995) e.g., it buries the
myristoyl group in a hydrophobic pocket in a Ca?t free form
and exposes it in Ca?*-bound form, a phenomenon first observed
for recoverin (Zozulya and Stryer, 1992). Myristoylation of neu-
rocalcin 3 allows its membrane association in response to changes
in the intracellular Ca?t concentration. However, once NC§
binds to the cellular membranes in a Ca?*-dependent fashion,
part of it remains membrane associated even after removing
Ca?* by the addition of ethylene glycol tetraacetic acid (EGTA;
Krishnan etal., 2004). Although the highest level of NC8§ has
been detected in neuronal tissues, its expression in the periph-
ery is also observed. Functionally, NC8 has been linked to a
wide variety of processes such as receptor endocytosis through
interaction with ao- and B-clathrin and B-adaptin (Ivings etal.,
2002), trafficking and membrane delivery of glutamate recep-
tors of the kainate type (Coussen and Mulle, 2006), and with
microtubule assembly (Iino etal., 1995). The presence of NC§
has been found in the inner plexiform layer of the retina, e.g.,
in the amacrine and ganglion cells (Krishnan etal., 2004), olfac-
tory sensory neurons (Duda etal., 2001b, 2004) and in type
II cells of mouse circumvallate taste papillae (Rebello etal,
2011).

In the inner retinal layer NC§ acts as Ca?*-dependent mod-
ulator of membrane guanylate cyclase ROS-GC1 (Krishnan etal.,
2004) and in the olfactory neuroepithelium, of ONE-GC (Duda
etal., 2001a, 2004). The exact physiological significance of the
ROS-GC1-NCS8 signaling system in the retina is not known yet, it
has, however, been proposed that the system may be involved
in synaptic processes (Krishnan etal., 2004). In the olfactory
neuroepithelium neurocalcin 8 has been proposed as a Ca>* sen-
sor component of the two-step odorant uroguanylin signaling
machinery (Duda and Sharma, 2009).

Outside the neuronal system, NC3 is expressed in the adrenal
glomerulosa cells (Duda etal., 2012a,b). There it co-localizes with
the member of receptor guanylate cyclase sub-family, atrial natri-
uretic factor receptor guanylate cyclase (ANF-RGC), and has been
proposed to be involved in the inhibition of aldosterone synthesis
(Duda etal., 2012a,b). Accordingly, a mouse model in which one
copy of NC3 gene is deleted is inflicted with hyperaldosteronism
and hypertension (Duda etal., 2012b).

Preliminary studies localize also ROS-GC1 outside the neu-
ronal system, in male gonads, where it co-localizes with GCAP1
and S100B (Jankowska et al., 2007). It remains to be determined,
whether, and how ROS-GC1 and its companion calcium binding
proteins are involved in the physiology of the testis. Consider-
ing, however, that cyclic GMP and Ca?t are genuine mediators
of signal transduction in the testes in the physiology of fertiliza-
tion (reviewed in: Garbers, 1989; Jankowska and Warchol, 2010)
it is highly possible that ROS-GC1, stimulated or inhibited as
needed, in a Ca?"-dependent fashion by Ca?*-binding proteins,
is the provider of the physiologically necessary quantities of cyclic
GMP. We now present new observations on co-presence of NC§
and ROS-GCI1 in the spermatogenic cells and Ca®*-dependent
modes of NC8 and S100B in modulating ROS-GC1 signaling the
mammalian testes.

MATERIALS AND METHODS

TISSUES

The study group consists of testes from human (obtained from
consenting organ donors, n = 5), bovine (purchased from local
slaughter house, n = 3), and Wistar rat (obtained form the Vivar-
ium of Poznan University of Medical Sciences, Poznan, Poland,
n=12). The study was approved by the IACUC and Ethics Review
Boards of all the involved Institutions.

GENETICALLY MODIFIED MICE

Care of the experimental animals conformed to the protocols
approved by the IACUC at Salus University and was in strict com-
pliance with the NIH guidelines. Construction of heterozygous
NC8-KO (NC38*/~) mice is described in (Duda et al., 2012b). The
S100B-KO mice are described in (Wen etal., 2012).

ANTIBODIES

Rabbit ROS-GC1 and NC3 antibodies were produced, charac-
terized and affinity purified as in (Venkataraman etal., 2003;
Krishnan etal,, 2004). Secondary antibodies, AP-conjugated
goat anti-rabbit IgG, preimmune rabbit serum, NBT/BCIP, and
Cy3-conjugated sheep anti-rabbit I1gG were purchased from
Sigma-Aldrich.

REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION (RT-PCR)
Total RNA was isolated from seminiferous tubules and intersti-
tial tissue using TriPure isolation reagent (Roche Diagnostics),
according to the manufacturer’s protocols. The cDNA library was
constructed using Advantage RT for PCR kit (BD-Bioscience) and
used for the amplification of ROS-GC1 and neurocalcin § frag-
ments. Sequences of primers used for the amplification are listed
in Table 1. The amplified fragments were purified on agarose gel
and sequenced to confirm their identities.

WESTERN BLOTTING
The procedure was carried out according to the previously pub-
lished protocols (Venkataraman etal., 2000; Duda and Sharma,
2004; Jankowska etal., 2007). 150 mg of membrane fraction
proteins were denatured in gel-loading buffer [62.5 mM Tris-
HCI (pH 7.5), 2% SDS, 5% glycerol, 1 mM p-mercaptoethanol,
and 0.005% bromophenol blue] in 95°C for 10 min. Sam-
ples were then subjected to SDS-PAGE in a buffer contain-
ing 0.025 mM Tris-HCl (pH 8.3), 0.192 M glycine, and
0.1% SDS. Afterwards the resolved proteins were transferred
to nitrocellulose membranes. To avoid non-specific interac-
tions membranes were incubated in Tris buffered saline con-
taining 0.05% Tween 20 (TBS-T), 5% non-fat milk (blocking
buffer) overnight at 4°C. ROS-GC1 and NC3 proteins were
detected with specific rabbit polyclonal antibodies diluted 1:1500
and 1:1000, respectively. After 1 h incubation the blot was
rinsed three times with TBS-T and incubated with anti-rabbit
secondary antibodies conjugated with horseradish peroxidase
(1:10 000).

To visualize the immunoreactive bands SuperSignal blaze
chemiluminescent substrate (Pierce) was used according to the
manufacturer’s protocol. Signal was detected by exposing the blot
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Table 1| Primers used in PCR.

Species Gene PCR product Primer sequence 5 Primer sequence 3’ Amplified sequence
Human (Homo ROS-GC1Kin 553 bp 5 GGGAATAAGGTATCTGCACC3' 5'CCGGATCAGATCCTCCAZ nt: 2028-2581
sapiens) NM_000180
NCALD 526 bp 5’ACAGCAAGCTGCGCCCGGAGGTC3  5’ACAATGGACGGGTCGCTATTGGC3  nt:407-933
NM_001040624
Rat (Rattus ROS-GC1Kin 566 bp 5’ GAGATATCTCCACCATCGT3' 5TAACTCCTCTGTGCGTTCT3 nt: 2034-2600
Norvegicus) 36029
NCALD 526 bp 5’ACAGCAAGCTGCGCCCTGAAGTC 3" 5’ACAATGGAAGGGTCGCTTTTGGCI  nt: 177-704
NM_001024371
Bovine (Bos ROS-GC1Kin 548 bp 5’ ATAAGGTATCTGCACCATCGAG3’ 5'CCGGATCAGGTCCTCCAGGTTCY  nt: 2026-2574
Taurus) NM_174548
NCALD 527 bp 5’ ACAGCAAGCTGCGCCCGGAGGTCA3 5ACAATGGACGGGTCGCTCTTGGC3  nt:25-551
NM_174398

to Kodak X-ray film for 15 s. Then the X-ray film was scanned and
processed using Photoshop 6.0 software.

IMMUNOHISTOCHEMISTRY

Paraffin sections of the testes fixed in 4% paraformaldehyde were
used for immunohistochemical detecting of ROS-GC1 and NC8.
To block the non-specific binding the sections were first washed
with TBS (100 mM Tris-HCI, 0.9% NaCl) and incubated in block-
ing solution consisting of TBS buffer containing 0.05% Tween 20
(TBS-T) and 1% BSA for 1 h at room temperature. After washing
with TBS-T the sections were incubated with the respective pri-
mary antibodies for 60 min at 37°C and washed four times (15 min
each) in TBS-T. Anti ROS-GCI1 antibodies were diluted 1:200 and
anti neurocalcin 8, 1:100. AP-conjugated anti-rabbit IgG, diluted
1:200 and NBT/BCIP as the substrate were used for detection.
Controls included detection reactions carried out under identical
conditions except that the primary antibodies were replaced by
preimmune serum.

ISOLATION OF THE PARTICULATE FRACTION OF THE TESTES
Membrane fraction of the testes was isolated according to the pro-
tocol described previously (Marala and Sharma, 1988). The tissue
was homogenized in a buffer containing 250 mM sucrose, 10 mM
Tris-HCI (pH 7.4) and protease inhibitors. The homogenate was
centrifuged at 400 g and then the supernatant at 10,000 g and
finally, at 40,000 g. The resulting pellet represented the membrane
fraction.

GUANYLATE CYCLASE ACTIVITY ASSAY

The particulate fraction was assayed for guanylate cyclase activity
as described previously (Paul etal., 1987; Jankowska etal., 2007,
2008). Briefly, membranes were preincubated on an ice-bath with
or without NC3 in an assay system containing 10 mM theophylline,
15 mM phosphocreatine, 20 g creatine kinase, and 50 mM Tris-
HCI (pH 7.5), adjusted to the appropriate free Ca>* concentration
with precalibrated Ca?/EGTA solutions (Molecular Probes). The
reaction was initiated by the addition of a substrate solution (4 mM
MgCl, and 1 mM GTP, final concentration) and continued by

incubation at 37°C for 10 min. The reaction was terminated by the
addition of 50 mM sodium acetate (pH 6.2) followed by heating
in a boiling water-bath for 3 min. The amount of cyclic GMP
formed was determined by radioimmunoassay (Nambi et al., 1982;
Jankowska et al., 2007, 2008).

STATISTICAL ANALYSES
The activity of guanylate cyclase was calculated as mean of at least
six separate values &= SD.

RESULTS

General consensus has been that ROS-GCl1 is expressed exclu-
sively in the sensory as well as in the second order neurons of
the retina and in the neurons of the pineal gland and the olfac-
tory bulb (Hayashi and Yamazaki, 1991; Goraczniak etal., 1994;
Liu etal., 1994; Yang et al., 1995; Venkataraman etal., 2000; Duda
etal., 2001a). However, earlier results of these investigators pro-
vided the first indication that ROS-GCI is also expressed outside
the neuronal system, in bovine testes and sperm (Jankowska et al.,
2007, 2008). In the sperm, it is co-expressed with calcium sen-
sor S100B and neuronal calcium sensor proteins GCAP1 and NC3
(Jankowska etal., 2008). These results were striking enough to
warrant more detailed studies. Present investigation represents a
step in that direction.

MAMMALIAN TESTES EXPRESS ROS-GC1 AND NEUROCALCIN &:
ANALYSES AT THE mRNA LEVELS

The presence of ROS-GCI1 and NC8 transcripts was analyzed in
human, bovine, and rat testes. Using total RNA isolated from
these tissues individual ¢cDNA libraries were constructed and
used for amplification of specific fragments of ROS-GC1 and
NC3 cDNAs by polymerase chain reaction. For the amplifica-
tion, distinct, species-specific primers for ROS-GC1 or NC8 were
designed. These primers corresponded to the sequences located
within so called “kinase-like domain” of ROS-GC1 ¢DNA and
for NC3 they overlapped with the 5'- and 3’- ends of its coding
sequence. The amplification yielded fragments of 553, 548, and
566 bp of the human, bovine, and rat ROS-GCl, respectively,
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and 526 bp fragment of neurocalcin § (Table 1). Sequencing of
all amplified products confirmed their identities with ROS-GCl1
or NC§ cDNAs. The ROS-GC1 fragments represented indeed
sequence coding for the kinase-like domain, and the NC8 frag-
ment had sequence identical with the predicted part of NC§
coding region. Amplification of uninterrupted coding sequences
for ROS-GC1 and NC3 documented that the RNA used was
not contaminated with genomic DNA. Thus both, ROS-GCl1
and NC3 transcripts are present in human, bovine, and rat
testes.

MAMMALIAN TESTES EXPRESS ROS-GC1 AND NEUROCALCIN &:
ANALYSES AT THE PROTEIN LEVELS

At the protein level, the expression of ROS-GCI and NC3 in
mammalian testes was tested in two ways. First, a rudimen-
tary assessment of the expression of both types of proteins was
obtained by Western blotting; this was followed by immuno-
cytochemical localization of ROS-GC1 and NC3 in human and
rat testes. In both types of analyses appropriate affinity purified
antibodies, anti-ROS-GC1, or anti-NC3 were used. Immunos-
taining of bovine testis was performed in parallel as positive
control.

After establishing that ROS-GC1 and NC38 transcripts are
present in mammalian testes, their protein identity was scru-
tinized by Western blotting. The mobility of the ROS-GC1 or
NC3 immunoreactive band, ~116 kDa and ~20 kDa, respec-
tively, (Figures 1A,B) was identical to that observed previously
for ROS-GC1 expressed in photoreceptor outer segments (Duda
etal., 1996b) and NC8 expressed in the inner retina (Krishnan
etal., 2004). These results clearly confirm that both proteins,
ROS-GCI1 and NC3 are expressed in human, rat, and bovine
testes.

Detailed analyses of the localization of ROS-GC1 and NC8 in
the mammalian testes were performed by immunocytochemistry.
In human and rat testes ROS-GC1 immunostaining was randomly
distributed in the seminiferous tubules (Figures 2A,B). The pat-
tern of this staining was identical to that observed for bovine
testes (Figure 2C). Visual analysis allowed localizing the staining
to spermatogenic cells, especially to primary spermatocytes and
spermatids. The majority of primary spermatocytes (Figure 2;
indicated as Sc), spermatids (Figure 2; indicated as Sd) and single
spermatogonias (Figure 2; indicated as Sg) were immunostained
in all species tested, human, rat, and bovine. To verify specificity of
the ROS-GC1 immunostaining a control reaction was performed
in which ROS-GCI antibody was omitted and substituted with
the preimmune serum. Under these conditions no labeling was
observed (Figures 2A’-C).

In a similar manner the expression of NC8 in the human and
rat testes was analyzed (Figures 3A,B) and compared with that in
bovine testis (Figure 3C). NC3 immunoreactivity was observed in
all types of germinal cells: spermatogonias (Figure 3: Sg), sperma-
tocytes (Figure 3: Sc) and spermatids (Figure 3: Sd). Extremely
strong staining was observed in spermatids localized close to
seminiferous tubule lumen. No labeling was observed when the
sections were incubated with preimmune rabbit serum instead
of the NC} antibody, attesting to the specificity of the staining
(Figures 3A-C’).

25 —
20 — w—
15 ——

FIGURE 1 | Expression of ROS-GC1 and NC3 in the testes analyzed by
Western blot. Membrane proteins from human, rat, and bovine testes
were isolated and subjected to Western blot analyses with specific
antibodies against ROS-GC1 (A), and NC3 (B) as described in “Materials
and Methods.” Both types of analyzed proteins expressed in human, rat,
and bovine testis are shown in lanes 2, 3, and 4, respectively. Western
blotting of bovine retinal membranes was performed as a positive control
and is shown in lane 1 in (A) and (B). The positions of the molecular size
markers are given alongside.

The results presented clearly demonstrate that both ROS-GC1
and NC3 are expressed in the mammalian testes and in the ger-
minal cells. Importantly, the patterns of ROS-GC1 and NC8§
immunoreactivities are identical in the species analyzed (compare
Figures 2 and 3) strongly indicating that they co-localize with each
other. Notably, the intensities of the immunostaining for ROS-
GC1 or NC?3 increase with the maturation of the spermatogenic
cells.

Since the increase in the staining is observed across the cells in
different stages of spermatogenesis process — the highest accu-
mulation of analyzed proteins was observed in spermatocytes
and spermatids — it indicates that ROS-GC1 and NC8 expression
correlates with the stage of the seminiferous cycle.

NEUROCALCIN 3 STIMULATES ROS-GC1 CATALYTIC ACTIVITY
EXPRESSED IN THE TESTES: EVIDENCE FROM RECONSTITUTION
EXPERIMENTS

To demonstrate that neurocalcin 3 stimulates ROS-GC1 expressed
in the testes, their membranes were analyzed for guanylate cyclase
activity in the presence of NC3. Membranes of human, bovine,
and rat testes were isolated and incubated with increasing con-
centrations of NC§ and constant 100 M Ca?*. The amount of
cyclic GMP formed was determined as a measure of guanylate
cyclase activity. NC3 stimulated the cyclase activity in a dose-
dependent fashion (Figure 4). Half-maximal stimulation (ECsg)
was observed at ~0.8 WM NC3 in all three species tested. The
maximal stimulation of ~2.2-fold above the basal value was at
2 pM NC3. Importantly, the stimulatory profiles of guanylate
cyclase in the analyzed membranes were very similar to those
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FIGURE 2 | Inmunolocalization of ROS-GC1 in the testes.
Immunohistochemistry was performed using specific antibodies against
ROS-GC1 on paraffin sections of human (A), rat (B), and bovine (C) testes.
The ROS-GC1 was localized in spermatogenic cells. In the testes positive
staining was observed in spermatogonias (Sg), spermatocytes (Sc) and
spermatids (Sd), as indicated by the arrows. Control staining was
performed according to the procedure for ROS-GC1 detection, except that
preimmune serum was used instead of the primary antibody (A’=C’).
Original magnification 400X.

observed for the recombinant ROS-GC1 (Kumar etal., 1999)
and ROS-GC1 native to the retinal photoreceptor outer seg-
ments and inner plexiform layer (Krishnan etal., 2004). These
results show that NC3 indeed stimulates ROS-GC1 activity in the
testes.

R0OS-GC1 AND NC3 ARE FUNCTIONALLY LINKED: EVIDENCE FROM
GENETICALLY MODIFIED MICE

Because the experiments described above were conducted on the
native membranes of the testes but with exogenously supplied
NCS8, they prove the ability of ROS-GC1 to respond to NC8 but
they do not prove that these two together form a functional unit.
To determine this, the mouse model with deletion of one copy
of the NC§ gene, NC3¥/~, was used [mice with deletion of both
copies of NC8 are not born (Duda etal., 2012b)]. It was reasoned
that if NC3 is indeed the Ca®* -sensor modulator of ROS-GCI in
the testes of these mice the NC3-modulated Ca’>* signaling path-
way should be half as active as in those of the wild type mice
[wt (NC8H/T)]. To test this prediction, the particulate fractions
of the testes from wild type and NC8+/~ mice were isolated in
the presence of 100 WM Ca’T and tested for guanylate cyclase
activity in the presence and absence of Ca’>*. The reason for
isolating the membranes in the presence of Ca’* was that NC§

FIGURE 3 | Immunolocalization of NC$ in the testes. Paraffin sections of
the testes were incubated with primary antibodies against NC3. NC8§
immunoreactivity was observed in all spermatogenic cells of human (A),
rat (B), and bovine (C) testes. Particularly strong signal was detected in
spermatocytes and spermatids localized close to lumen of the
seminiferous tubule (indicated as Sc and Sd, respectively). Control staining
was performed according to the procedure for NC8 detection, except that
preimmune serum was used instead of the primary antibody (A’=C’).
Original magnification 400X.

exhibits the property of “calcium-myristoyl switch” which means
that in the presence of Ca?* it is membrane bound and there-
fore would be present in the membrane fraction (Ladant, 1995;
Krishnan etal., 2004). The guanylate cyclase activity assayed in
the absence of Ca>* (1 mM EGTA was present in the assay mix-
ture) was 58 & 7 pmol cyclic GMP min~! (mg prot)~! for the wt
and 63 + 8 pmol cyclic GMP min~! (mg prot)~" for the NC§*/~
mice (Figure 5: panel “Ca®*”). However, the cyclase activity deter-
mined in the presence of Ca®t was strongly dependent on the
mice genotype. With 1 uM Ca™ present in the assay mixture the
activity was 248 & 17 pmol cyclic GMP min~! (mg prot)~! for
the wild type mice and 148 & 16 pmol cyclic GMP min~! (mg
prot)~! for the NC5*/~ mice (Figure 5: panel “+Ca’* — basal”).
These results, as predicted, demonstrate that the Ca®>*-dependent
NC8-modulated ROS-GC1 signaling pathway in the mice with one
copy of NC5 gene deleted (NC3T/~) is about half as active as in
the wild type mice. To further validate that the lowering of the
Ca?*-dependent cyclase activity in the membranes of NC5*/~
mice is the exclusive consequence of lower NC3 expression, 4 uM
exogenous NC§ was added to the wild type and NC§*/~ mem-
branes and the cyclase activity was assessed in the presence of
1 uM Ca?*. The cyclase activity in the wild type membranes
increased only minimally, from 248 to 273 & 25 pmol cyclic GMP
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FIGURE 4 | Effect of NC$ on the guanylate cyclase activity in the
membranes of testes. Membranes of human, rat, and bovine testes were
isolated as described in “Materials and Methods" They were assayed for
guanylate cyclase activity in the presence of indicated concentrations of
NCs and 100 M Ca2*. Each experiment was done in triplicate, and
repeated two times. The results shown (mean + SD) are from these
experiments.

min~! (mg prot)~!but in the NC3+/~ membranes, from 148
to 258 & 28 (Figure 5: panel “+Ca’* + 4 uM NC3”). Thus,
the activity achieved was practically the same for both types of
membranes. These results demonstrate that addition of exoge-
nous NC3 to the NC8*/~ membranes restores the guanylate
cyclase catalytic activity and brings it to the level of activity in
the wild type membranes. The slight activity increase in the wild
type membranes can be explained by a partial loss of the native
NC3 during the membrane preparation procedure. Together these
results demonstrate that functional ROS-GC1-NC3-Ca?* trans-
duction system is operative and is the functional transduction
element in the testes.

WHICH CA2* SENSOR, NC5 OR S100B, IS THE MORE POTENT
REGULATOR OF ROS-GC1 ACTIVITY?

Our previous investigation has shown that S100B is expressed in
the testes (Jankowska etal., 2007) and the present results demon-
strate that NC3 is also expressed there. Thus, two Ca?>*-dependent
modulators of ROS-GCl activity are present in the testes. Taking
advantage of the availability of two types of genetically modi-
fied mice, NC3"/~ and S100B~/~ we attempted comparing the
relative inputs of NC8 and S100B into regulation of ROS-GCl1
transduction machinery.

Testes were removed from the wild type, NC§*/~ and
S100B~/~ mice, their membrane fractions were isolated in the
presence of 100 WM Ca’>* and assessed for guanylate cyclase
activity. The results of this experiment are shown in Figure 6.
In the absence of Ca?™ all three types of membranes exhibited
comparable activity of ~60 pmol cyclic GMP min~! (mg prot)~!

(Figure 6A: panel “basal”) and, as expected, the activity was not
affected by the addition of NC8 or S100B (Figure 6A: panels
“+ncalc §” and “+S100B”). However, when the cyclase activity
was assayed in the presence of Ca™ the values differed between the
genotypes: 250 pmol cyclic GMP min~! (mg prot)~! for the wild
type, 150 pmol cyclic GMP min~! (mg prot)~! for the NC§*/~
and 200 pmol cyclic GMP min~! (mg prot)~! for the S100B™/~
(Figure 6B: panel “basal”). These values describe the ROS-GC1
activity stimulated together by NC3 and S100B in the case of the
wild type membranes; stimulated by half of wild type amount of
NC3 and S100B in the case of NC5T/~ membranes; and stim-
ulated by NC3 only in the case of S100B~/~ membranes. Thus,
the difference between ROS-GC1 activity in testes of the wild type
mouse and the activity in the genetically modified mice (100 and
50 pmol pmol cyclic GMP min~—! (mg prot)~! for the NC3*/~
and S100B™/~, respectively) describes the Ca?>*-dependent stim-
ulatory effects lost due to the absence of half of the NC§ present
in the wild type testes or to the total absence of S100B. Higher
loss of activity resulting from deletion of one copy of NC3 gene
than resulting from deletion of two copies of S100B gene indi-
cates that NC3 is more potent than S100B in modulating the
Caz"'—dependent ROS-GC1 activity. One could argue, however,
that this comparison might not be totally reflective of the in vivo
contributions of NC3 and/or S100B, because there is a possibil-
ity that some of these proteins were lost during the membrane
preparation process. To settle this possibility the ROS-GC1 activ-
ity was measured in the presence of individually added NC3 or
S100B.

Addition of 4 puM NC3 (Figure 6B: panel “+ncalc §”) resulted
in a small increase of the cyclase activity exhibited by the mem-
branes isolated from the wild type testes (from ~250 to ~270 pmol
cyclic GMP min~! (mg prot)~! and isolated from the S100B~/~

_Ca2+ +Ca2+

Basal

+4 uM ncalc 8

] w
o o
o o

1 1

Guanylate cyclase activity
[pmol cGMP min™ (mg prot3'1]
=
<

WT NCs*- WT NC&" WT NC&*

FIGURE 5 | NCs modulates ROS-GC1 activity in mouse testes. Testes
were removed from the wild type (WT) and NC8*/~ mice and their
particulate fractions were isolated in the presence of 100 pM Ca2*.These
were assayed for guanylate cyclase activity in the presence of 1 mM EGTA
or 10 M Ca2+ (panel “—Ca2+"-and “+Ca2*"-basal). 4 uM myristoylated
NCs was added to the membranes and the guanylate cyclase activity was
assessed in the presence of 10 uM Ca2+.The experiment was done in
triplicate and repeated with separate membrane preparations. The results
are mean =+ SD of these experiments.
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FIGURE 6 | Comparison of NC$ and S100B stimulatory effects on
ROS-GC1 activity in mouse testes. Testes were removed from the wild
type (WT), NCs*/~, and $100~/~ mice and their particulate fractions were
isolated in the presence of 100 uM Ca2+. (A) The membranes were
assayed for guanylate cyclase activity in the presence of 1 mM EGTA in the
absence (panel “basal”) or presence of 4 pM myristoylated NC3 (panel

("+ 4 uM ncalc 8") or 4 uM S100B (panel “+S100B"). (B) The membranes
were assayed for guanylate cyclase activity in the presence of 10 uM
Ca2*("pasal”) or with the addition of 4 WM NC$ (panel “+ 4 uM ncalc 8")
or 4 wM S100B (panel “+ 4 wM S100B"). The experiment was done in
triplicate and repeated with separate membrane preparations. The results
are mean =+ SD of these experiments.

testes [from ~200 to ~220 pmol cyclic GMP min~! (mg prot)~'].
This non-significant to minimal increase of ROS-GC1 catalytic
activity in these membranes indicates that if any NC3 was lost
during the membrane preparation, it was only the insignificant
amount. For the NC§*/~ membranes the increase was signifi-
cant, from ~150 to ~260 pmol cyclic GMP min~—! (mg prot)~!.
Importantly, addition of 4 wM NC3 brought the ROS-GCl1 activity
in these membranes very close to the ROS-GCl activity in the wild
type membranes. Because only residual amount of NC3 was lost
during membrane preparation, as concluded from the wild type
and S100B~/~ membranes, practically all the increase of activity
in the NC8/~ membranes accounts for the activity lost due to
the expression of only half of the NC3 present in the membranes
from wild type testes.

When the ROS-GC1 activity was assayed with 4 puM S100B
added to the membranes (Figure 6B: panel “+S100B”) it increased
by ~40 pmol cyclic GMP min~! (mg prot)~! in the wild type
and by 25 pmol cyclic GMP min~! (mg prot)~'in the NC3+/~

membranes indicating that some S100B was lost in membranes
preparation. The increase was ~80 pmol cyclic GMP min~! (mg
prot)~!for the S100B~/~ membranes [from 205 to 282 pmol
cyclic GMP min~! (mg prot)~!] and this increase of activity in
the S100B~/~ membranes accounts for the activity lost due to the
loss of S100B expression in the testes. Comparing the activity loss
because of the absence of half of NC§ with the activity loss due to
the total absence of S100B expression shows that neurocalcin 3 is
more significant contributor to ROS-GC1 Ca?*-dependent activ-
ity than S100B. It could be estimated that NC3 contributes about
75% to ROS-GC1 Ca®* -dependent activity and S100B, about 25%.

DISCUSSION

The core finding of this study is that it establishes the presence and
molecular nature of a Ca?*- modulated ROS-GC transduction
system in all types of the germinal cells of the testes: spermatogo-
nias, spermatocytes, and spermatids. Because abundance of this
transduction system is present in the spermatids residing close to
the seminiferous tubule lumen, it hints that the system is linked
with the processes of spermatogenesis.

This Ca® T -dependent cyclic GMP generating transduction sys-
tem is composed of a transducer component ROS-GC1 and two
Ca’>*t sensor components, NC3 and S100B. NC§ is the major
signal contributor responsible for about 75% of the guanylate
cyclase stimulated catalytic activity, and S100B the relatively minor
contributor, about 25% of signaling activity.

Cyclic GMP appears to be a critical second messenger in
the physiology of the testes. In particular, it has been shown
to influence motility in spermatozoa, development of testicular
germ cells, relaxation of peritubular lamina propia cells, testos-
terone synthesis in Leydig cells, and dilatation of testicular blood
vessels (Singh etal., 1988; Armstrong etal., 1994; Middendorff
etal., 1997, 2000). Our immunostaining results demonstrate that
both ROS-GC1 and NC8 immunoreactivity is present in all germ
cells but its intensity is lowest in spermatogonias and highest in
spermatids, hence, it increases with maturation, indicating that
development of these cells may be directed by the activity of
ROS-GCl.

The present study, of basic biochemical nature, brings to
the fore several issues for future research. (1) What is the
exact composition of the transduction system: does it repre-
sent a single pathway, composed of one ROS-GC1 and two
Ca’* sensors, NC3, and S100B operating simultaneously? Or,
two independent, but complementary pathways, each composed
of one ROS-GC1 and one Ca?* sensor, NC8, or S100B? (2)
What is the precise morphological residence of any of these
transduction systems in the testicular cells? (3) What is the
exact stoichiometry of these components in the given cell types?
(4) What are the mechanistic details of the operational modes
of this/these ROS-GC transduction pathways? (5) What is the
physiological significance of these pathways to the testicular func-
tion, endocrine, fertility, including spermatogenesis; (6) what
is the interplay between the Ca?*-modulated ROS-GC1 signal-
ing pathway and ANF-dependent ANF-RGC pathway, another
cyclic GMP generating machinery functioning in the mam-
malian testes (Marala and Sharma, 1988; Pandey and Singh,
1990; Pandey etal., 1999; Mourdjeva etal., 2001) and finally,
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(7) how this information can be translated to the clinical level
to search for the pathway/s-linked diseases and finding their
cures?

Handicapped with these informational gaps, it is difficult to
construct a proper Ca?*-modulated signal transduction model
for any of the specific physiological function/s of the testes.
However, a preliminary signal transduction scheme is conceptual-
ized where [Ca2*]; modulation of ROS-GC1 activity can occur
through three modes. MODE 1 involves interaction of ROS-
GCl with its Ca?* sensors, NC§ and S100B. The ROS-GC is
stimulated in [Ca®*]; — dependent manner and generates cyclic
GMP. MODE 2 involves interaction of the ROS-GC1 with GCAP1
which is also present in the testes (Jankowska etal., 2007). It
is recalled that GCAP1 signaling is opposite to that of NC§ or
S100B; it stimulates ROS-GC1 catalytic activity in the absence
of Ca?* and progressively inhibits it with increasing Ca’* con-
centration (Duda etal., 1996b). Thus, through GCAP1 [Ca?*];
keeps the ROS-GC activity in the suppressed state. MODE 3, it is
the most interesting scenario. ROS-GC1 is present together with
the Ca?T-dependent guanylate cyclase activators (CD-GCAPs)—
NC3, S100B — and with GCAP1. The ROS-GC activity oscillates
between the GCAP1-dependent state and CD-GCAPs-dependent
state. In these states the cyclase is a bimodal Ca’* transduction
switch. And it functions according to the principles established for
the synapse region between the photoreceptor and ON-bipolar
cells (Duda etal., 2002; Venkataraman etal., 2003). This mode
of ROS-GC1 activity regulation is possible because each of the
three modulators targets its individual domain in ROS-GCl.
These domains have been mapped and are schematically shown
in Figure 7. Neurocalcin § targets the ROS-GC1 region V836-D8¢
(Venkataraman etal., 2008); S100B, G?92-N%8land 1!030_Q104!
(Duda etal.,2002); GCAP1, M*>—1436 and L503—1522(Lange etal.,
1999).

MODE 3 - MODEL

Basal state — low Ca>*: Ca’*-free GCAP1 stimulates ROS-
GC1 catalytic activity. Cyclic GMP formed in response to this
stimulation opens some of the CNG channels present in the
sperm membranes (Wiesner etal., 1998; Revelli etal., 2002).
At least some of the Ca’* ions entering the sperm through
the open CNG channels are bound by neurocalcin 8 and/or
S100B. It is important to note that the half-maximal activa-
tion of ROS-GC1 by GCAPI1 occurs at 707 nM Ca?™ (Hwang
etal., 2003), the Ca®t concentration at which neurocalcin 3
and S100B are able to activate ROS-GC1 with approximately
half-maximal effectiveness. With increasing Ca>* concentrations
GCAP1 inhibits ROS-GC1 activity while neurocalcin 8 and S100B
stimulate it. Active state — Ca>T-bound NC3 and/or S100B fur-
ther stimulate ROS-GC1 and cyclic GMP is formed in higher
quantities leading to massive opening of CNG channels and
influx of CaZt (Shapiro etal., 1990; Revelli etal., 2002). In
this phase, the ROS-GC1 activity is resultant of two oppos-
ing effects, inhibitory through GCAP1 and stimulatory, through
NC3 and S100B. Signal termination: when cyclic GMP and
[Ca®*]; reach the optimal level necessary for sperm membrane
hyperpolarization and physiological function (e.g., capacita-
tion and/or acrosome reaction; Galinado etal., 2000) combined

TOPOGRAPHIC
DOMAINS

Ca?* SIGNALING
MODULES

ROS-GC1

(4

ECD
1-412

™
413-436
JMD
437-494
KHD
495-767

SHD
768-812

CcD
813-964

GCAP1
415M-L456; L503-11522

Neurocalcin &
V836-D856
$100B
CTE 1;11030-Q
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FIGURE 7 | Topography of ROS-GC1. A schematic diagram of ROS-GCT1,
with its multiple domains is provided. The extracellular (ECD), the
transmembrane (TM), the juxtamsembrane (JMD), the kinase homology
(KHD), the signalling helix (SHD), the catalytic (CD), and the C-terminal
extension (CTE) domains have been identified on the left-hand side; the
GCAP1, NC8, and S100B binding domains are indicated to the right.

effects of protein phosphorylation and phosphodiesterase activ-
ity (Su and Vacquier, 2006) lead to lowering of cyclic GMP
levels, closure of the CNG channels and cessation of the Ca?*
influx.

CONCLUSION

Co-expression of NC3, S100B, and GCAP1 with ROS-GC1 in
mammalian spermatogenic cells confers bimodal Ca®* sensitiv-
ity to cyclic GMP synthesis. The stimulatory arm of the switch
operated by NC3 and S100B is essential for timely opening of the
CNG channels by cyclic GMP produced and vast influx of Ca®*
necessary for the acrosome reaction. In this stimulatory arm NC3
appears to be a significantly more important player than S100B.
The inhibitory arm operated by GCAP1 stops the cyclic GMP syn-
thesis and therefore Ca’* influx. Our findings demonstrate that
ROS-GC1 transduction system and its bimodal Ca?>* modulation
is not unique to neurosensory and neurosensory-linked systems
and has a more widespread role in general Ca’*-dependent
signaling and may be a part of the fertilization machinery.
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Atrial natriuretic factor receptor guanylate cyclase (ANF-RGC), was the first discovered
member of the mammalian membrane guanylate cyclase family. The hallmark feature of the
family is that a single protein contains both the site for recognition of the regulatory signal
and the ability to transduce it into the production of the second messenger, cyclic GMP
For over two decades, the family has been classified into two subfamilies, the hormone
receptor subfamily with ANF-RGC being its paramount member, and the Ca2* modulated
subfamily, which includes the rod outer segment guanylate cyclases, ROS-GC1 and 2, and
the olfactory neuroepithelial guanylate cyclase. ANF-RGC is the receptor and the signal
transducer of the most hypotensive hormones, ANF-and B-type natriuretic peptide (BNP).
After binding these hormones at the extracellular domain it, at its intracellular domain,
signals activation of the C-terminal catalytic module and accelerates the production of
cyclic GMP Cyclic GMP then serves the second messenger role in biological responses
of ANF and BNP such as natriuresis, diuresis, vasorelaxation, and anti-proliferation. Very
recently another modus operandus for ANF-RGC was revealed. Its crux is that ANFFRGC
activity is also regulated by Ca?*. The Ca?* sensor neurocalcin d mediates this signaling
mechanism. Strikingly, the Ca2* and ANF signaling mechanisms employ separate structural
motifs of ANF-RGC in modulating its core catalytic domain in accelerating the production
of cyclic GMP In this review the biochemistry and physiology of these mechanisms with
emphasis on cardiovascular regulation will be discussed.

Keywords: atrial natriuretic factor, atrial natriuretic factor receptor guanylate cyclase, calcium, cyclic GMP,

neurocalcin 3, signal transduction

INTRODUCTION

In the 1980s, the field of cellular signal transduction underwent
total metamorphosis. Until then only two major paradigms of
signal transduction, that of cyclic AMP and that of IP3 (inosi-
tol triphosphate) were known and were used to explain cellular
signaling mechanisms and the second messenger concepts. Each
of these two paradigms constituted an assemblage of three com-
ponents — receptor, GTP binding protein, and the transducer
catalyst — necessary for signal transduction. The astonishing
discovery of a novel membrane protein that was simultane-
ously a receptor of a hormone and the transducer of its signal

Abbreviations: ANF, atrial natriuretic factor; ANF-RGC, atrial natriuretic factor
receptor guanylate cyclase; ARM, ATP-regulatory module; ATP, adenosine triphos-
phate; BNP, B-type natriuretic peptide; CNP, C-type natriuretic peptide; CNP-RGC,
C-type natriuretic peptide receptor guanylate cyclase; cyclic AMP, 3,5 -cyclic adeno-
sine monophosphate; cyclic GMP, 3',5'-cyclic guanosine monophosphate; CNG
channel, cyclic nucleotide gated channel; GCAP, guanylate cyclase activating protein;
GC-A, guanylate cyclase-A; GC-B, guanylate cyclase-B; GC-C, guanylate cyclase-C;
GC-D, guanylate cyclase-D; GC-E, guanylate cyclase-E; GC-F, guanylate cyclase-
F; GC-G, guanylate cyclase-G; KHD, kinase homology domain; K-LD, kinase-like
domain; NC3, neurocalcin 8; NPR-A, natriuretic peptide receptor-A; ONE-GC,
olfactory neuroepithelial guanylate cyclase; STa-RGC, heat-stable enterotoxin (also
guanylin and uroguanylin) receptor guanylate cyclase; ROS-GC, rod outer segment
guanylate cyclase.

added a new dimension to our understanding of cellular sig-
nal transduction. The hormone was the newly described atrial
natriuretic factor (ANF; de Bold, 1985) and the membrane pro-
tein was both its receptor and guanylate cyclase enzyme, termed
therefore atrial natriuretic factor receptor guanylate cyclase (ANF-
RGC; Kuno etal., 1986; Paul, 1986; Paul etal., 1987; Takayanagi
etal., 1987; Meloche etal., 1988). Other terms to describe the
protein are GC-A and NPR-A. ANF-RGC responded to ANF
binding with accelerated synthesis of its second messenger cyclic
GMP. The novelty of the system was 2-fold; first, a single pro-
tein, ANF-RGC, which contained both the ability to recognize
the ANF hormonal signal and the activity to translate the hor-
monal information into the production of its second messenger,
cyclic GMP was identified; and second, cyclic GMP was rec-
ognized as bona fide hormonal second messenger. Until then,
the majority of laboratories forcefully denied the hormonal sec-
ond messenger role of cyclic GMP (reviewed in Sharma, 2002,
2010).

The concept that ANF-RGC is indeed both hormone receptor
and a catalyst was further supported by cloning studies (Chinkers
etal., 1989; Lowe etal., 1989; Pandey and Singh, 1990; Duda
etal., 1991; Marala et al., 1992). Homology cloning made possible
finding other receptor membrane guanylate cyclases: C-type
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natriuretic peptide receptor guanylate cyclase, CNP-RGC (also
known as GC-B; Chang etal., 1989; Schulz etal., 1989; Duda
etal, 1993b) and heat-stable enterotoxin (also guanylin and
uroguanylin) receptor guanylate cyclase, STa-RGC (GC-C; Schulz
etal,, 1990; de Sauvage etal., 1991; Singh etal., 1991; Hamra
etal., 1993; Khare etal., 1994). Identification of these three struc-
turally and functionally related membrane guanylate cyclases
that were receptors for hormonally active peptides resulted in
a notion that all membrane guanylate cyclases, even those
still to be discovered, were receptors for specific extracellular
ligands.

The notion was short-lived, however. The next four, in chrono-
logical order, identified membrane guanylate cyclases: the rod
outer segment guanylate cyclases, ROS-GC1 (also known as
RetGCl1 or GC-E; Koch, 1991; Shyjan etal., 1992; Goraczniak
etal., 1994) and ROS-GC2 (RetGC2 or GC-F; Lowe etal., 1995;
Yang etal., 1995; Goraczniak etal., 1998), the olfactory neuroep-
ithelium guanylate cyclase, ONE-GC (also termed as GC-D) (Fulle
etal., 1995; Duda etal., 2001a) and GC-G (Schulz et al., 1998), did
not respond with increased activity to any extracellular ligand.
They were therefore branded as “orphan receptors” (Fulle etal.,
1995; Yang etal., 1995; Wedel and Garbers, 1997; Schulz etal,,
1998).

ROS-GC1 and ROS-GC2 were not orphan RGC, however. Bio-
chemical and physiological findings began to reveal that regulation
of their catalytic activities is specific to their physiological func-
tion which is to return the illuminated photoreceptors to the dark,
resting state. The illumination leads to activation of cyclic GMP
phosphodiesterase, depletion of cyclic GMP, closure of the cyclic
GMP gated (CNG) channels, and lowering the free Ca?* con-
centration (reviewed in Pugh etal., 1997; Koch etal., 2010). The
ROS-GCs’ task is to restore the dark-level of cyclic GMP allow-
ing opening of the CNG channels and increase of Ca?™ influx.
Ca?t concentration, thus, determines the activity of ROS-GCs
but it occurs in an indirect way. Guanylate cyclase activating
proteins (GCAPs) sense the post-illumination fall in Ca?* and
stimulate ROS-GCs to resynthesize cyclic GMP at a faster rate
(reviewed in Detwiler, 2000; Koch etal., 2010). In this cyclic
GMP-Ca?* feedback mechanism, ROS-GCs do not respond to
an extracellular ligand but to their intracellular Ca?* sensing lig-
ands, the GCAPs (Palczewski etal., 1994; Dizhoor etal., 1995;
Duda etal., 1996b).

Soon thereafter the evidence began to emerge, primarily from
our laboratory, that GCAPs are not the only Ca?* sensing modu-
lators of ROS-GC activity. While increasing Ca>* concentrations
inhibit ROS-GCs activity through GCAPs, two other Ca>* sensors,
S100B, and neurocalcin § (NC3) stimulate ROS-GCl in a Ca2*-
dependent fashion (Pozdnyakov etal., 1995; Duda etal., 1996a;
Margulis etal., 1996; Kumar etal., 1999). The Ca?*-dependent
S100B-mediated activation of ROS-GC operates in cones includ-
ing their outer segments and pedicles (Wen etal., 2012). Its role
in photo- and visual transductions remains to be established, but
existing data indicate its involvement in transmission of the visual
signal from cone ON-bipolar cells (Wen etal., 2012). Ca?* signal-
ing of ROS-GC activity mediated by NC8 is operative in retinal
ganglion cells (Krishnan etal., 2004) but its linkage with the visual
transduction is not clear yet.

Similar, but with additional twists, regulation of ONE-GC
occurs in a subset of olfactory sensory neurons (Fulle etal., 1995;
Duda etal., 2001a; Pertzev etal., 2010). The cyclase was initially
classified as a member of the Ca?* modulated subfamily (Duda
etal., 2001a). Its activity is modulated in a Ca?*-dependent fash-
ion by NC3 (Duda etal., 2001a, 2004) and by GCAP1 (Duda et al.,
2006, 2012a; Pertzev etal., 2010). Remarkably, the Ca?t-GCAP1
pattern of ONE-GC modulation is opposite to that of ROS-GC
modulation. Sensing increasing concentrations of Ca?* GCAP1
stimulates ONE-GC while it inhibits ROS-GC (Duda et al., 2006,
2012a).

After the Ca?*-dependent modulation of ONE-GC activity was
demonstrated, an extracellular ligand of the cyclase was found.
The ligand was the odorant uroguanylin (Leinders-Zufall etal.,
2007; Duda and Sharma, 2008; reviewed in Sharma and Duda,
2010; Zufall and Munger, 2010). Hence, ONE-GC responds to
both extracellular (uroguanylin) and intracellular Ca?* signals.
At this point a new, two-step “cross-talk” odorant transduction
model was proposed (Duda and Sharma, 2009). In “step 1,” the
odorant uroguanylin interacts with the receptor domain of ONE-
GG, causing its minimal activation. The cyclic GMP generated in
response to uroguanylin signal opens a few of the CNG3 channels
leading to some increase in [Ca2t]; in the odorant receptor cell. In
“step 2,” the membrane bound NC8 and GCAP1 sense the increase
in [Ca?T]; and in their Ca>*-bound states fully activate ONE-
GC triggering maximal influx of Ca?*and depolarization of the
olfactory receptor cell membrane.

The odorant receptor ONE-GC linkage with the intracellular
free Ca?™ signals brought forth a question whether this cyclase
is a unique case of dually regulated membrane guanylate cyclase.
Latest studies from our laboratory demonstrate that it is not. The
nascent member of the hormone receptor subfamily, the ANF-
RGC, is also responsive to Ca?* (Duda et al., 2012a,b) and NC8 is
the sensor protein which communicates the Ca’* signal to ANF-
RGC and in the Ca?*-bound state, activates ANF-RGC activity.
The two modes of ANF-RGC activation, hormonal and Ca*-
dependent, engage their specific and independent pathways of
transmitting the stimulatory signals to the catalytic domain. The
end-product, however, is common, the second messenger cyclic
GMP. Because of the individual signaling mechanisms involved
in Ca’* and hormonal signaling their net effects are multi-
plicative. Hence, in terms of the original sub-classification, the
present day knowledge is that at least two cyclases, ANF-RGC
and ONE-GC, are hybrids sensing both hormonal and Ca?™
signals.

The last cloned membrane guanylate cyclase was GC-G. Until
today, the information of its function is very scarce. It was sug-
gested that the mouse form of GC-G is selectively expressed in the
sperm and may be involved in the process of capacitation (Kuhn
etal., 2004). Other reports suggest that the cyclase is expressed in
Grueneberg ganglion olfactory subsystem where it is responding to
CO; (Chao etal.,2010) or to cool ambient temperature indicating
its role in thermo-sensation (Mamasuew et al., 2008).

The following discussion is exclusively devoted to the ANF-
RGC. It was the first template model, which established that
cyclic GMP is a bona fide hormonal second messenger. The ongo-
ing studies define the second ANF-RGC transduction model,
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Ca’*-modulated signaling. It makes ANF-RGC a bimodal switch,
hormonal and Ca?*. An additional significant part of the review is
coverage of the manner in which these two models have now begun
to explain the biochemical principles of cardiovascular, renal and
endocrine homeostasis with special emphasis on blood pressure
regulation.

HORMONAL SIGNALING OF ANF-RGC ACTIVATION

BINDING OF LIGAND-HORMONE ANF

Although intuitively expected, the first experimental evidence
that the ANF binding site in ANF-RGC is located within the
extracellular domain came first from the site-directed and dele-
tion mutagenesis studies. A mutant ANF-RGC was cloned from
rat adrenal ¢cDNA library (Duda etal., 1991) and termed GCa.
Its sequence differed from ANF-RGC by two amino acid sub-
stitutions Q**® — H and L*** — P which resulted from single
nucleotide mutations, CAG — CAC and CTG — CCG, respec-
tively. Expressed in heterologous system of COS cells, GCa
was properly located in the plasma membrane and exhibited
basal guanylate cyclase activity; it however, neither bound nor
responded to ANF or other natriuretic peptides (Dudaetal., 1991).
These results demonstrated that the two amino acid substitu-
tions exclusively abolished binding of ANF and therefore ANF
signaling of the cyclase activity. Restoration by site-directed muta-
genesis, glutamine at position 338 and leucine at position 364,
reinstated ANF binding and ANF-dependent stimulation of the
cyclase.

The site of ANF binding was further systematically analyzed
(McNicoll etal., 1992, 1996; He etal., 1995; Misono, 2002). By
cross-linking and proteinase digestion it was determined that the
amino terminus of ANF is in contact with the region M'73-F!88 of
ANF-RGC, and the C-terminus, with D'*1-R1%® region. The fact
that the identified contact sites were very close to each other was
interpreted that the N- and C- termini of ANF interface distinct
subunits of ANF-RGC homodimer. Importantly, it also implied
that one ANF-RGC dimer binds one molecule of ANE

Details of ANF binding to the ANF-RGC extracellular domain
were unraveled by analyses of the extracellular domain of ANF-
RGC co-crystallized with ANF (Ogawa etal., 2003, 2004). These
analyses revealed that (1) the extracellular domain of ANF-RGC
exists as a dimer in the head-to-head configuration; (2) one ANF-
RGC dimer binds one molecule of ANF (2:1 complex); (3) the
binding site in one monomer differs from that in the other - one
monomer binds the N-terminal part of ANF and the other binds
C-terminal part; (4) there is no preference in ANF binding to a spe-
cific monomer of the extracellular domain; bound ANF occurs in
two alternate orientations of equal occurrence; (5) the membrane-
distal portion of the extracellular domain contains chloride ion
necessary for ANF binding.

TRANSMEMBRANE MIGRATION OF THE ANF BINDING SIGNAL

With the exception of enterotoxin RGC, all membrane guany-
late cyclases contain a hinge region juxtaposed to the N-terminal
side of the transmembrane domain. This region contains two con-
served cysteine residues separated from each other by 6-8 residues.
In ANF-RGC these residues are Cys*?®> and Cys**? and were indi-
cated as a critical structural motif in ANF signaling (Huo etal,,

1999; Labrecque etal., 1999; Miyagi and Misono, 2000). There
was however no consensus on the mechanism of its operation.
Based on results with intact cells transfected with ANF-RGC cDNA
it was proposed that the cysteines are involved in dimerization
through the formation of an inter-chain S-S bridge (Huo etal.,
1999; Labrecque etal., 2001) or, that they form an intra-chain
disulfide bridge (Huo etal., 1999; Miyagi and Misono, 2000).
Analyses of guanylate cyclase activity in isolated membranes of
COS cell expressing C*2*S, C*2S, and C*23S, C*2S mutants (Duda
and Sharma, 2005) allowed to conclude that both C*23 and C*3?
residues independently and equally control the catalytic activity
of ANF-RGC and that activation of ANF-RGC does not involve
interchain-disulfide bond formation. In the basal state, the disul-
fide motif keeps the ANF-RGC in its repressed catalytic state and
ANF/ATP signaling brings it to the fully active state (Duda and
Sharma, 2005).

A model of hormone-induced rotation has been proposed to
explain how the extracellular signal is transmitted through the
hinge region to the intracellular domain of ANF-RGC (Ogawa
etal., 2004; Misono etal., 2005). Binding of ANF causes a twist
motion of both ANF-RGC monomers centered on a support
point close to the bound ANE. This twist motion translocates the
juxtamembrane domains of both monomers with only minimal
change in the distance between them. This movement constitutes a
signal, which is transmitted through the transmembrane domain.
Rotation of the transmembrane domain by 40 degrees occurs in
response to ANF binding (Parat etal., 2010).

PASSAGE OF THE ANF SIGNAL THROUGH THE INTRACELLULAR
DOMAIN

ANF signaling requires ATP

Early studies, before the biochemical characterization of ANF-
RGC, demonstrated that activation by ANF is significantly ampli-
fied by ATP in the guanylate cyclase activation (Kurose etal.,
1987; Cole etal., 1989; Chang etal., 1990; Larose etal., 1991;
reviewed in Sharma, 2002; Duda etal., 2005). Subsequently, it
was demonstrated that ATP is obligatory for ANF-dependent acti-
vation of ANF-RGC (Chinkers etal., 1991; Marala etal., 1991;
Goraczniak etal., 1992; Wong etal., 1995; reviewed in Duda
etal., 2005). Because the ATP effect was mimicked by its non-
hydrolyzable analogs, ATPyS and AMP-PNP, it was suggested
that ATP acts as an allosteric regulator (Chinkers etal., 1991;
Marala etal., 1991; Goraczniak etal., 1992; Wong etal., 1995;
reviewed in Duda etal., 2005). Shortly thereafter it was shown
that ATP is also obligatory for the CNP-dependent stimulation of
CNP-RGC (Dudaetal., 1993a,b). Thus, it appears that the require-
ment of ATP is a common attribute of natriuretic peptide RGC
signaling.

Studies with ANF-RGC deletion mutants revealed that the ATP
regulated region resides in the intracellular portion of ANF-RGC
between the transmembrane and the C-terminal catalytic domain
(Chinkers and Garbers, 1989; Goraczniak et al., 1992). This region
was named the kinase homology (or kinase-like domain; KHD or
K-LD) because of its sequence similarity with the corresponding
domains of tyrosine kinases (Chinkers etal., 1989; Chinkers and
Garbers, 1989; Duda etal., 1991). A model for the ATP function
was proposed that “binding of ANP to the extracellular domain of
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its receptor initiates a conformational change in the protein K-LD,
resulting in de-repression of guanylate cyclase activity” (Chinkers
and Garbers, 1989). The central idea behind the model was that
KHD in native ANF-RGC suppresses the catalytic module activ-
ity; ANF functions by relieving this suppression. Study from our
group using two KHD deletion mutants, A506—677 and A555—
762, negated this model and proposed an alternative one where
ATP via ATP regulated module (ARM) potentiates the hormonal
signal “(1) the signal is caused by the binding of the hormone to the
receptor site; (2) there is a transmembrane migration of the signal;
(3) the signal is potentiated by ATP at ARM; and (4) the amplified
signal is finally transduced at the catalytic site” (Goraczniak etal.,
1992).

ATP allosteric effect and the ARM domain

Within the KHD ANF-RGC contains a sequence, G*%3-X-G>0%-X-
X-X-G? (Goraczniak etal., 1992) which is a modified form of
the protein kinases’ nucleotide-binding consensus sequence G-X-
G-X-X-G necessary for kinase activity (Wierenga and Hol, 1983;
Hanks etal., 1988; Bratové etal., 2005). This motif was probed
for its significance in ATP function in ANF signaling. Through
analyses of a series of deletion and point mutants it was deter-
mined that the G>%3-X-G>%-X-X-X-G>% motif is critical for the
ATP function (Goraczniak etal., 1992; Duda etal., 1993a; Duda
and Sharma, 1995; reviewed in Sharma, 2002; Duda et al., 2005).
Although it is not involved in ATP binding it maintains the steric
arrangements to fit the ATP molecule. For this reason, the motif
has been named ARM (Goraczniak etal., 1992) and the KHD,
where the ARM resides, was termed the ARM domain (Duda
etal., 2001b; Sharma etal., 2001). To get an insight into the mech-
anism of ATP function, the structure of the ARM domain was
simulated through computer-assisted homology based modeling
(Duda etal., 2001b; Sharma et al., 2001; PDB ID 1T53). The basic
structural features of the model have been experimentally val-
idated through point mutation/expression studies (Duda etal.,
2001b; Sharma etal., 2001; reviewed in Sharma, 2002; Duda et al.,
2005).

Spatial determinants of the ARM domain. The domain com-
prises amino acid residues 496-771, which are arranged into two
lobes: the smaller, N-terminal (91 aa residues: 496-586), and the
larger, C-terminal (185 aa residues: 587-771; Duda etal., 2001b).
Four antiparallel p strands and one « helix form the smaller lobe;
the larger lobe is predominantly helical, composed of eight a-
helices and two B strands (Duda et al., 2001b; Sharma et al., 2001).
The ARM motif, G?-X-G*%°-X-X-X-G*% is located within the
smaller lobe.

The ATP-binding pocket. In order to identify the ARM domain
residues potentially involved in ATP binding the model of this
domain in its ATP-bound form was analyzed (Duda etal., 2005).
A radius of 4 A from the ATP molecule was chosen as the limiting
distance for the electrostatic, hydrogen or van der Waals’ interac-
tions. Two sets of residues were identified (Figure 4 in reference
Duda etal., 2005): (1) those forming the floor of the ATP binding
pocket; (2) those surrounding ATP molecule. The residues in the
first set are: G293, R304, G035 306 N207 y508 and GO, These

residues have no direct chemical interaction with ATP; they, how-
ever, provide necessary space to accommodate the ATP molecule.
The residues in the second set surround the individual components
of ATP, the adenine ring, the ribose ring and the triphosphate moi-
ety. The adenine ring is surrounded by L>!1, T3, 7514 E>15 Q317
A533 580 581 (0583 7635 4nd T645 and 1511, T513) and C83 are
within a distance shorter than 3 A.

GO03 211 513 514 5380 6387 50gyurround the ribose ring
with L' and T°'* located within 2.5 A radius from the ribose. The
phosphate groups are surrounded by R>*4, G395, 1511 K535 N633,
D%, and K> is the nearest residue (2.6 A) forming a hydrogen
bond with the phosphate and has been shown to be critical for ATP
regulation of ANF-dependent ANF-RGC activity; D% interacts
with the triphosphate group of ATP through the formation of a
coordinate bond with the metal ion Mg> ™.

Interaction of ATP with the ARM domain. Kinetics of ATP bind-
ing to the ARM domain was determined through SPR spectroscopy
(Burczynska etal., 2007). AMP-PNP, the non-hydrolyzable analog
of ATP was used for the binding studies. Half-maximal bind-
ing (ECsg) occurred when the concentration of AMP-PNP was
~0.2 mM and the calculated Kp value was 0.21 mM. Similar results
(ECs0 value of 0.15 mM and Kp of 0.13 mM) were obtained when
8-azido-ATP was used.

The model-predicted ATP binding pocket (vide supra) was
authenticated experimentally by cross-linking of the purified iso-
lated ARM domain protein with 8-azido-ATP, trypsin digestion of
the cross-linked product and sequencing of the resulting peptides
(Burczynska etal., 2007). Three peptides were found to be pho-
toaffinity modified. The longest modified peptide was identified as
GS""MLFLHNG-AICSHGNLKSSNCVVDGR®*and the shortest
as SBISNCO3*VO3SVDGR. Inall three peptides Cys®**was modified
indicating that this residue was the closest to the azido group. The
GO14_R% fragment contains six ATP-binding pocket-predicted
residues (Duda et al., 2005): §625, K630 631 §632 N633 4nd Vo33,
and the shortest $3'—-R%3? fragment contains three residues: S°*,
N©33 and VO35 (Duda et al., 2005). The refined ARM model (Duda
etal., 2005) predicts that V63° is within a 4 A radius from the
adenine ring; cross-linking of the neighboring residue to C%* val-
idates that these residues are indeed the closest to the C-8 of the
adenine ring.

ATP binding dependent changes in the ARM domain. If ATP
binding to the ARM domain were to serve signaling purposes,
it should induce structural changes that ultimately would signal
activation of the catalytic domain. Comparative analyses of the
ARM domain models in the apo and ATP-bound states identified
such changes. They involve rotations of the f strands within the
smaller lobe as well as movements of the §§ strands and o helices in
the larger lobe (Duda etal., 2001b; Sharma etal., 2001; reviewed
in Duda etal., 2005). Consequences of two such changes appear
to be of particular importance: first, of the 1, f2 strands in the
smaller lobe, and the second, of the EF and F helices in the larger
lobe.

The B1 and B2 strands and the loop connecting them encom-
passes the G3_X-G95-X-X-X-G*% motif (Duda etal., 2001b;
Sharmaetal.,2001; reviewed in Duda et al., 2005), which is meshed
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in and flanked by six phosphorylation sites, $*7, T%%0, §302 §306,

§310, 513 (Potter and Hunter, 1998a, 1999a). The present con-
sensus is that “phosphorylation of KHD is absolutely required for
hormone-dependent activation of NPR-A” (Potter and Hunter,
1998a,b, 1999b). In this concept, hypothetical protein kinase and
protein phosphatase co-exist with ANF-RGC (Foster and Garbers,
1998). Until now, however, neither the kinase nor the phosphatase
has been identified.

Comparison of the ATP-free and ATP-bound ARM domain
models allows explaining how ATP binding makes it possible for
the serine and threonine residues to undergo phosphorylation.
After ATP binds to the ARM domain, the p1, 2 strands, and the
loop between them shift by ~3-4 A and rotate by ~15° (Duda
etal., 2001b; Sharma etal., 2001; reviewed in Duda etal., 2005).
This movement triggers reorientation of the serine and threonine
residues (Figure 1, red colored residues) causing the side chains
and the OH groups of T%0, §502, 8506 ‘and T>13 becoming directed
toward the protein surface (Figure 1, compare the positions of the
cyan- and red-colored OH groups). The change in the positions
of the side chains is most drastic for the $°°2 and $°% residues.
Although upon ATP binding there is no toward the surface reori-
entation of the $**7 and $°'° OH groups, the entire residues are
shifted toward the surface (Figure 1). This structural rearrange-
ment permits the hypothetical protein kinase to access the side
chains of the residues and transfer the phosphate group (Duda
etal., 2011).

Another important result of ATP binding on the dynamics
within the ARM domain is the translocation within the larger
lobe of two helices, EF and E. Their movement was character-
ized by analyzing the ATP-dependent changes in the fluorescence
intensity and wavelength of two tryptophan residues W and
WO (Duda etal., 2009). Both residues reside in the larger lobe
of the ARM domain, outside the ATP-binding pocket. The W¢!
residue is a part of the helix E structure (Duda et al., 2001b, 2005),
its side-chain is oriented toward the protein surface, and it is
flanked by several hydrophobic residues, F4°, 1507, §996 ‘and $59
(Figure 2A). These structural features define the fluorescence A pax
of WO at 332 nm. W% residue is located at the end of a loop

8506

%1-513 | | g7
|

S500

ATP

FIGURE 1 | ATP binding to the ARM domain affects the conformation
of the six phosphorylable residues. The conformation of the six
phosphorylated residues is shown before (cyan) and after (red) ATP binding.
The ATP molecule is shown in green. The positions of the OH groups are
indicated by cyan and red balls (reproduced with permission from ref. Duda
etal., 2011).

connecting B8 strand and EF helix (Duda etal., 2009); it is a part of
a conserved hydrophobic motif, ®*WTAPELL®’>. The side chain
of W%? is flanked by the polar residues: E699, §031 K667 K630,
and L%%° (Figure 2B). This environment causes red shifts in the
fluorescence Amax of W% to 345 nm.

Superimposition of the ATP-free and the ATP-bound forms
indicates that ATP binding induces contraction of the entire ARM
domain and affects the orientation and environment of W%, The
contraction results in shortening of the distance between Wand
the ATP binding pocket (Figure 2C). ATP binding also causes
reorientation of the W% side chain. It turns and becomes more
shielded by the surrounding amino acids. Turning of the W%%
side chain pushes the remainder of the motif, *’*TAPELL®">, to
the surface resulting in its exposure. In general, the movement of
a hydrophobic motif toward the surface of the protein indicates
its readiness for interaction. For the ®*WTAPELL®”> motif it was
proposed that it interacts with subsequent transduction motif,
possibly within the catalytic domain, propagates the ANF/ATP
binding signal and activates the catalytic domain (Duda etal.,
2009).

Based on the studies narrated above a model for ANF/ATP
signaling of ANF-RGC activity was proposed: The ANF signal
originates by the binding of one molecule of ANF to the extracel-
lular dimer domain of ANF-RGC (Ogawa et al., 2004, 2009). The
binding modifies the juxtamembrane region where the disulfide
423 Cys-Cys*? structural motif is a key element in this modifica-
tion (Ogawa et al., 2004, 2009; Duda and Sharma, 2005). The signal
twists the transmembrane domain (Parat etal., 2010), induces a
structural change in the ARM domain, and prepares it for the
ATP activation. ARM domain binds ATP to its pocket what leads
to a cascade of temporal and spatial changes (Duda etal., 2001b;
Sharma etal., 2001; reviewed in Duda etal., 2005). They result
in (1) exposure of the hydrophobic ®WTAPELL®”> motif which
directly (or indirectly) interacts with the catalytic domain causing
its partial activation; and (2) exposure and phosphorylation of six
serine, threonine residues and full activation of ANF-RGC. Con-
comitantly, phosphorylation converts ATP binding site from the
high to low affinity, ATP dissociates and ANF-RGC returns to its
ground state (Duda etal., 2011).

CATALYTIC DOMAIN

When more then 20 years ago an ANF RGC was purified to
homogeneity and shown to contain the ANF binding and cyclic
GMP forming activities on the same protein chain, the authors
proposed a topological model for the transmembrane receptor
enzyme in which the receptor part was extracellular and the
cyclase catalytic domain was intracellular (Sharma etal., 1988a,b).
The cloning studies confirmed this prediction. Alignment of the
deduced amino acid sequences of the cloned guanylate cyclases
indicated that the catalytic domain is located at the C-terminus of
ANF-RGC and comprises 239 amino acid residues (Chinkers et al.,
1989; Duda etal., 1991). This prediction was tested experimentally
(Thorpe and Morkin, 1990; Thorpe etal., 1996). The carboxy ter-
minal 293 amino acids fragment of ANF-RGC was expressed as
a soluble protein and shown to exhibit guanylate cyclase activ-
ity. These results were in agreement with studies that determined
through radiation inactivation experiments that the ANF-RGC
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FIGURE 2 | (A) Amino acid residues surrounding W89! and (B) amino
acid residues surrounding W669 within the ARM domain. Amino acid
residues depicted in red are located within a 4 A sphere from the
respective tryptophan residue (green). (C) Conformational changes within
the B89WTAPELLS75 motif induced by ATP binding to the ARM domain.
The backbone structure of the ATP-bound ARM domain is shown in cyan
and the ATP molecule is in green. The BE9WTAPELLS7® motif is shown in
magenta color. Apo structure of the ARM domain was superimposed on
the ATP-bound form to assess the relative, ATP binding induced,
conformational changes. For clarity, only the BEIWTAPELLS7S motif
(shown in red) of the apo-enzyme is visible. ATP binding results in a

more compact structure of the ARM domain: the W89 side chain moves
toward the ATP binding pocket while the side chains of T670 673 | 674,
and L87% move toward the protein surface [compare the orientation of
side chain of these amino acid residues before (in red) and after (in
magenta) ATP binding; fonts for W669 and L875 residues are increased for
better visibility]. This movement changes the surface properties of the
ARM domain. The movement toward the surface of the protein is poised
to facilitate interaction of this amino acid stretch with subsequent
transduction motif, possibly within the catalytic domain, propagation of
the ANF/ATP binding signal and activation of the catalytic domain
(reproduced with permission from ref. Duda etal., 2009).

fragment containing cyclase activity has a molecular weight of
32 £ 8 kDa (Tremblay etal., 1991). Further studies identified sev-
eral residues within this region that appeared to be critical for
the guanylate cyclase activity: L7 (Miao et al., 1995), D87, K87,
D#3, G20 {909 R0 and H** (Thompson and Garbers, 1995).
Their individual mutations to Ala resulted in ANF-RGC mutants
without detectable guanylate cyclase activity. In contrast to these
residues, mutation of E’4 to Ala resulted in a hyperactive ANF-
RGC mutant (Wedel etal., 1997). Based on these results it was
concluded that the indicated residues are located within or close
to the catalytic center or are critical for the proper folding of the
catalytic center.

In the absence of a crystal structure of any membrane guany-
late cyclase catalytic domain a model of the catalytic center of
retGC-1, a mammalian membrane guanylate cyclase expressed
in the retina, also known as ROS-GC1 was proposed (Liu etal.,
1997). The model was built based on homology with the catalytic
center of the adenylate cyclase. The modeling studies allowed
identification of the critical residues constituting the catalytic
core. Because the catalytic domains of all membrane guany-
late cyclases are highly conserved (>95% of sequence identity),
by homology substitution, the critical residues of the ANEF-
RGC catalytic center have been identified and they are described
below.
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The catalytic center is homodimeric. There are two GTP bind-
ing sites. Each GTP molecule interacts with both monomers. In
the following description of the ANF-RGC catalytic center the
monomers are labeled “A” and “B” and the location of each residue
within a monomer A or B is indicated. Numbering of amino acids
is according to the mature protein (Duda etal., 1991). R%%(B) and
C%¢1(B) interact with guanine’s O6; second NH, group of R%(B)
interacts with guanine’s N'1; the carboxy group of E38°(B) interacts
with R%%(B) and through it with N1; G%*4(B) interacts with N7;
T84(A), D83 (A) and N%8(B) form hydrogen bonds with ribose’s
OH (3') group; R%7?(B binds o phosphate group; R**°(A) binds
B phosphate group; E>7#(A) through Mg?™ interacts with B phos-
phate group; and S°’'(A) binds y phosphate group. Specificity
toward GTP is determined by E® and C*®! of ANF-RGC. This
conclusion is drawn based on studies showing that in ROS-GCl1
mutation of the corresponding E to K and C to D converts guany-
late cyclase activity into adenylate cyclase activity (Tucker etal.,
1998).

Mechanism of ANF-RGC activation — the role of the 563 WTAPELLS™
motif

An important feature of the model of ANF/ATP-dependent acti-
vation of ANF-RGC is the relay function of the ®WTAPELL®">
motif. It switches between the ATP-bound ARM domain and acti-
vates the catalytic domain. It was proposed that this motif interacts
with and signals the antiparallel homo-dimer of the catalytic
domain to undergo conformational changes and form a func-
tional catalytic center (Duda etal., 2009). The exact site within
the catalytic domain which is targeted by the *®*WTAPELL®”>
motif remains to be determined. Preliminary scanning experi-
ments, however, suggest that the site may be located close to the
E8, a residue critical for cyclase specificity toward GTP (Tucker
etal., 1998).

If the elements of the model are correct and the > WTAPELL®”>
motif is a switch, its deletion from the ANF-RGC should lead to
a protein which binds ANF and ATP but is not able to respond
to them with increased synthesis of cyclic GMP. This assumption
was tested experimentally. An ANF-RGC mutant was created in
which the ®®WTAPELL®”> motif was deleted by mutagenesis. Wild
type ANF-RGC and the mutant were expressed individually in
COS cells and their membranes were analyzed (1) by Western
blot to determine the proteins’ levels of expression; (2) for basal
guanylate cyclase activity; (3) for ANF binding; and (4) for Ky
for the substrate GTP. The results demonstrated that (1) the wild
type ANF-RGC and the *®*WTAPELL®”> deletion mutant were
expressed to the same level as determined by Western blot; (2) the
basal cyclase activity of the mutant, 20 pmol cGMP min~' (mg
protein)~!, was virtually identical to that of the wild type ANF-
RGC, 21 pmol cGMP min~! (mg protein) ~15 (3) their receptor
activities were equal with the respective specific binding values
of 9.7 & 0.6 and 10.1 % 0.9 pmol ['2*T]JANF/mg protein and (4)
the Ky values for the substrate GTP, 614 pM for the wild type
and 608 wM for the mutant protein were identical. Thus, the basal
integrity of the protein remained intact despite the deletion (Duda
etal., 2009).

When the mutant was exposed to increasing concentrations of
ANF and ATP its cyclase activity remained practically unchanged

whereas under identical conditions wild type ANF-RGC was stim-
ulated over 6-fold (Duda etal., 2009, 2013) demonstrating that
in line with the original expectations the catalytic domain does
not increase cyclic GMP synthesis in the presence of ANF/ATP.
This type of outcome could only be observed if the mutant pro-
tein did not bind ANF and/or ATP or the catalytic domain lost
its cyclase ability. Both of these possibilities were put to rest as
the mutant and the wild type cyclase did not differ in ANF and
ATP binding nor in enzymatic activity (vide supra and ref. Duda
etal., 2009). Therefore the only explanation for the unchanged
level of cyclic GMP synthesis is that the ®*WTAPELL®”> deletion
mutant is not able to respond to ANF and ATP. This leads to just
one logical conclusion that in the absence of the ®WTAPELL®”>
motif the ANF/ATP binding information is not transmitted to
the catalytic domain. Thus, the 609WTAPELL®”> motif is the
critical transmitter of the ATP-potentiated ANF signal to the
catalytic domain where it is translated into generation of cyclic
GMP.

Ca’* SIGNALING OF ANF-RGC ACTIVITY

NEURONAL CALCIUM SENSOR NEUROCALCIN 3§

Neurocalcin § belongs to a distinct subfamily of neuronal calcium
sensor proteins (NCS) together with visinin-like proteins (VILIPs)
and hippocalcin. They all are acylated at the N-terminus by myris-
tic acid and undergo a classical calcium-myristoyl switch (Ladant,
1995), e.g., they bury the myristoyl group in a hydrophobic pocket
in Ca’>*~free form and expose it in Ca>*-bound form, as first
observed and described for recoverin (Zozulya and Stryer, 1992).
Exposure of myristoyl group enables the protein association with
the cell membrane. However, once it binds, in a Ca2+—dependent
fashion, to the membrane phospholipids, even after removing
Ca?* by the addition of EGTA part of it remains membrane bound
(Krishnan etal., 2004). Although NC8 is primarily expressed in
neuronal tissues, its expression in the periphery is also observed.

Functionally, NC3 has been linked to receptor endocytosis
through interaction with a- and p-clathrin and p-adaptin (Ivings
etal., 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
NC3 has been found in the inner plexiform layer of the retina, e.g.,
in the amacrine and ganglion cells (Krishnan etal., 2004), olfac-
tory sensory neurons (Duda et al., 2001a, 2004) and recently, it has
been identified in type II cells of mouse circumvallate taste papil-
lae, indicating its possible role in gustatory transduction (Rebello
etal.,2011).

A relatively newly identified function of NC3 is its Ca?™-
dependent modulation of the activities of membrane guanylate
cyclases ROS-GC1 in the retina and ONE-GC, in the olfactory
neuroepithelium (Duda etal., 2001b, 2004; Krishnan et al., 2004).
In these tissues NC8 co-localizes with its respective target cyclases.
The exact physiological significance of the ROS-GC1- NC3 sig-
naling system in the retinal neurons is not known yet. It can be,
however, safely stated that the pathway is not present in the rod and
cone outer segments, thus is not linked with the phototransduc-
tion machinery. The system has been localized to the lower strata
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of the inner plexiform layer and to a subpopulation of ganglion
cells (Krishnan etal., 2004).

In the olfactory neuroepithelium NC§ serves as a Ca**t sen-
sor component of the two-step odorant uroguanylin signaling
machinery. This signaling mechanism was proposed to be initiated
by uroguanylin interaction with the extracellular receptor domain
of ONE-GC (Leinders-Zufall et al., 2007; Duda and Sharma, 2008;
reviewed in Zufall and Munger, 2010; Sharma and Duda, 2010).
This interaction leads to partial activation of ONE-GC, gener-
ation of small amount of cyclic GMP, partial opening of cyclic
GMP-gated channel and influx of Ca®" into the olfactory recep-
tor neuron. In the next step, Ca>* binds to NC8 which, then fully
activates ONE-GC (Duda and Sharma, 2009).

FREE Ca%t+ SIGNALS ANF-RGC ACTIVATION

In the course of mapping the NC3 targeted site on ROS-GCl1
to which it binds and transmits the Ca?* signal to the cat-
alytic domain for signal translation into the generation of cyclic
GMP, our group made a remarkable observation that NC3 binds
directly to the catalytic domain and, thereby, activates ROS-GCl1
(Venkataraman etal., 2008). Protein database comparison shows
sequence conservation of the catalytic domain in the membrane
guanylate cyclase family hinting at a possibility that other mem-
brane guanylate cyclases might be activated by Ca’?* via NC§
as well. To test this possibility, ANF-RGC membrane guanylate
cyclase, for which the only established signal transduction mecha-
nism was through ANF/ATP (vide supra), was chosen. And indeed,
in arecombinant system, myristoylated NC3 stimulated ANF-RGC
activity in a dose- and Ca®*-dependent manner; 0.5 uM Ca?*
and 0.5 pM NCS8 triggered half-maximal activation of ANF-RGC
(Dudaetal.,2012a,b). These results for the first time demonstrated
that ANF-RGC activity is dually regulated, by peptide hormones
ANF and BNP, and by Ca?*, thus, at least in vitro the cyclase was
deemed a bimodal signal transducer.

Myristoylated dimeric form of neurocalcin § is the transmitter of the
Ca2+ signal

Since NC3 belongs to the family of NCS and myristoylation at
N-terminus is a characteristic feature of a majority, but not all, of
these proteins important for their cellular function, it was nec-
essary to check whether myristoylation was required for NC§
to transmit the Ca?* signal for ANF-RGC activation. Reconsti-
tution experiments of ANF-RGC with both myristoylated and
non-myristoylated NC8 showed that only the myristoylated NC8
stimulated the cyclase activity whereas the non-myristoylated form
was ineffectual (Duda etal., 2012b). Importantly, both forms
exhibited comparable affinity for ANF-RGC. In addition to acti-
vating ANF-RGC myristoylated NC3 also lowered the cyclase’s Ky
for substrate GTP and increased its catalytic efficiency, kcat, from
6.5+ 0.3 to 41.4 & 0.5 pmol cyclic GMP/s.

The biochemical and homology based modeling studies indi-
cate that the secondary structure of the functional form of all
membrane guanylate cyclases is homodimeric (Rondeau etal,
1995; Liu etal., 1997; Venkataraman etal., 2008). The contact
points for their homo-dimeric formation reside in their extracel-
lular domain (Misono etal., 2011) and in the intracellular domain
within the highly conserved dimerization domain (Wilson and

Chinkers, 1995) and core catalytic core domain (Venkataraman
etal., 2008). The X-ray crystallographic studies have demon-
strated that NC3 also exists as a dimer (Vijay-Kumar and Kumar,
1999). Thus, it was reasonable to expect that the Ca>*-modulated
functional unit is NC8 dimer and ANF-RGC dimer.

This expectation was validated experimentally. When
monomeric and dimeric forms of myristoylated NC3 were indi-
vidually tested in reconstitution experiments for their abilities to
stimulate ANF-RGC catalytic activity only the dimer was effec-
tive (Duda etal., 2012b). The stimulation by the monomeric form
was only marginal, possibly resulting from spontaneous dimer-
ization of the monomers when higher NC3 concentrations were
used (Duda etal., 2012b). Thus indeed the functional Ca?* sig-
nal transduction unit is composed of one NC3 dimer and one
ANF-RGC dimer.

Neurocalcin § targets directly the catalytic domain of ANF-RGC
The ANF-RGC fragment, aa 788-1029, encompassing the core
catalytic domain, I82°-G!0%% was expressed as a soluble protein
and tested for its basal and Ca®>*-dependent modulated via NC§
activities. The protein exhibited intrinsic guanylate cyclase activity
(18 & 4 pmol cyclic GMP min~—! mg protein~!). This activity
increased when Ca?t and NC$ were added, and the increase was
Ca?* and NC3-dose dependent (Duda et al., 2012b). Interestingly,
the estimated ECsg for NC8 was comparable to that determined
for full-length ANF-RGC strongly supporting the expectation that
the NCS8 signaling site resides within the catalytic domain.

The NC3 targeted site on ROS-GCl was mapped to the
aa segment V87_1858, The corresponding site on ANF-RGC,
849 DIVGFTALSAESTPMQVVTLLMQ®!, has 70% sequence con-
servation in comparison with ROS-GC1. When a synthetic peptide
of this sequence was used in a functional interference experiment
almost complete inhibition of the NC3-stimulated ANF-RGC
activity at 200 pM with an ICsy value of 80 WM was observed
(Duda etal.,, 2012b). Because a scrambled peptide did not exhibit
any inhibitory effect it was justified to conclude that the ANF-RGC
region 8 DIVGFTALSAESTPMQVVTLLMQ®'! mediates NC3-
dependent Ca®* stimulation of ANF-RGC activity. This region
is a part of the core catalytic domain and common to the cor-
responding sites in other membrane guanylate cyclases?®, it has
a secondary structure of helix-loop-helix and is acidic in nature
with a pI of 3.37 (Duda etal., 2012b).

The effects of ANF/ATP and Ca?™ -neurocalcin § signaling of
ANF-RGC activity are multiplicative

To determine the liaison between ANF/ATP and Ca?*-NCS$ sig-
naling modes, ANF-RGC activity was analyzed first in the presence
of 1 uM Ca?* and 2 wM myristoylated NC§ and then with
increasing concentrations, ranging from 10~ M to 107¢ M,
of ANF and constant 0.8 mM ATP. The presence of Ca?t and
NCS8 resulted in stimulation of the cyclase activity approx. 3.5-
fold above the basal activity. Addition of ANF and ATP resulted in
additional 4.5-fold stimulation, demonstrating that the Cat-NC§
and ANF/ATP effects are multiplicative (Duda etal., 2012b). It is
noteworthy that in the absence of Ca?* in the reaction mixture
only the ANF/ATP-dependent stimulation of ANF-RGC activity
was observed.
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The preceding narration on the mechanisms involved in the
hormone- or Ca?*-NC8-dependent stimulation of ANF-RGC
activity explains the independence and multiplicativeness of the
ANF and Ca?*-NC83 signals in the activation of ANF-RGC. It
is based on our evolving conceptual scheme whose central idea
is that the functional specificity of a guanylate cyclase is deter-
mined by the structure of its modular blocks. The structural
motif, ®®WTAPELL®” is involved in transmitting the ANF signal
to the catalytic domain (Duda et al., 2009) but it is not involved in
transmitting the Ca®* signal to the catalytic domain; instead the
849 DIVGFTALSAESTPMQVVTLLMQ¥! motif is involved (Duda
etal., 2012b).

PHYSIOLOGICAL VALIDATION OF THE TWO SIGNALING
MECHANISMS OF THE ANF-RGC ACTIVATION

The two described above signaling mechanisms of ANF-RGC acti-
vation are depicted in Figure 3. It is obvious from their description
that they were developed based solely on biochemical obser-
vations. And although biochemically well-proven, they would
have to be considered only hypothetical until their validity was
confirmed in vivo. And this validation is narrated below.

SIGNALING THROUGH THE S3WTAPELLS75 MOTIF

In an in vitro reconstituted system the “WTAPELL®”> motif is
critical for the transmission of the ANF/ATP signal and activa-
tion of the ANF-RGC catalytic domain and its absence results in

unresponsiveness of the mutated ANF-RGC to the signal so if the
same happens in vivo, an animal model in which the sequence
coding for the ®”WTAPELL®”> motif is deleted from the ANEF-
RGC gene should be unresponsive to ANF and therefore exhibit
all physiological consequences of this unresponsiveness. Following
this logic, the ®*WTAPELL®”> sequence was deleted in genetically
altered mice (Duda etal., 2013). It is worth mentioning that up till
now it is the only ANF-RGC domain-specific genetically modified
animal model.

In agreement with the in wvitro determinations, basal
ANF-RGC activity in the membranes of the heart, adrenal
gland and kidney, the primary tissues where ANF-RGC
is expressed, was practically indistinguishable between the
wild type control (ANF-RGC**WTAPELL®”>*/%), heterozy-
gous (ANF-RGCOWTAPELL®>*/~) and homozygous (ANEF-
RGCWTAPELL®7>~/~) mice (Duda et al., 2013). However, the
mutated cyclase expressed in these tissues did not respond to
ANF/ATP stimulation. The cyclase activity in the membranes of
the homozygous mice was the same when assayed in the presence
of 1077 M ANF and 0.8 mM ATP as when assayed in their absence.
Interestingly, for the heterozygous mice, the cyclase remained
responsive to ANF/ATP but the maximal achieved activity oscil-
lated around 50% of the wild type values, clearly showing that in
the heterozygous mice where the product of one ANF-RGC gene
copy is of the wild type and the other, of the deletion-mutated
cyclase, only the wild type ANF-RGC is responsive to ANF/ATP
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and the mutant is not (Duda et al., 2013). Thus, the in vitro activity
characteristics were the mirror images of these in vivo.

Almost identical values of basal guanylate cyclase activity in
various tissues of the ®*WTAPELL®”® targeted mice and their iso-
genic controls implied that the expression of the mutant-cyclase
must not differ from the expression of the wild type cyclase. This
implication was confirmed by the results of immunocytochemical
analyses. Side-by-side immunostaining with immunopurified anti
ANF-RGC antibody resulted in identical images of the kidneys and
adrenal glands of the wild type, heterozygous and homozygous
669WTAPELL®”> targeted mice. Also, visual examination of the
stained sections as well as of the respective differential interference
contrast images indicated that the targeting of the > WTAPELL®7>
motif does not change the integrity of these tissues (Duda etal.,
2013).

The main function of ANF/ANF-RGC signaling system is to
regulate natriuresis, diuresis, vasodilation, and prevent cardiac
and renal hypertrophy. It regulates blood volume homeostasis and
blood pressure by off-setting the renin-angiotensin-aldosterone
system (RAAS): inhibiting renal renin secretion and aldosterone
synthesis in the adrenocortical zona glomerulosa (Burnett etal.,
1984; Brenner etal., 1990; Maack, 1996; Olson etal., 1998; Aoki
etal., 2000; Shi etal., 2001). Therefore, elimination of ANF-RGC
signaling through knocking-out either ANF-RGC or ANF gene
leads to increased blood pressure, cardiac, and renal hypertro-
phy, fibrosis, to name some of the related pathological conditions
(Dubois etal., 2000; Kishimoto etal., 2001; Ellmers etal., 2007;
Das etal., 20105 Ellis etal., 2011; Pandey, 2011; Wadei and Tex-
tor, 2012). Since the ®WTAPELL®”” targeted mice have partially
(heterozygous) and fully (homozygous) suppressed ANF-RGC
response to ANF, but the basal cyclase activity is unaffected the
critical question was: does this suppression lead to increased blood
pressure and other physiological alterations in the genetically
modified mice?

The answer obtained was clearly “yes.” In comparison with the
wild type the blood pressure of the heterozygous mice increased by
~37% and of the homozygous mice by ~56%. The increase was
statistically highly significant with P value < 0.005 (Duda etal.,
2013). It rose from 102 £ 9 mm Hg for the wild type mice to
134 4= 17 mm Hg for the heterozygous and 159 & 11 mm Hg for
the homozygous mice. These values showed that the progressive
elevation of blood pressure directly correlates with the number of
mutated ANF-RGC gene copies.

Because volume homeostasis and blood pressure are influenced
by the mineralocorticoid hormone aldosterone secreted by the
cells of the adrenocortical zona glomerulosa and the function of
the ANF/ANF-RGC system is to inhibit this synthesis the obvi-
ous next question was whether the increased blood pressure in
the ®WTAPELL®”> targeted mice is a consequence of the inabil-
ity of the mutated ANF-RGC to transduce the ANF signal and to
synthesize cyclic GMP sufficient quantities to inhibit aldosterone
synthesis? A hint was provided by studies on ANF-RGC knock-
out mice showing that these mice had increased aldosterone level
(Zhao etal., 2007).

The plasma aldosterone concentrations were measured in
both types of genetically modified mice (hetero- and homozy-
gous) and in their isogenic controls (wild type). The results

demonstrated that, in comparison with the wild type mice, the
plasma aldosterone concentration increased by approximately
40% (from 147 £ 12 to 204 + 18 pg/ml) in the plasma of the
heterozygous mice (P < 0.005) and by approximately 75% (up to
256 %22 pg/ml) in the plasma of the homozygous mice (P < 0.005)
(Duda etal., 2013).

Chronic pressure overload is almost always accompanied by
cardiac hypertrophy (reviewed in Katholi and Couri, 2011). The
same is observed in the ®”WTAPELL®”" targeted mice. The ratio
of the heart weight (in mg) to whole body weight (in g) mea-
sured in 12 weeks old mice was 5.6 £ 0.3 and 6.1 £ 0.5 for the
OOWTAPELLS”>(+/=) and ®*WTAPELL®”>(—/~) mice, respec-
tively, whereas it was 5 £ 0.3 for the wild type mice (Duda etal.,
2013). However, hypertension is not the only cause of myocar-
dial hypertrophy. Using animal models it has been shown that
antihypertensive drugs do not always ameliorate cardiac hyper-
trophy (Knowles etal.,, 2001) and that even without systemic
hypertension cardiac hypertrophy may occur (Oliver etal., 1997;
Holtwick etal., 2003). Because deletion of the **WTAPELL®”>
motif from ANF-RGC results in decreased synthesis of cyclic GMP
it was hypothesized that cardiomyocytes of the **WTAPELL®”
targeted mice succumb to the insufficient quantities of cyclic
GMP and normal inhibition of myocardial proliferative responses
does not occur. Our ongoing studies indicate that indeed it
is the case. The mice as young as 3 weeks of age (at wean-
ing) exhibit significant cardiac hypertrophy. Which cyclic GMP-
dependent signaling pathway involved in inhibition of myocardial
proliferative responses is affected in these mice remains to be
determined.

Taken together the biochemical and physiological evidence
prove that the ®“®WTAPELL®”> motif is critical for the ANF-RGC
function as the transducer of the ANF/ATP signal.

NEUROCALCIN § Ca®*+-DEPENDENT SIGNALING OF ANF-RGC

To demonstrate that the ANF-RGC NC8-Ca?* signal transduction
system is functional in vivo a mouse model with a disrupted NC§
gene was constructed and analyzed. Unfortunately, disruption of
both copies of NC3 gene is lethal. Although it was unexpected at
the time of developing the mouse line, it can be now understood
in view of the results demonstrating that NC§ may be involved
in spermatogenesis. Therefore, heterozygous, NC8*/~, line is
viable.

Because earlier studies from our laboratory and others’ had
shown that NC3 is expressed in the adrenocortical zona glomeru-
losa (Nakano etal., 1993; Duda etal., 2012a) and that the adrenal
gland also contains functional ANF-RGC transduction system
(Takayanagi etal., 1987; Sharma etal., 1989; Duda etal., 1991;
Rondeau etal., 1995) the adrenal gland appeared to be the tissue of
choice for testing whether the ANF-RGC NC8-Ca?* signal trans-
duction system is operational and of physiological significance
there.

To show that NC3 is indeed the Ca**-sensor modulator of
ANF-RGC in the adrenal gland the particulate fractions of the
adrenal glands from wild type and NC8%/~ mice and their iso-
genic controls (NC3/ ) were tested for guanylate cyclase activity
in the presence and absence of Ca?*. The activity in membranes
isolated in the absence of Ca?* was about 66 pmol cyclic GMP
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min~! (mg protein) ~! for the control and NC8+/~ mice and
the activity was not affected by the presence or absence of Ca?™
in the assay mixture. However, the activity in membranes iso-
lated in the presence of Ca®t was strongly dependent on the
mice genotype and Ca?* in the assay mixture. When assessed
in the absence of Ca?*, the activity was ~70 pmol cyclic GMP
min~! (mg protein) ~! for the weight and NC8*/~ mice but
when assessed in the presence of 1 WM Ca’™ the activity was
223 £ 20 pmol cyclic GMP min~! (mg protein) ~! for the
wild type mice and 135 & 10 pmol cyclic GMP min~! (mg
protein) ~! for the NC3/~ mice. Thus, the Ca’>*-dependent
NC3-modulated ANF-RGC signaling pathway in the mice with
one copy of NCb gene deleted (NC3%/7) is functionally half as
active as in the wild type mice. To further authenticate that the
lowering of the Ca?*-dependent cyclase activity in the adrenal
gland membranes of NC5*/~ mice is the exclusive consequence
of lower NC8 expression, 2 uM exogenous NC3 was added to
the NC8+/% and NC3+/~ membranes (isolated in the presence
of Ca®T) and the cyclase activity was determined in the presence
of 1 WM Ca?™. The cyclase activity in the NC3/+ adrenal mem-
branes increased only minimally, from 220 to 279 & 21 pmol cyclic
GMP min~! (mg protein) ~! but in the NC5*/~ membranes, the
increase was significantly larger, from 133 to 284 + 24 (Duda
etal., 2012b). Thus, the activity achieved was practically the same
for both types of membranes. Hence, addition of exogenous NC§
to the NC3/~ adrenal gland membranes restores the guanylate
cyclase activity and brings it to the level of activity in the NC3+/+
membranes. We rationalized that the slight activity increase in the
NC8§+/* membranes observed upon addition of exogenous NC3
is caused by a partial loss of the native NC8 during the membrane
preparation.

What is the function of this pathway in the adrenal gland?
In general, the primary role of ANF-RGC in the adrenal gland
is to offset the renin-angiotensin system and inhibit aldos-
terone synthesis, and by doing this, to lower blood pressure
(Burnett etal., 1984; Aoki etal., 2000; Shi etal., 2001). There-
fore, is the Ca’*-dependent ANF-RGC signal transduction
machinery in the adrenal gland involved in aldosterone syn-
thesis? Our ongoing studies indicate that indeed it is. The
plasma aldosterone levels in the NC8*/~ mice are approxi-
mately 27% higher than in the plasma of the control (NC3*/1)
mice. And the effect is exclusive for the aldosterone synthe-
sizing glomerulosa cells, because corticosterone (synthesized in
fasciculate cells) levels are unaffected by the absence of NC§
gene.

The increased plasma aldosterone level in the NC3/~ mice
correlates with the increase in blood pressure. Systolic blood
pressure (measured by the non-invasive tail cuff method) was
determined to be 92 &+ 6 mm Hg for the wild type mice and
127 4+ 9 mm Hg for the NC8+/~ mice. Therefore, the conclusion
of these studies was that the ANF-RGC-Ca?*-NC3 transduc-
tion system is not only physically present but is of physiological
significance at least in the adrenal gland.

In summary, this review has high-lighted studies which
define the molecular and physiological mechanisms of the hor-
monal signal transduction of ANF-RGC. In addition, a new
signal transduction mechanism and its present state of validation

has been narrated. In this model Ca’* is the additional sig-
nal of ANF-RGC. By entirely different mechanism, it regu-
lates ANF-RGC catalytic activity and controls its physiological
functions.

FUTURE DIRECTIONS

There are three venues through which, in these authors” under-
standing, the future research will progress. The first venue
is centered on the basic research to decipher (1) how the
SOWTAPELL®”> motif “communicates” with the catalytic domain
of ANF-RGC and signals its activation and (2) the mechanism
of NC3-Ca?™ signaling of ANF-RGC activity. The second venue
relates to the physiology of both ANF-RGC signaling pathways
(1) establishing whether the Ca’>* signaling mechanism is oper-
ative in other tissues in addition to the adrenal gland and (2)
to determine the interrelationship of the hormonal and Ca?*
pathways. Finally, after deciphering the molecular and physio-
logical details of the two signaling pathway the third venue will
be translational, to design a molecule that can target directly
the catalytic domain and bring ANF-RGC to its full activity
and prevent the pandemic of hypertension, myocardial hyper-
trophy and obesity. The last objective is the most far-reaching,
but hopefully can be achieved after the first two goals are
accomplished.
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Changes in intracellular calcium ions [Ca2t] play important roles in photoreceptor signaling.
Consequently, intracellular [Ca2t] levels need to be tightly controlled. In the light-sensitive
outer segments (OS) of photoreceptors, CaZ™ regulates the activity of retinal guanylate
cyclases thus playing a central role in phototransduction and light-adaptation by restoring
light-induced decreases in cGMP In the synaptic terminals, changes of intracellular Ca2*
trigger various aspects of neurotransmission. Photoreceptors employ tonically active
ribbon synapses that encode light-induced, graded changes of membrane potential into
modulation of continuous synaptic vesicle exocytosis. The active zones of ribbon synapses
contain large electron-dense structures, synaptic ribbons, that are associated with large
numbers of synaptic vesicles. Synaptic coding at ribbon synapses differs from synaptic
coding at conventional (phasic) synapses. Recent studies revealed new insights how
synaptic ribbons are involved in this process. This review focuses on the regulation of
[Ca2*] in presynaptic photoreceptor terminals and on the function of a particular Ca2+-
regulated protein, the neuronal calcium sensor protein GCAP2 (guanylate cyclase-activating
protein-2) in the photoreceptor ribbon synapse. GCAP2, an EF-hand-containing protein plays
multiple roles in the OS and in the photoreceptor synapse. In the OS, GCAP2 works as
a Ca?t-sensor within a Ca2*-regulated feedback loop that adjusts cGMP levels. In the
photoreceptor synapse, GCAP2 binds to RIBEYE, a component of synaptic ribbons, and

mediates Ca2*t-dependent plasticity at that site. Possible mechanisms are discussed.

Keywords: photoreceptor, ribbon synapse, synaptic ribbon, RIBEYE, Ca2+, GCAP2

INTRODUCTION

PRESYNAPTIC [Ca?*]: ASPECTS ON THE STRUCTURE AND FUNCTION
OF PHOTORECEPTOR RIBBON SYNAPSES

Changes in presynaptic free cytosolic Ca?* ions trigger important
functions in the presynaptic terminals. These include synaptic
vesicles exocytosis and the mediation of various forms of synap-
tic plasticity (Bliss and Collingridge, 1993; Malenka and Nicoll,
1999; Neher and Sakaba, 2008; Kawamoto etal., 2012; Rizo and
Stidhof, 2012; Catterall etal., 2013; Stidhof, 2013). Ca?* ions
also have fundamental functions in photoreceptor synapses. Pho-
toreceptors employ tonically active ribbon synapses that encode
light-induced, graded changes of membrane potential into modu-
lation of continuous synaptic vesicle exocytosis to transmit the
light-induced signals to the inner retina. The active zones of
ribbon synapses contain large electron-dense structures, synap-
tic ribbons, that are associated with large numbers of synaptic
vesicles. Synaptic ribbons have a key importance for signaling

Abbreviations: CNG, cyclic nucleotide-gated channel; CRAC, Ca? ™t -release-
activated Ca®*-channels; GCAP2, guanylate cyclase-activating protein 2; IS,
inner segments; NAD(H), designates both the oxidized (NAD™) as well as the
reduced form (NADH) of nicotinamide adenine dinucleotide; OS, outer segments;
PMCA, plasma membrane Ca?*-ATPases; NCX, Nat/Ca?*-exchanger; RIM, rab3-
interacting molecule; RIM-BP, RIM-binding protein; ret-GC, retinal guanylate
cyclase; SERCA, sarco/endoplasmic reticulum Ca?*-ATPase; SOCE, store-operated
Ca?*-entry; TIRF, total internal reflection fluorescence; VGCC, voltage-gated
Ca2*-channels; RE(A), RIBEYE(A)-domain; RE(B), RIBEYE(B)-domain.

at the ribbon synapse. This review focuses on the regulation
of [Ca?*] in presynaptic photoreceptor terminals and on the
function of a particular Ca? T -regulated protein, the neuronal cal-
cium sensor (NCS) protein GCAP2 (guanylate cyclase-activating
protein-2). GCAP2, an EF-hand-containing, Ca2+-binding pro-
tein is strongly expressed in photoreceptors and plays multiple
roles in the outer segments (OS) and in the photoreceptor
synapse.

PHOTORECEPTORS

Photoreceptors are the principal light-sensitive neurons in the
outer retina. They detect incoming light quanta (photons) and
communicate the information to the inner retina for further pro-
cessing. Rod photoreceptors operate at low light intensities and are
capable of single-photon-detection. Cone photoreceptors operate
at daylight conditions and mediate color vision (Abramov and
Gordon, 1994). Both types of photoreceptors display a bipolar
morphology with two processes emanating from opposite ends
of the photoreceptor cell body (Figure 1A). (1) An outer process
forms the outer segment (OS) that is responsible for phototrans-
duction. During this process, light-sensitive photopigments in the
OS transform light quanta into a change of the photoreceptor
membrane potential. (2) An inner cell process emerges from the
vitread portion of the photoreceptor soma. This inner process
ends in a specialized presynaptic terminal that contains synap-
tic ribbons in their active zones (Figures 1A and 2). At these
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[Ca2*] and GCAPs in photoreceptor ribbon synapses

ribbon-type active zones, signals generated by the absorption of
light quanta in the OS are continuously transmitted to the inner
retina (for review, see Wiissle, 2004; Nassi and Callaway, 2009; Lee
etal., 2010).

Ca2*-DEPENDENT REGULATION OF PHOTOTRANSDUCTION IN
PHOTORECEPTOR OUTER SEGMENTS

The OS contain dense and regular intracellular staples of mem-
brane disks (for rods, Figure 1; for review, see Mustafi et al., 2009).
These membrane-specializations are enriched with light-sensitive
opsin-containing photopigments (Burns and Baylor, 2001; Chen,
2005). As light quanta are detected by the photopigments in the
OS, a signal transduction cascade is initiated that finally leads
via G-protein-mediated activation of a phosphodiesterase, phos-
phodiesterase 6 (PDE6), to the hydrolysis of cGMP (Burns and
Baylor, 2001; Chen, 2005; Dell’Orco and Koch, 2010). The drop in
c¢GMP leads to the closure of cyclic nucleotide-gated cation chan-
nels (CNG-channels) in the plasma membrane, a non-selective
cation channel through which both Nat- and Ca?*-ions can
pass from extra- to intracellular space along their electrochemical
gradient. The light-induced closure of the CNG-channels gen-
erates a hyperpolarization response. The membrane potential
ranges from ~—40 mV in the dark to ~—70 mV in bright
light. The phototransduction system has a high dynamic range
that is adjusted — not exclusively, but to a considerable extent —
by Ca’T-dependent processes (Arshavsky, 2002; Korenbrot and
Rebrik, 2002; Sharma, 2002, 2010; Koch, 2006; Artemyev, 2008;
Stephen et al., 2008; Dell’Orco and Koch, 2010; Sharma and Duda,
2012). The light-induced drop of Ca?* is sensed by Ca?* -binding,
EF-hand-containing proteins, the guanylate cyclase-activating
proteins (GCAPs; Korenbrot and Rebrik, 2002; Palczewski etal.,
2004; Koch, 2006; Sakurai et al., 2011; Sharma and Duda, 2012).
GCAPs are members of the family of NCS proteins (Sharma,
2002, 2010; Koch, 2006; Burgoyne, 2007; Baehr and Palczewski,
2009; Koch etal., 2010; Schmitz etal., 2012). GCAP2 (as well as
its close relatives GCAP1 and GCAP3; for review, see Palczewski
etal., 2004) contains four EF-hands. The first EF-hand is not
able to bind Ca?* due to exchange of critical amino acids (Pal-
czewski etal., 2004; Koch, 2006; Burgoyne, 2007; Schmitz etal.,
2012). Thus, under light stimulation, when Ca?™ is low, GCAPs
activate the photoreceptor retinal guanylate cyclase (ret-GC) thus
restoring cGMP baseline levels (Burns and Baylor, 2001; Sharma,
2002, 2010; Chen, 2005; Sharma and Duda, 2012). In the dark, at
elevated Ca?*, GCAPs inhibit ret-GCs activity and prevent over-
production of cGMP. These Ca®*-/GCAP-dependent processes
set the dynamic range of phototransduction and keep the OS
and phototransduction operational at different levels of photon
fluxes (Koch, 2006; Stephen et al., 2008; Sharma and Duda, 2012).
GCAPs are myristoylated at their N-terminus. Remarkably, in con-
trast to other members of the NCS family, GCAPs do not perform
a Ca’*-dependent myristoyl switch at the N-terminus (Stephen
etal., 2007). Instead, the N-terminal myristoyl-group remains
buried in the inside of the molecule both in the Ca?*-bound
and Ca’7T-free state where it is essential to stabilize the protein
(Stephen etal., 2007). Unusually, the C-terminus of GCAP2 per-
forms a Ca’*-dependent conformational change (Peshenko etal.,
2004).

THE PHOTORECEPTOR RIBBON SYNAPSE OF THE MATURE RETINA:
ULTRASTRUCTURE AND MOLECULAR ANATOMY OF THE SYNAPTIC
RIBBON COMPLEX
Photoreceptors are non-spiking neurons and communicate light-
induced, graded changes of membrane potential into modulations
of tonic neurotransmitter release rates at the presynaptic terminals
(Heidelberger et al., 2005; Matthews and Fuchs, 2010; Mercer and
Thoreson, 2011). For this purpose, photoreceptor terminals are
equipped with large active zones to which conspicuous presynaptic
specializations, the synaptic ribbons, are attached (for review, see
tom Dieck and Brandstitter, 2006; Schmitz, 2009; Matthews and
Fuchs, 2010; Mercer and Thoreson, 2011; Schmitz etal., 2012).

The synaptic ribbon is a large, electron-dense structure that
is associated with large numbers of synaptic vesicles along its
entire surface (Figure 2; see also Schmitz, 2009). In photore-
ceptor ribbon synapses, the synaptic ribbon usually appears as a
bar-shaped structure of several 100 nm in length in the transmis-
sion electron microscope (Schmitz, 2009; Mercer and Thoreson,
2011; Schmitz etal., 2012). Three-dimensional reconstructions
of the synaptic ribbon revealed that this bar-shaped profile is a
cross-section of a plate-shaped structure of the synaptic ribbon
(Figures 2 and 3E; Rao-Mirotznik etal., 1995; for review, see also
Schmitz, 2009; Mercer and Thoreson, 2011; Schmitz etal., 2012).
Furthermore, the synaptic ribbon is bended in a horseshoe-shaped
manner along the invaginated presynaptic plasma membrane of
the photoreceptor terminal. The horseshoe-shaped synaptic rib-
bon can have a depth of about 1 pm (Schmitz, 2009; Schmitz
etal., 2012). Rod photoreceptor presynaptic terminals usually
possess a single active zone and a single synaptic ribbon; cone
presynaptic terminals possess multiple active zones and multi-
ple, though typically smaller synaptic ribbons (Figure 2; Wiissle,
2004; Schmitz, 2009; Mercer and Thoreson, 2011; Regus-Leidig
and Brandstitter, 2012; Schmitz etal., 2012). In photoreceptor
ribbon synapses, synaptic ribbons are anchored to the arciform
density. The arciform density corresponds to the presynaptic pro-
jections of conventional synapses (tom Dieck and Brandstitter,
2006; Schmitz, 2009; Mercer and Thoreson, 2011; Figure 2). At
the plasma membrane of the active zone, L-type voltage-gated
Ca?*-channels (VGCC) are clustered. Ca?*-influx through these
channels triggers release at the photoreceptor synapse (see below).
The active zone with the attached synaptic ribbon is opposed by
the tips of multiple postsynaptic dendritic endings from hori-
zontal and bipolar cells. These dendritic tips are located in a
cavity formed by an invagination of the presynaptic photorecep-
tor terminal. The dendritic tips contain metabotropic glutamate
receptors (in case of invaginating ON bipolar cells) or ionotropic
glutamate receptors (in case of horizontal cells and OFF bipo-
lar cells; Nomura etal., 1994; De Vries and Schwartz, 1999; De
Vries, 2000; Wiissle, 2004; De Vries etal., 2006; for review, see
Dhingra and Vardi, 2012). Retinal bipolar cells, photoreceptor-like
neurons in the pineal gland, inner ear hair cells, and vestibu-
lar hair cells also build ribbon synapses in mammals (Moser
etal., 2006; Schmitz, 2009; Matthews and Fuchs, 2010; Mer-
cer and Thoreson, 2011; Safieddine etal., 2012; Schmitz etal.,
2012).

RIBEYE is a unique and major component of synaptic ribbons
(Schmitz et al., 2000, 2012; Wan et al., 2005; Schmitz, 2009; Mercer
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terminal

ribbon

FIGURE 1 | (A) Photoreceptors show a bipolar morphology. A distal
process forms the outer segment (OS) and the inner segment (IS). The
OS is the place where phototransduction takes place. The IS represents
the metabolic center of the photoreceptor. An inner, vitread process
ends in the presynaptic terminal that contains a synaptic ribbon at the
active zone. (B) Transmission electron micrograph of an outer segment
(OS). Densely packed arrays of membrane disks can be observed. The
arrows in (B) point to individual disks. In the OS, phototransduction

occurs and GCAP proteins perform a Ca2+—dependent feedback on
guanylate cyclases. (C) Transmission electron micrograph at the
junctional zone between OS and IS. OS and IS are connected by the
connecting cilum (cc) that organizes mt-dependent vesicle transport into
the outer segment (Sung and Chuang, 2010). OS, outer segment; IS,
inner segment; m, mitochondrion; cc, connecting cilium linking OS and
IS; mt, microtubule; pm, plasma membrane. Scale bars: 50 nm (B),
250 nm (C).

and Thoreson, 2011). RIBEYE is the only known protein spe-
cific to synaptic ribbons (Schmitz etal., 2000; Magupalli etal.,
2008; for review, see Schmitz, 2009; Mercer and Thoreson, 2011;
Schmitz etal., 2012). RIBEYE consists of a unique A-domain that
is specific to synaptic ribbons and a B-domain that is largely iden-
tical to CtBP2. Using different promoters, RIBEYE and CtBP2 are
transcribed from the same gene (Schmitz, 2009). While CtBP2 is
expressed in most if not all cells; the expression of RIBEYE expres-
sion is limited to cells that form ribbon synapses. Particularly the
A-domain contains many interaction sites, at which RIBEYE can

bind to neighboring RIBEYE molecules. These multiple RIBEYE—
RIBEYE interactions could allow the assembly of multiple RIBEYE
molecules into ribbon-like structures (Magupalli etal., 2008; for
review, see Schmitz, 2009; Mercer and Thoreson, 2011; Schmitz
etal,, 2012). These primitive, spherical ribbon precursors could
then assemble into mature, bar-/plate-shaped synaptic ribbons
in mature photoreceptors (see below). RIBEYE appears to be
the main building block of synaptic ribbons. Additional proteins
are needed to generate mature, functional synaptic ribbons (see
below).
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FIGURE 2 | Photoreceptor ribbon synapses. In (A,C) rod photoreceptor
ribbon synapses are shown by transmission electron microscopy; in (B,D)
cone photoreceptor ribbon synapses. (A,B) The large presynaptic terminals
are filled with numerous synaptic vesicles (sv). The active zone is
characterized by specialized presynaptic densities, the arciform densities (ad).
The synaptic ribbon (sr) is anchored to the arciform density. The synaptic
ribbon is associated with large numbers of synaptic vesicles. Opposite to the
active zones are the dendritic tips of horizontal cells (hc) and bipolar cells (bc)

[Ds Eb

e K )

that contain ionotropic and metabotropic glutamate receptors for signaling.
The dendritic tips are located within an invagination of the presynaptic
terminal. Cone synapses (B,D) are larger in diameter than rod synapses and
contain multiple active zones (dashed circles) and multiple synaptic ribbons
(sr). sr, synaptic ribbon; sv, synaptic vesicles; ad, arciform density; pre,
presynaptic terminal; m, mitochondrium; hc, dendritic tips of horizontal cells;
be, dendritic tips of bipolar cells; pm, presynaptic plasma membrane. Scale
bars: 400 nm (A), 1 wm (B), 150 nm (C), 800 nm (D).

Both RIBEYE(B)-domain and CtBP1/CtBP2 bind NAD(H)
(Schmitz etal., 2000). In case of CtBP1/CtBP2, binding of NADH
regulates interaction with nuclear proteins (Fjeld et al., 2003). This
NAD(H)-regulated interaction can switch on or off distinct tar-
get genes relevant, e.g., for cellular migration, adhesion, and
apoptosis (Paliwal etal., 2006, 2007, 2012; Chinnadurai, 2009).
In the synapse, NAD(H) promotes interaction of RIBEYE with
other synaptic proteins, e.g., the NCS protein GCAP2 (Venkate-
san etal., 2010; Lopez-del Hoyo etal., 2012). RIBEYE-GCAP2
interaction appears to be relevant for mediating Ca?*-dependent
effects on synaptic ribbon dynamics (see below). Other protein—
protein interactions of RIBEYE do not depend on NADH, e.g.,
RIBEYE-Muncl19 interaction (Alpadi etal., 2008) or have not
been analyzed for their NADH-dependence, e.g., in case of
RIBEYE-Bassoon (tom Dieck et al., 2005). While RIBEYE appears
to be the only unique and major protein of the synaptic rib-
bon, there are other ribbon proteins which are also present in
the active zone of non-ribbon containing synapses (for review,
see tom Dieck and Brandstitter, 2006; Schmitz, 2009; Mercer
and Thoreson, 2011; Schmitz etal., 2012). Bassoon is localized in

the active zone of photoreceptors, bipolar cells, and hair cells (in
addition to the active zone localization of conventional synapses)
and is considered as an important anchor for the synaptic ribbon
in ribbon synapses. Bassoon knockout mice display non-plasma
membrane-anchored “floating” ribbons in photoreceptor and hair
cells (Khimich etal., 2005; tom Dieck etal., 2005), though not in
retinal bipolar cells. Bassoon is also present in retinal bipolar cells
(Deguchi-Tawarada etal., 2006). Therefore, additional anchoring
mechanisms for the synaptic ribbon might exist. Bassoon was also
been reported to be linked to presynaptic Cav-channels recently
(Nishimune et al., 2004, 2012; see also below). Piccolo, like bassoon
a very large multidomain-protein, is present both in conventional
and ribbon-type synapses. Recently, a splice variant of piccolo
was described, named piccolino, that is preferentially expressed
at ribbon synapses (Regus-Leidig etal., 2013). Proteins known
to be essential for synapse function in conventional synapses are
the multi-domain rab3-interacting molecule (RIM) protein family
(Wang et al., 1997; Kaeser et al., 2011, 2012; for review, see Siidhof,
2013). These proteins have been localized to the synaptic ribbon.
The long isoforms of RIM contain a N-terminal Zn-finger, central

Frontiers in Molecular Neuroscience

www.frontiersin.org

February 2014 | Volume 7 | Article 3 |76


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

Schmitz

[Ca2*] and GCAPs in photoreceptor ribbon synapses

PDZ-domain and two C2-domains (Siidhof, 2012a,b, 2013) that
enable them to perform key synaptic functions. RIM proteins
control synaptic vesicle docking and vesicle priming as well as
Ca?*-channel localization (for review, see Siidhof, 2012b, 2013).
Their function in the ribbon synapse is less clear. RIM2 appears
to be localized at the base of the synaptic ribbon and RIM1 at the
body of the synaptic ribbon (tom Dieck etal., 2005). RIM pro-
teins interact with Muncl3 proteins in conventional synapses to
mediate vesicle priming (Deng et al., 2011). While in conventional
synapses, RIMs interact with Munc13-1; Muncl3-1 is missing in
photoreceptor synapses (Schmitz etal., 2001; Cooper etal., 2012).
Instead of Munc13-1, ubMuncl3-2 is expressed in photoreceptor
synapses (Cooper etal., 2012). Other active zone proteins [e.g.,
CAST/ELKS; RIM-binding proteins (RIM-BPs)] are also present
at photoreceptor ribbon synapses partly differentially distributed
in distinct sub-compartments of the synapse (for review, see
tom Dieck and Brandstitter, 2006; Mercer and Thoreson, 2011;
Schmitz etal., 2012).

SYNAPTIC RIBBONS: FUNCTIONAL CONSIDERATIONS

The synaptic ribbon is the most prominent structural feature of
photoreceptor ribbon synapses. The function of the synaptic rib-
bon is still unclear. The synaptic vesicles attached to the synaptic
ribbon have been functionally correlated to different synaptic vesi-
cle pools (for review, see Heidelberger etal., 2005; Matthews and
Fuchs, 2010; Mercer and Thoreson, 2011). Total internal reflec-
tion fluorescence (TIRF) microscopy studies of individual synaptic
vesicles demonstrated that the base of the ribbon is a hotspot of
synaptic vesicle exocytosis (Zenisek et al., 2000; Chen etal., 2013).
The basal row of synaptic vesicles attached to the synaptic ribbon
represents the vesicle pool that can be immediately released (the
“RRP)” readily releasable pool). Therefore, one role of the ribbon
might be to position this basal row of synaptic vesicles in a “strike-
distance” for SNARE proteins to rapidly execute Ca>*-triggered
exocytosis (Zenisek etal., 2000). The synaptic ribbon seems to be
needed for both fast, synchronous release as well as for slow, asyn-
chronous release components (Khimich et al., 2005; Zenisek, 2008;
Frank etal., 2010 Snellman etal., 2011).

Exocytosis was frequently observed at ribbon-containing sites
if exocytosis was induced by mild stimuli, e.g., weak depolariza-
tions (Chen etal., 2013). If longer depolarizations were applied,
exocytosis also occurred at non-ribbon-containing sites, i.e., in
some distance from the presynaptic Ca?*-channels (Midorikawa
etal., 2007; Zenisek, 2008; Chen et al., 2013). Exocytosis of synap-
tic vesicles at these non-ribbon-containing sites could contribute
to the asynchronous release component (Midorikawa et al., 2007;
Zenisek, 2008).

The large dimensions of the synaptic ribbon allow many vesi-
cles to be docked at the base of the synaptic ribbon (Matthews and
Fuchs, 2010; Mercer and Thoreson, 2011; Schmitz etal., 2012).
This is quite likely necessary to support coordinated multivesicular
vesicle fusion at the synaptic ribbon (Glowatzki and Fuchs, 2002;
Singer et al., 2004; Khimich et al., 2005; Graydon et al., 2011). The
synaptic vesicles attached to the synaptic ribbon in a more distant
position (also denoted as “tethered vesicles”; Heidelberger etal.,
2005; Matthews and Fuchs, 2010; Mercer and Thoreson, 2011)
could contribute to the synaptic vesicle pool that is released with

a slower kinetics, the slowly releasable pool (“SRP”). The teth-
ered synaptic vesicles could possibly move down toward the base
of the synaptic ribbon before they finally fuse at the active zone
(“conveyor belt” hypothesis of the synaptic ribbon; Lenzi and von
Gersdorff, 2001; Parsons and Sterling, 2003).

Recently, it was shown that the synaptic ribbon has also an
important role in the replenishment of synaptic vesicles (Jack-
man etal., 2009; Snellman etal., 2011; Chen etal., 2013; see also
below). Regulation of synaptic vesicle replenishment could be a
major function of synaptic ribbons (Jackman etal., 2009; Chen
etal., 2013). It was shown that tonic release at the photoreceptor
ribbon synapse leads to vesicle depletion at the base of the ribbon.
Based on that suggestion, the ribbon would work as a capaci-
tor for synaptic vesicles that reloads the empty release sites at the
base of the synaptic ribbon (Jackman etal., 2009; Snellman etal.,
2011; Chen etal., 2013). The ribbon capacitor will be re-charged
with synaptic vesicles in the light phase when vesicle exocytosis
is low. This recharged ribbon capacitor will provide release-ready
vesicles in the dark when the photoreceptor depolarizes (Jack-
man etal., 2009; Chen etal., 2013). According to this hypothesis,
the rate of release is determined by the rate of vesicle replenish-
ment at the synaptic ribbon. In agreement with this assumption,
it was recently shown that major endocytic proteins were strongly
enriched in the periactive zone around the synaptic ribbon (Wahl
etal., 2013).

SYNAPTIC CODING AT RIBBON SYNAPSES IN COMPARISON TO
CODING IN CONVENTIONAL SYNAPSES

Synaptic coding in ribbon synapses differs from coding in con-
ventional synapses. Conventional synapses are typically phasic
synapses that initiate synaptic vesicle exocytosis only when a stim-
ulus, usually an action potential, reaches the presynaptic terminal.
The depolarization of the presynaptic terminal opens VGCC,
typically P-/Q-/N-type calcium channels in phasic synapses (for
review, see Catterall etal., 2005; Striessnig etal., 2010; Catterall,
2011; Siidhof, 2012a,b, 2013). The subsequent Ca?*-influx ini-
tiates synaptic vesicle fusion at the active zone (for review, see
Stidhof, 2012a,b, 2013). In contrast, ribbon synapses are tonically
active synapses that continuously fuse synaptic vesicles with the
presynaptic plasma membrane. The basal rate of synaptic vesi-
cle exocytosis is modulated in response to graded changes of
the membrane potential. In photoreceptors, exocytosis is high
in the dark when the photoreceptor is depolarized. The rate
of exocytosis is diminished in the light when the photoreceptor
hyperpolarizes (Jackman etal., 2009). Synaptic vesicle exocyto-
sis at ribbon synapses is also initiated by influx of Ca>* through
VGCC. But ribbon synapses typically use other Ca?*-channels
than phasic synapses (see below). As mentioned above, exocy-
tosis of synaptic vesicles preferentially occurs at the base of the
synaptic ribbon (Zenisek etal., 2000; Chen etal., 2013). Rib-
bon synapses can fuse several hundreds of synaptic vesicles per
second and ribbon (Heidelberger etal., 2005; Schmitz, 2009).
Rod photoreceptors maintain continuous exocytosis at physi-
ological membrane potentials indicating a high vesicle release
probability in ribbon synapses (Jackman etal., 2009; Chen etal.,
2013). How this is achieved is not clear but could be based
on a high Ca?*-sensitivity of the release machinery and/or an
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efficient coupling of the release machinery to the presynaptic
L-type Ca®*-channels (see below). In contrast, release proba-
bility in conventional, phasic synapses is typically much lower
than in ribbon synapses (for review, see Nicoll and Schmitz,
2005; Rusakov, 2006; Fioravante and Regehr, 2011; Regehr,
2012).

At the single vesicle level, using TIRF microscopy it was shown
that synaptic vesicles did not fuse immediately after they appeared
at the plasma membrane but paused at the base of the ribbon for
about 60 ms before fusion finally occurred (Zenisek etal., 20005
Chen etal., 2013). Sixty-millisecond is a relatively long time delay
and indicates that the speed of single vesicle exocytosis cannot be
the main determinant for synaptic coding and its temporal fidelity
at ribbon synapses.

The retrieval of synaptic vesicles has been recently appre-
ciated as an important aspect of signaling at ribbon synapses
(see also above). Continuous exocytosis in photoreceptor rib-
bon synapses caused depletion of synaptic vesicles at the base of
the synaptic ribbon at physiological membrane potentials (Jack-
man etal., 2009; Chen etal., 2013). This depletion of presynaptic
release sites during tonic exocytosis at physiological membrane
potentials suggested that synaptic vesicle replenishment is rate-
limiting for exocytosis and an important aspect for signaling at
ribbon synapses (Jackman etal.,, 2009; Chen etal., 2013). The
rate of vesicle replenishment would thus determine how smooth
exocytosis could proceed. Gaps in continuous synaptic vesicle
exocytosis at the ribbon synapse, e.g., as a result of insuffi-
cient vesicle replenishment, could contribute important signaling
informations.

Despite the large physiological differences between ribbon
synapses and conventional synapses, these synapses do not dif-
fer strongly in the composition of the exocytotic machinery (for
review, see Schmitz, 2009; Matthews and Fuchs, 2010; Mercer and
Thoreson, 2011; Schmitz etal., 2012). In photoreceptor ribbon
synapses, syntaxin 1 is replaced by syntaxin 3b (Curtis et al., 2008,
2010); complexin 1/2 by complexin 3/4 (Reim etal., 2005, 2009);
Muncl3-1 by ubMuncl3-2 (Schmitz etal., 2001; Cooper etal.,
2012); piccolo by piccolino (Regus-Leidig et al., 2013). But the key
players of exocytosis are remarkably conserved.

It should be mentioned that ribbon synapses are not a uniform
population of synapses but display both structural and func-
tional differences (Heidelberger etal., 2005; Moser etal., 20065
Matthews and Fuchs, 2010; Mercer and Thoreson, 2011). Exo-
cytosis in ribbon synapses of hair cells in the inner ear operates in
afundamentally different manner and appears to function without
neuronal SNARE proteins (Nouvian etal., 2011).

DEVELOPMENT OF THE SYNAPTIC RIBBON COMPLEX

Photoreceptor ribbon synapses of the mouse retina develop post-
natally (Olney, 1968; Blanks etal., 1974). The assembly of the
synaptic ribbon complex in photoreceptors occurs via distinct
steps. Starting around postnatal day 4 (P4) small, spherical
ribbon precursors are anchored at the arciform density of the
photoreceptor active zone as judged by electron microscopy and
immunofluorescence microscopy with antibodies against RIBEYE
(Olney, 1968; Hermes et al., 1992; Regus-Leidig et al., 2010a,b; Liu
etal., 2013; Zabouri and Haverkamp, 2013). Starting around P10

and proceeding with the time of eye opening, the immature, short
spherical ribbons develop into the mature form of the synaptic
ribbon which is bar-shaped in cross sections and plate-shaped in
three-dimensional representations (Figures 3C,F; Hermes etal,,
1992; Vollrath and Spiwoks-Becker, 1996; Adly et al., 1999; Schmitz
etal., 2006; Regus-Leidig et al., 2010a,b; Liu etal., 2013).

Recent studies demonstrated that VGCC have a key role for
the developmental organization of the presynaptic cytoskeleton
including the synaptic ribbons.

SYNAPTIC RIBBONS AND VOLTAGE-GATED Ca?+ CHANNELS

L-type VGCC are clustered at the basal end of the synaptic ribbon
(Heidelberger etal., 2005; Doering etal., 2007; Striessnig etal.,
2010; Mercer and Thoreson, 2011; Mercer etal., 2011a; Schmitz
etal.,, 2012). The site is a hotspot of exocytosis (Zenisek etal.,
2000). Entry of Ca?* through L-type VGCC is essential for trigger-
ing exocytosis at the photoreceptor synapse (Dacheux and Miller,
1976; Schmitz and Witkovsky, 1997; Witkovsky et al., 1997; Heidel-
bergeretal.,2005). The VGCC at the active zone of photoreceptors
consists of a pore-forming transmembrane a1 subunit (Cavl.4, in
photoreceptors; Cavl.3 in inner hair cells), an auxiliary f2-subunit
and the a284-subunit (Ball et al., 2002, 2011; Catterall et al., 2005;
Morgans etal., 2005; Wycisk etal., 2006; Buraei and Yang, 2010;
Striessnig et al., 2010; Catterall, 2011; Mercer et al., 2011a; Schmitz
etal., 2012; Liu etal., 2013). Few Cav-channels at the base of the
synaptic ribbons are sufficient to drive exocytosis (Brandt etal.,
2005; Bartoletti etal., 2011). L-type VGCC in photoreceptors are
well suited to support tonical exocytosis at ribbon synapses because
these channels do not show Ca®*-dependent inactivation (CDI)
and little voltage-dependent inactivation (VDI; Singh etal., 20065
Striessnig etal., 2010; Catterall, 2011; Shaltiel etal., 2012). Fur-
thermore, the Ca?t-sensitivity of release is high and exocytosis
is triggered by low, submicromolar Ca?*-concentrations (Rieke
and Schwartz, 1996; Thoreson etal., 2004; Heidelberger etal.,
2005; Sheng etal., 2007; Choi etal., 2008; Jarsky etal., 2010). In
addition to L-type channels, retinal bipolar cells also express tran-
sient, T-type VGCC (Pan etal., 2001; Ma and Pan, 2003; Hu etal.,
2009).

In the development of the outer retina, Cav-channels asso-
ciate early with synaptic ribbon precursors and synaptic rib-
bons (Liu etal., 2013; Zabouri and Haverkamp, 2013). Synaptic
ribbons do not form properly, if the L-type calcium chan-
nels are missing, e.g., in Cavl.4 mouse knockout models
(Mansergh etal., 2005; Chang etal., 2006; Raven etal., 2007;
Lodha etal., 2010). In the different available Cavl.4 mouse
knockout models, the Cavl.4-channel was shown to exert a
strong, severe influence on synaptic ribbon localization and
assembly. Some quantitative differences were observed in the
different available Cavl.4 mouse knockout models (Mansergh
etal.,, 2005; Chang etal., 2006; Raven etal., 2007; Lodha etal.,
2010).

Two recent studies (Liu etal., 2013; Zabouri and Haverkamp,
2013) analyzed in detail the relevance of the Cav-channels for dis-
tinct steps of synaptic ribbon assembly at the active zone and for
the subsequent maturation of the synaptic ribbon complex (Liu
etal.,2013; Zabouri and Haverkamp, 2013). Initially, at early stages
of development, immature ribbon precursors are clustered in the

Frontiers in Molecular Neuroscience

www.frontiersin.org

February 2014 | Volume 7 | Article 3 |78


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

Schmitz

[Ca2*] and GCAPs in photoreceptor ribbon synapses

illumination-dependent changes ;
synaptic sphere

* Ty

synaptic ribbon
A

‘l ~ ]

. \\ » Vu > ? Y >
> N R > 4 9 ’
> » o

. — 3 — E — F e > B > E
> > > > ..I:b > J

developmental maturation of the ribbon

synaptic sphere

¢

T O\ O\

ey <

| P4 ongoing postnatal development

ﬁ' synaptic sphere

illumination |

FIGURE 3 | The synaptic ribbon is a dynamic structure, both in the
mature retina (A,B,D,E) as well as in the immature retina during
early postnatal retinal development (C,F). Panels (A,B) show
disassemblying synaptic ribbons in the mature retina. The mature,
bar-shaped synaptic ribbon disassembles via spherical structures, the
synaptic spheres (arrowheads in A,B). Disassembly into synaptic spheres
occurs at the cytosolic, non-plasma membrane-anchored end of the
synaptic ribbon (arrowheads in A,B). At this end, the synaptic ribbon
appears enlarged before the spherical synaptic spheres detach from it
(A,B). The spherical synaptic ribbons are still associated with synaptic
vesicles via thin connections. But they are no longer anchored to the
presynaptic plasma membrane. Panel (A) is modified from Schmitz and
Drenckhahn (1993) with permission from Springer-Verlag, Berlin,
Heidelberg, Germany. (C) Assembly of the mature, bar-shaped synaptic
ribbon during postnatal development. The arciform density (ad) is clearly
visible at the active zone (dashed arrowheads in C). In the synapse
shown in (C), the assembly of the synaptic ribbon just started. A small
piece of the ribbon is already assembled (small black arrow in C) and
anchored at the arciform density. Most of the ribbon is still present as

immature synaptic spheres (arrowheads) located in vicinity to the small
anchored ribbon primer (arrow in C). Later in development, the spherical
synaptic ribbons (arrowheads) coalesce with the anchored ribbon primer
(small black arrow in C) to form the mature, bar-shaped synaptic ribbon.
RIBEYE-RIBEYE interactions might mediate this process. Panel (C) is
taken from Schmitz etal. (2006) with permission from PNAS (copyright
(2006) National Academy of Sciences, USA). Panels (D,E) schematically
depict the illumination-induced disassembly of the synaptic ribbon (see
also A,B). Panel (F) summarizes the possible sequence of synaptic
ribbon assembly that occurs during postnatal development. sr, synaptic
ribbon; ss, synaptic sphere; pre, presynaptic, sv, synaptic vesicle; bc,
bipolar cell dendritic tip; hc, horizontal cell dendritic tip; m,
mitochondrium; P4, postnatal day 4. Arrowheads in (A,B) point to
synaptic spheres forming at the distal, non-membrane-anchored end of
the synaptic ribbon. Dashed arrows in (C) point to the arciform density,
which is the presynaptic density in ribbon synapses. The spheres colored
in red in (D-F) represent synaptic vesicles. Panels (D-F) were re-drawn
based on figures by Adly etal. (1999) and Spiwoks-Becker etal. (2004).
Scale bars: 100 nm (A-C).
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terminal and probably anchored to the active zone (Zabouri and
Haverkamp, 2013) even if the Cav-channels are missing. But —
in contrast to the wildtype — these immature ribbon precursors
are not aligned and thus functionally linked with postsynaptic
glutamate receptors in the Cavl.4 knockout (Liu et al., 2013). Fur-
thermore, without proper channel activity, these immature ribbon
precursors do not mature into the bar-shaped synaptic ribbons but
remain immature (Liu et al., 2013; Zabouri and Haverkamp, 2013).
Interestingly, normal physiological activity of the Cav-channel
is needed to transform immature ribbons into mature ribbons.
Both loss-of-function mutants as well as gain-of-function mutants
(Knoflach etal., 2013; Liu etal.,, 2013) of the Cav-channels pre-
vented proper maturation of the synaptic ribbon complex (Liu
etal., 2013).

Similarly, also knockout models of various proteins linked to
the Cavl.4-channel (i.e., f2-subunit of Cavl.4 channels, CaBP4,
bassoon, and laminin B2 (for review, see Nishimune, 2012) dis-
played absent, smaller or non-attached “floating” synaptic ribbons
(Libby etal., 1999; Ball etal., 2002; Dick etal., 2003; Haeseleer
etal., 2004; Nishimune etal., 2004; Nishimune, 2012). In agree-
ment with these findings, voltage-gated Cav-channels in the inner
ear were shown to regulate synaptic ribbon size (Frank et al., 2009,
2010; Sheets etal., 2011, 2012).

Zabouri and Haverkamp (2013) demonstrated that Cav-
channels are not only important for the proper development of
the synaptic ribbon complex but also for the development of the
presynaptic cytoskeleton in photoreceptors. Deletion of Cavl.4
lead to misassembly of many components of the presynaptic pho-
toreceptor cytoskeleton including PSD95, the plasma membrane
Ca2t-ATPase (PMCA), Veli3, B-dystroglycan, bassoon, and RIM2.
As consequence, the architecture of the synaptic terminal was
profoundly altered.

These data argue that the Cav1.4 channel in photoreceptors is
a central organizer of the photoreceptor ribbon synapse active
zone in general and for the synaptic ribbon complex in par-
ticular. Several molecules are candidates that could provide a
link between synaptic ribbons and voltage-gated Cavl.4 calcium
channels. The RIM multi-domain family of proteins are essen-
tial components of the active zones in conventional and ribbon
synapses (Wang et al., 1997; Stidhof, 2013). In conventional active
zones, they are found at presynaptic densities; in ribbon synapses
both at the active zone (arciform densities; RIM2; tom Dieck
etal,, 2005) and also at the proper synaptic ribbon (RIM1, tom
Dieck et al., 2005). RIMs are important for various central aspects
of synapse function (Deng etal., 2011; Han etal., 2011; Kaeser
etal., 2011; for review, see Stidhof, 2013). RIM proteins are crucial
for anchoring P/Q/N-type VGCC at the active zone in conven-
tional synapses via a direct PDZ-domain interaction (Deng et al.,
2011; Han etal., 2011; Kaeser etal., 2011; for review, see Stidhof,
2013). RIMs indirectly interact with L-type Ca?*-channels via
RIM-BPs (Hibino etal., 2002). Besides immobilizing VGCC, RIMs
are essential for vesicle priming via interaction with Munc13 and
for synaptic vesicle docking via interaction with rab3/rab27 (Deng
etal,, 2011; Han etal, 2011; Kaeser etal., 2011; for review, see
Siidhof, 2013).

RIM1 has also been reported to be associated with the
B-subunits (B4, B2a) of VGCC (Kiyonaka etal., 2007; Miki etal.,

2007). This interaction was suggested to suppress inactivation of
VGCC (Kiyonaka etal., 2007; Miki etal., 2007). Interestingly, a
point mutation in the C2A-domain of RIM1 is responsible for a
cone rod-dystrophy (CORD7; Johnson etal., 2003). CAST/ELKS
proteins that are also present at the synaptic ribbon complex have
been recently reported to be also associated with B-subunits of
VGCC (Chen etal., 2011; Kiyonaka etal., 2012). Similarly, bas-
soon has been described to be associated with f-subunits of VGCC
(Chenetal.,2011; Nishimune et al., 2012). The binding of bassoon
to B-subunits of VGCC is compatible with the finding that the
organization of VGCC was disturbed in inner ear ribbon synapses
of bassoon-deficient mice (Frank etal., 2010). Thus, the active
zone with the synaptic ribbons appears to be intimately associated
with VGCC and organized by these channels by a multitude of
different protein—protein interactions.

PRESYNAPTIC Ca?*, GCAP2, AND SYNAPTIC RIBBON DYNAMICS

In the mature adult mouse retina, synaptic ribbons also underlie
changes in size. These changes are illumination-dependent and
appear to be regulated by Ca>* (Vollrath and Spiwoks-Becker,
1996; Adly etal., 1999; Spiwoks-Becker etal., 2004; Schmitz,
2009; Regus-Leidig etal., 2010a). Several studies observed a light-
induced reduction in the size of synaptic ribbons in the mouse
retina (Adly etal, 1999; Spiwoks-Becker etal., 2004; Regus-
Leidig etal., 2010a; Fuchs etal., 2013). The bar-shaped ribbons
appear to disassemble (and re-assemble) from the free cytoso-
lic, non-membrane-anchored end (Figure 3). From this end of
the bar-shaped ribbon, spherical ribbons, the synaptic spheres,
detach (Figure 3). Thus, this illumination-dependent growth and
disassembly of the synaptic ribbon appears to employ similar inter-
mediate structures as in development (Figure 3C). These spherical
intermediates are similar in appearance as the spherical synaptic
ribbons of hair cells in the inner ear (for review, see Moser etal.,
2006). The synaptic spheres are still associated with numerous
synaptic vesicles (Figures 3A—C). Spherical ribbons were added to
remaining ribbons during darkness (Spiwoks-Becker etal., 2004;
Regus-Leidig et al., 2010a).

The light-induced reduction of synaptic ribbon size could
be mimicked by lowering intracellular Ca?* (Adly etal., 1999;
Spiwoks-Becker etal., 2004) suggesting that Ca?* is an impor-
tant factor that regulates ribbon size. In fact, while lowering
intracellular Ca>* lead to a reduction of synaptic ribbon size,
increases of intracellular Ca?™ resulted in increased ribbon sizes
(Spiwoks-Becker etal., 2004; Regus-Leidig etal., 2010a). The
genetic background of animals also influences synaptic ribbon
dynamics. Synaptic ribbon size plasticity has been reported to be
stronger in albinotic mice than in pigmented mice (Fuchs etal.,
2013).

Mechanisms of assembly and disassembly of synaptic rib-
bons in the mature retina are still largely unknown. The NCS
protein GCAP2 is involved in the Ca?*-dependent disassem-
bly of synaptic ribbons (Venkatesan etal., 2010; Lépez-del Hoyo
etal., 2012). RIBEYE, the main component of synaptic rib-
bons, binds the NCS protein GCAP2 (Venkatesan etal., 2010).
GCAP2 is the only known Ca?*-binding protein of synaptic rib-
bons. Interaction between RIBEYE and GCAP2 occurs via the
B-domain of RIBEYE and the C-terminal region (CTR) of GCAP2

Frontiers in Molecular Neuroscience

www.frontiersin.org

February 2014 | Volume 7 | Article 3 |80


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

Schmitz

[Ca2*] and GCAPs in photoreceptor ribbon synapses

(Venkatesan et al., 20105 for review, see Schmitz etal., 2012). The
CTR of GCAP2 is divergent in sequence between GCAP1 and
GCAP2. In agreement, GCAP1 does not bind to RIBEYE while
GCAP2 does (Venkatesan etal., 2010). Recent ultrastructural
analyses, using postembedding immunogold electron microscopy
demonstrated that GCAP2 is a component of synaptic ribbons
that is directly localized at the synaptic ribbon body (Lopez-del
Hoyo etal.,2012). Viral overexpression of GCAP2 in organotypical
retina cultures leads to a disassembly of synaptic ribbons (Venkate-
san etal., 2010). Similarly, in GCAP2 — overexpressing transgenic
mice, synaptic ribbons also tend to disassemble more easily than
in the wildtype retinas (Lopez-del Hoyo etal., 2012) although the
synaptic ribbon complex as such is normally formed in GCAP2
knockout mice.

Low intracellular Ca?*-concentrations lead to dimerization
and also to conformational changes in the CTR of GCAP2
(Olshevskaya etal., 1999; Peshenko etal., 2004). In particular, low
intracellular Ca?™* leads to exposure of the CTR of GCAP2 (Pesh-
enko etal., 2004). In the Ca%T-free form of GCAP2, the CTR is
exposed while in the Ca®T-bound state it is not (or much less;
Peshenko etal., 2004). Therefore, RIBEYE-GCAP2 interaction is
most likely favored by conditions of low intracellular Ca?™, e.g.,at
illumination. Furthermore, while RIBEYE-GCAP?2 interaction is
promoted by NAD(H) (Venkatesan etal., 2010), NADH destabi-
lizes the RIBEYE-RIBEYE interaction network (i.e., RE(A)-RE(B)
interaction ; Magupalli et al., 2008) which would lead to an overall
tendency of reduced RIBEYE-RIBEYE interaction. By this mech-
anism, depletion of Ca?t from GCAP2 could contribute to the
disassembly of synaptic ribbons in photoreceptor synapses. By this
way of thinking, GCAP2 binding to the synaptic ribbon could thus
be involved in the regulation of the Ca>*-dependent dynamics of
synaptic ribbons.

The conformational change of GCAP2 induced by low Ca?™
could thus lead to a severing and subsequent disassembly of
the ribbon body into spherical structures, the synaptic spheres
(Figure 4). The immunogold electron microscopic studies by
Lopez-del Hoyo etal. (2012) showed that GCAP2 is not homo-
geneously distributed along the entire ribbon body (as is RIBEYE;
Schmitz etal., 2000), but is clustered at hotspots at the synaptic
ribbon surface. These hot spots of GCAP2 immunoreactivity on
the synaptic ribbon could represent sites of ribbon disassembly
(Figure 4).

INTRACELLULAR MODULATION OF Ca2+-SIGNALS IN PHOTORECEPTOR
TERMINALS

Ca®* signals generated by influx through VGCC are modulated by
various intracellular mechanisms that can subsequently increase
or decrease cytosolic Ca>"-concentration. The final Ca?*-signal
in the presynaptic terminal is shaped by the temporal and spatial
interactions of these mechanisms (Krizaj and Copenhagen, 2002;
Szikra and Krizaj, 2006).

The smooth endoplasmic reticulum (ER) is a main intra-
cellular Ca2t-source (Parekh, 2011) and located close to the
synaptic ribbon in photoreceptor ribbon synapses as judged by
immunolabeling with antibodies against ER components, e.g., the
sarco(endo)plasmic reticulum Ca?*-ATPase (SERCA)-2 protein
(Johnson etal., 2007; Babai etal., 2010). Ca%T-induced Ca?*-

release (CICR) from the ER can amplify Ca®* -signals and enhance
signal transmission (Krizaj etal., 1999; Krizaj, 2003; Cadetti et al.,
2006; Suryanarayanan and Slaughter, 2006; Szikra and Krizaj,
2007; Szikra etal., 2008, 2009; Babai etal., 2010). Several studies
showed that CICR contributes to tonic release at the photore-
ceptor synapse (Krizaj etal., 1999; Cadetti etal., 2006; Surya-
narayanan and Slaughter, 2006; Babai et al., 2010). Both classes of
ER-localized receptors responsible for mobilization of Ca?* from
the ER, i.e., ryanodine receptors (RyR) and IP3 receptors (IP3R)
have been localized to photoreceptor terminals (Peng etal., 1991;
Krizaj etal., 1999; Krizaj, 2003). CICR can also activate Ca>™-
activated Cl™-channels at the presynaptic plasma membrane.
TMEM16B-type of Ca®*-activated Cl~-channels have been local-
ized to the photoreceptor terminal (Lalonde etal., 2009; Stohr
etal., 2009; Mercer etal., 2011b). Activation of Ca?*-activated
Cl™-channels in photoreceptor terminals should lead to depo-
larization because the membrane potential of about ~~40 mV
at darkness is more negative than the Cl™-equilibrium potential
of —20 mV in rod photoreceptor synapses (Thoreson etal., 2002;
Babai etal., 2010).

If intracellular Ca® T -stores are exhausted, store-operated cal-
cium entry (SOCE) mechanisms can replenish them (for review,
see Parekh and Putney, 2005; Lewis, 2011; Soboloff etal., 2012;
Gudlur etal., 2013). The ER-localized EF-hand-containing Ca™ -
sensor protein STIM activates Ca®> " -selective, plasma membrane
located Ca®* -release-activated Ca** (CRAC)-channels in case of
store-depletion. CRAC channels contain Orai-proteins as major
components that allow Ca?T influx through the plasma mem-
brane and subsequent Ca’* replenishment of the emptied ER
store (Lewis, 2011; Soboloff etal., 2012; Gudlur etal., 2013).
TRPC1 proteins also contribute to CRAC channel activity (Szikra
etal., 2009; Molnar etal., 2012). Silencing of TRPCI by RNA
interference abolished SOCE in rods but not in cones indicating
that TRPC1 could be an important component of SOCE in rods
(Szikra etal., 2008). STIM1 proteins have been recently localized
to the photoreceptor terminal (Szikra etal., 2009). The SERCA2
ATPase (see below) has been suggested to be the “third element”
of SOCE that mediates influx of Ca>* into the ER after it has
entered the cytosol via the CRAC channels (Manjarrés etal., 2010,
2011; Alonso etal., 2012). Store-operated Ca?*-channels could
contribute to sustained Ca’* signals and extend the dynamic
range of signaling in the tonically active photoreceptor ribbon
synapse.

The PMCAs represent a family of transmembrane proteins
(Carafoli, 1999; Tempel and Shilling, 2007) that extrudes Ca’?*
from the cytosol into the extracellular space in an ATP-dependent
manner (Carafoli, 1999; Tempel and Shilling, 2007). The PMCA
is immobilized in the plasma membrane of the presynaptic ter-
minal that is scaffolded by PSD95, MPP4, and VELI3 (Aartsen
etal., 2006, 2009; Yang etal., 2007; Forster etal., 2009). Proper
localization of PMCA in the presynaptic plasma membrane also
depends on VGCC (Xing etal., 2012). The PMCA has a strong
influence on presynaptic Ca’>*-signaling (Duncan etal., 2006;
Szikra and Krizaj, 2006) and also on synaptic ribbon length
dynamics (Yang etal., 2007; Aartsen etal., 2009). Deletion of
the MPP4 gene leads to a loss of PMCA from the plasma mem-
brane of the presynaptic photoreceptor terminals (Yang et al., 2007;
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FIGURE 4 | GCAP2-mediated disassembly of the synaptic ribbon. (A)
Previous studies have shown that GCAP2 interacts with RIBEYE, the main
component of synaptic ribbons (Venkatesan etal., 2010). The drawing in (A)
schematically summarizes the interaction between GCAP2 and RIBEYE. The
C-terminal region (CTR) of GCAP2 interacts with the hinge region of
RIBEYE(B)-domain that connects the NAD(H)-binding sub-domain with the
substrate-binding sub-domain of RIBEYE (Venkatesan etal., 2010; Schmitz
etal., 2012). This interaction is promoted by NAD(H). (B) GCAP2 performs a
Ca2+-dependent conformational change of its C-terminal region (CTR). In the
Ca2+-free form, the CTR is exposed, whereas in its Ca2+-bound form it is
less exposed (Peshenko etal., 2004). In addition, GCAP2 dimerizes at low
CaZ+ (Olshevskaya etal., 1999). The CTR is responsible for the binding to
RIBEYE (Venkatesan etal., 2010). (C,D) Binding of GCAP2 to RIBEYE of
synaptic ribbons might lead to severing of the synaptic ribbon via exposure of
the CTR. Exposure of the CTR occurs if Ca2t is low, e.g., at illumination or if
intracellular Ca2+ is buffered away by chelators. As a consequence, ribbons

synaptic sphere

synaptic ribbon

arciform
density

are getting shorter. Spherical ribbons, synaptic spheres, dissociate from the
free cytosolic end of the synaptic ribbon. While NAD(H) favors binding of
GCAP2 to RIBEYE, it weakens RIBEYE-RIBEYE interactions which might
ease disassembly of the synaptic ribbon (Magupalli etal., 2008). For sake of
clarity, intracellular membrane system, e.g., ER, and mitochondria which
could influence intracellular Ca2*-levels were omitted in the schematic
drawing. These compartments can be expected to further shape the
Ca2+—signal in the presynaptic terminal. PMCA and NCX-proteins are
schematically depicted. The C-terminus (CTR) of GCAP2 that interacts with
RIBEYE and which is exposed particularly in the Ca2*-free form of GCAP2 is
schematically depicted as a knife-like structure because it is proposed to
severe the synaptic ribbon structure. The spheres colored in blue in (B-D)
represent Ca2+-ions. sr, synaptic ribbon; ss, synaptic sphere; CTR, C-terminal
region of GCAP2; PMCA, plasma membrane Ca2T-ATPases; NCX,
Nat/Ca2+-exchanger; ad, arciform density (i.e., the presynaptic density of
photoreceptor ribbon synapses); EF, EF-hand.
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Aartsen etal., 2009). The subsequent loss of extrusion activity
leads to increased intracellular Ca?* and enlarged synaptic rib-
bons (Yang et al., 2007; Aartsen et al., 2009). Nat/Ca?* exchangers
(NCXs) extrude Ca’t from the cytosol into the extracellular
space under physiological conditions (Lytton, 2007). NCX pro-
teins are closely localized to the synaptic ribbon and thus can
be expected to strongly influence synaptic transmission and rib-
bon dynamics (Duncan etal., 2006; Johnson etal., 2007). PMCA
appears to be predominantly expressed in rod spherules; NCX is
predominantly expressed in cone pedicles (Johnson etal., 2007).
The SERCA can lower intracellular Ca’* by pumping Ca?*
from the cytosol into the ER (Bublitz etal., 2013). In pho-
toreceptor synapses, the SERCA pump has been localized in
close proximity to the synaptic ribbon (Yang etal., 2007; Babai
etal., 2010). The described Ca’*-extruding systems are impor-
tant to restore resting levels of Ca?* after depolarization-induced
increases (Duncan etal., 2006; Szikra and Krizaj, 2006; John-
son etal., 2007; Mercer and Thoreson, 2011; Wan etal., 2012;
Bublitz etal., 2013). Photoreceptor terminals often contain also
mitochondria in proximity to the synaptic ribbon (Johnson etal.,
2007). Mitochondria have been suggested to be able to take up
large amounts of Ca?* (Rizzuto etal., 2004; Parekh and Putney,
2005; Rizzuto and Pozzan, 2006). In ribbon terminals, Ca2™-
uptake by mitochondria was found to be only functionally relevant
if the Ca?T-load was particularly high (Zenisek and Matthews,
2000).

THE SYNAPTIC RIBBON SIZE IN PHOTORECEPTOR SYNAPSES: A PROXY
FOR PRESYNAPTIC Ca?+-CONCENTRATION?

As summarized above, there are multiple links between Cav-
channels, presynaptic Ca®*-levels, synaptic signaling and the
synaptic ribbons. Ca?*-flux through VGCC as well as the subse-
quent cross-talk to other Ca?*-regulating systems in the presy-
naptic terminal affect structural plasticity and developmental
maturation of the synaptic ribbon in photoreceptor synapses. In
the light, when Ca* is low in presynaptic photoreceptor termi-
nals (Thoreson etal., 2004; Choi etal., 2005, 2008; Sheng etal.,
2007; Jackman et al., 2009), synaptic ribbons appear to be smaller
than in the dark (Adly etal., 1999; Balkema etal., 2001; Spiwoks-
Becker etal., 2004; Hull etal., 2006; Regus-Leidig etal., 2010a).
Similarly, in knockout mouse models in which extrusion of Ca?t
is disturbed and presynaptic Ca?* increased, synaptic ribbons
were longer than in control animals (Yang etal., 2007; Aartsen
etal., 2009). On the other hand, in mouse knockout models
where Cav-channels were deleted, synaptic ribbons were smaller
and did not develop into mature, large synaptic ribbons. There-
fore, the size of the synaptic ribbon could appear as a readout
of presynaptic Ca?*. A recent publication (Liu etal., 2013) indi-
cated, that the Ca?T-mediated dynamics of synaptic ribbons — at
least in development — is more complex. Also gain-of-function
mutations of the Cavl.4 channel, which lead to an activation of
the Cavl.4 channel already at more negative membrane poten-
tials, displayed shorter than normal synaptic ribbons (Liu etal,,
2013). Future investigation need to provide a more detailed pic-
ture about the assembly and disassembly of the synaptic ribbon, its
regulation and its consequences for signaling at the photoreceptor
synapse.

SUMMARY AND OUTLOOK

Biochemical and molecular analyses identified the protein compo-
sition of synaptic ribbons to a large extent. Surprisingly, most of
the ribbon proteins are not only present in ribbon synapses but also
in conventional synapses. RIBEYE is the only major building block
unique to synaptic ribbons. Still, many questions concerning the
structure, assembly, and function of synaptic ribbons remain to
be elucidated. How is the assembly of synaptic ribbons regulated?
How do immature ribbons develop into mature ribbons? How
does Ca®™ exerts its influence on synaptic ribbons? Does Ca**-
dependent phosphorylation of ribbon proteins play a role? Why
are there so many links between presynaptic Ca>*-channels and
synaptic ribbons? How can very few ribbon synapse-specific com-
ponents build such a fundamentally different synapse? How are
the synaptic ribbon components mechanistically linked to the pro-
posed functions of synaptic ribbons? The application of innovative
physiological tools and the analysis of mouse knockout models are
needed to answer these questions.
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Retinal degeneration 3 (RD3) is an evolutionarily conserved 23 kDa protein expressed in rod
and cone photoreceptor cells. Mutations in the gene encoding RD3 resulting in unstable
non-functional C-terminal truncated proteins are responsible for early onset photoreceptor
degeneration in Leber Congenital Amaurosis 12 patients, the rd3 mice, and the rcd2?
collies. Recent studies have shown that RD3 interacts with guanylate cyclases GC1 and
GC2 in retinal cell extracts and HEK293 cells co-expressing GC and RD3. This interaction
inhibits GC catalytic activity and promotes the exit of GC1 and GC2 from the endoplasmic
reticulum and their trafficking to photoreceptor outer segments. Adeno-associated viral
vector delivery of the normal RD3 gene to photoreceptors of the rd3 mouse restores GC1
and GC2 expression and outer segment localization and leads to the long-term recovery
of visual function and photoreceptor cell survival. This review focuses on the genetic and
biochemical studies that have provided insight into the role of RD3 in photoreceptor function
and survival.

Keywords: retinal degeneration 3, guanylate cyclase, photoreceptor cells, protein trafficking, photoreceptor

degeneration, Leber congenital amaurosis, gene therapy

INTRODUCTION

Guanylate cyclase (GC) plays a key role in phototransduction by
catalyzing the synthesis of cGMP. In the dark the basal catalytic
activity of GC in photoreceptor outer segments (OS) is balanced by
the basal activity of phosphodiesterase (PDE) to maintain cGMP
at alevel sufficient for maintaining a significant fraction of cGMP-
gated channels in their open state. This allows the influx of Ca?*
and Na* into the OS with the intracellular Ca’>™ level reaching
250-500 nM (Gray-Keller and Detwiler, 1994; Woodruff etal.,
2002). At this concentration, guanylate cyclase activating pro-
teins (GCAPs) with bound Ca?* maintain GC at its basal level
(Gorczyca etal., 1994; Dizhoor etal., 1995; Polans etal., 1996).
Following photoexcitation the Ca?T level decreases to less than
25 nM through the combined closure of the cGMP-gated chan-
nels and continued efflux of Ca>T by the Na/Ca-K exchanger
(Woodruff etal., 2002). The reduced Ca>* concentration triggers
the exchange of Ca* for Mg?™ on GCAPs resulting in the activa-
tion GC (Peshenko and Dizhoor, 2006; Dizhoor etal., 2010). The
increase in cGMP reopens the cGMP-gated channels and restores
Ca?* and cGMP to their dark state levels.

Vertebrate photoreceptors contain two membrane-bound GCs,
generally called GC1 and GC2, that share a high degree of sequence
identity (~49%) and structural organization (Shyjan etal., 1992;
Lowe etal., 1995; Baehr etal., 2007; Karan etal., 2011). They
consist of an N-terminal signal sequence followed by an extra-
cellular domain, a transmembrane segment, a kinase homology
domain, a dimerization domain, a cyclase catalytic domain, and a
carboxyl-terminal extension. GCI and GC2 exist as homodimers
which localize to disk membranes of photoreceptor OS (Yang and

Garbers, 1997; Ramamurthy etal.,, 2001). GCI is present at rel-
atively high concentrations in rod and cone OS, whereas GC2
is restricted to rod OS in mice and humans (Baehr etal., 2007;
Azadi etal., 2010). The relative amounts of GC1 and GC2 vary
with species with a GC1 to GC2 ratio of 4:1 in mouse (Pesh-
enko etal.,2011b) and 30:1 in bovine photoreceptors (Helten et al.,
2007; Kwok etal., 2008). The importance of GC1 and GC2 in the
visual response and photoreceptor survival has been determined
in knockout mice. In GC1 knockout mice, the cone photoresponse
is absent and these cells undergo rapid degeneration (Baehr etal.,
2007; Karan etal., 2010). Rod photoreceptors remain viable and
functional due to the presence of GC2. In the GC1/GC2 double
knockout mice, the rod and cone photoresponse is undetectable
and both cell types undergo degeneration. The importance of
GClI in rod and cone function and survival is further highlighted
by the finding that mutations in the GUCY2D gene encoding
human GC1 cause Leber Congenital Amaurosis (LCA) Type 1
(LCA1), a severe early onset retinal dystrophy, and cone-rod
dystrophy (Perrault etal., 1996; Kelsell etal., 1998; Karan etal,,
2010).

Photoreceptor cells are highly polarized neurons with the OS
segregated from the rest of the cell by a thin cilium. OS proteins
must be efficiently transported from the endoplasmic reticu-
lum (ER) in the inner segment through the cilium since OS
turnover every 10 days through the phagocytosis of aged OS
membranes by retinal pigment epithelial cells and the addition
of new membrane at the base of the OS (Sung and Chuang,
2010). The molecular machinery which orchestrates the trans-
port of proteins to the OS is highly complex involving vesicle
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budding, fusion, and motorized transport along microtubules
and other cytoskeletal elements in the inner segment and cilium.
Molecular-based studies indicate that the C-terminal targeting seg-
ment of several OS membrane proteins including rhodopsin and
perpherin-2 play an essential role in vesicle trafficking through
protein—protein interactions (Tam et al., 2000, 2004; Deretic et al.,
2005; Chuang etal., 2007; Mazelova etal., 2009). The vesicle
transport pathways, however, appear to be distinct for various
OS membrane proteins (Fariss etal., 1997). Efforts to define a
sequence required to transport GC to outer segments have been
inconclusive (Karan etal., 2011). Recently, retinal degeneration
3 (RD3), a photoreceptor protein encoded by the gene associ-
ated with retinal degeneration in the rd3 mouse, rcd2 collie, and
LCAI12 patients has been shown to play a crucial role in the traf-
ficking of GC1 and GC2 in photoreceptors (Azadi etal., 2010).
In this review, we focus on the molecular properties of RD3 and
its role in GC trafficking, catalytic activity, and photoreceptor
degeneration.

GENETIC AND PROTEIN ANALYSIS OF THE RD3

The gene responsible for retinal degeneration in the rd3 mouse
was first identified as an uncharacterized transcript in an in silico
search of retina-specific transcripts and called Clorf36 for Chro-
mosome 1 open reading frame 36 (Lavorgna etal.,, 2003). The
gene now known as RD3 consists of 3 exons spanning the 5" and
3’ untranslated region with the open reading frame comprised of
part of exon 2 (amino acids 1-99) and exon 3 (100-195). RT-PCR
and in situ hybridization confirmed the presence of RD3 in the
retina with high expression in the photoreceptors.

The RD3 protein encoded by the RD3 gene is highly con-
served across vertebrates with the human protein consisting of
195 amino acids and sharing 95% sequence identity with other
primates, 86% with mouse and rat, 83% with bovine, 67% with
chicken, and 50-60% with lower vertebrates including Danio
rerio (Zebrafish) and Xenopus tropicalis (Western clawed frog).
Computer algorithms indicate that RD3 lacks any known homol-
ogy domains or transmembrane segments. RD3 is predicted to
have a high a-helix content (~43%), no B-sheets and consid-
erable disordered regions (Figure 1). There are four conserved
stretches of predicted a-helices (H1-H4) with the first helix con-
sisting of 34 amino acids and the last helix having 39 amino acids.
Additional conserved features include a putative coil—coil region
between amino acids 22-54 and several predicted phosphorylation
sites.

RD3 has been isolated from retinal homogenates and HEK293
cells and bacteria expressing the recombinant protein (Azadi
etal,, 2010; Peshenko etal., 2011a). On SDS gels RD3 migrates
as a 23 kDa protein consistent with its amino acid sequence.
Dynamic light scattering and gel filtration chromatography, how-
ever, indicate that purified RD3 in solution exists as a polydispersed
oligomeric protein.

TRUNCATION MUTATIONS IN RD3 CAUSE PHOTORECEPTOR
DEGENERATION

The rd3 mouse was one of the first naturally occurring murine
strains found to display early onset rod and cone degeneration
(Chang etal., 1993). The rate of degeneration varies with the

background strain (Linberg etal., 2005; Friedman etal., 2006;
Danciger etal., 2008; Molday etal., 2013). The albino RBF/DnJ
strain shows the fastest rate of degeneration with only a mono-
layer of photoreceptor nuclei present 8 weeks after birth. The
pigmented In(5) 30RK/] strain displays the slowest rate with some
photoreceptors still present after 30 weeks. The Rb(11.13)4Bnr/J
strain is intermediate in its rate of degeneration. Rod-derived sco-
topic electroretinograms (ERG) are measurable in all strains at an
early age prior to significant photoreceptor degeneration (~24—
35 days postnatal), but a cone response has only been reported
in the In(5) 30RK/J strain (Friedman etal., 2006; Molday etal.,
2013). The mutation which causes photoreceptor degeneration in
all strains was first reported by Friedman etal. (2006). They iden-
tified a homozygous C—T substitution (¢.319C—T) in the Rd3
gene which causes a premature stop codon resulting in a protein
lacking the last 99 amino acids.

An extensive human RD3 mutational screen was carried out on
individuals with autosomal dominant and recessive retinal degen-
erative diseases. A homozygous G — A transition in the donor
splice site at the end of exon 2 was found in two siblings from a
family with LCA (Friedman etal., 2006). This mutation causes a
premature stop codon following codon 99 of the RD3 gene. The
RD3 gene was the twelfth gene associated with LCA and accord-
ingly this subclass is called LCA12. Subsequent genetic screens
revealed homozygous mutations in RD3 with severely truncated
proteins in other LCA families (Preising et al., 2012; Perrault et al.,
2013). World-wide genetic screens indicate that mutations in
the RD3 gene causing LCA are rare. In addition to truncation
mutations, missense mutations in RD3have been observed in indi-
viduals with other retinopathies (Friedman et al., 2006). However,
additional studies are needed to determine if these mutations are
directly responsible for the disease.

A mutation in the canine Rd3 gene causes rod-cone dysplasia 2
(rcd2) in a strain of collies (Kukekova et al., 2009). An insertion in
the gene leads to an alteration in the last 61 codons and a further
extension of the open reading frame.

Biochemical studies indicate that the truncated RD3 proteins
associated with photoreceptor degeneration in the rd3 mouse and
LCAI12 patients are highly unstable and non-functional (Friedman
etal., 2006; Peshenko etal., 2011a). These studies support a crucial
role of the C-terminal segment in the stability and function of
RD3.

INTERACTION OF RD3 WITH GC1 AND GC2

RD3 was first detected in a mass-spectrometry-based proteomic
analysis of bovine photoreceptor OS (Kwok etal., 2008). Mon-
oclonal and polyclonal antibodies against RD3 confirmed the
presence of the 23 kDa RD3 protein in mouse retinal extracts by
western blotting (Azadi etal., 2010). These antibodies, however,
proved to be problematic for immunolocalizing RD3 in pho-
toreceptors as they failed to consistently label retinal cryosections
above background levels due to either the inaccessibility of the epi-
topes or the low level of RD3 expression. One polyclonal antibody
showed some immunoreactivity in outer and inner segment layers
above control retinas, but in subsequent studies this observation
could not be reproduced (Azadi etal., 2010). Additional studies
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FIGURE 1 | Sequence alignment of RD3 proteins from various

vertebrates. Sequences of human, mouse, chick, and Xenopus tropocalis
RD3 were aligned using Clustal W multiple alignment program. Sequence
identities relative to human RD3 are shown in yellow and * and similarities

are indicated by (:). Helical predictions were based on the PSIPRED protein
structure prediction program and coil-coil domain (enclosed in a rectangle)
was predicted using Coils program found in the web-based ExPASy
Bioinformatics Resource portal.

are needed to definitively determine the subcellular localization of
RD3 in photoreceptor cells.

The first insight into the possible role of RD3 in photoreceptors
was obtained from co-immunoprecipitation experiments. A mon-
oclonal antibody to murine RD3 coupled to Sepharose immuno-
precipitated GC1 and GC2 together with RD3 from mouse retinal
extracts (Azadi etal., 2010). The interaction of RD3 and GC1 was
confirmed in co-expression and co-immunoprecipitation studies.
When RD3 and GC1 were co-expressed in HEK293 cells, an anti-
RD3 antibody co-precipitated GC1 with RD3 and in a reverse
experiment an anti-GCl antibody co-immunoprecipitated RD3
with GC1 confirming the direct interaction between these pro-
teins (Azadietal., 2010). Analysis of GC1 deletion mutants further
indicated that the C-terminus of GCI is required for binding of
RD3.

RD3 IS IMPORTANT FOR THE EXPRESSION AND
LOCALIZATION OF GUANYLATE CYCLASES

To determine the significance of the RD3-GC interaction, the
expression and localization of GC1 and GC2 in the rd3 mouse
was compared with age-matched wild-type (WT) mice by west-
ern blotting and confocal microscopy (Azadi etal., 2010). GC1
and GC2 from WT mouse retina migrated as 120 and 125 kDa
proteins on SDS gels, but were absent or present in reduced
amounts in extracts from rd3 mice depending on the strain
used for the analysis (Azadi etal., 2010; Molday etal., 2013).
At a subcellular level, GC1 and GC2 was localized to the pho-
toreceptor OS of WT mice with GC1 present in rod and cones
and GC2 restricted to rod cells as reported previously (Karan

etal., 2010). In contrast, GCI and GC2 immunolabeling was
absent in 21-day old Rb(11.13)4Bnr/] rd3 mice and mislocalized
to the inner segment of the In(5)30RK/J strain (Azadi etal.,
2010; Cheng and Molday, 2013; Molday etal., 2013). GCAP1
and GCAP2 were detected at a reduced level in rd3 mice
and primarily confined to the inner segments as observed in
GC1/GC2 knockout mice (Azadi etal., 2010; Karan etal., 2010).
Other photoreceptor OS proteins including the cyclic GMP-gated
channel, PDES6, peripherin-2, rhodopsin, and cone arrestin tar-
geted normally to the OS of the rd3 mice. Gene expression
observed by microarray analysis indicated that the expression
levels of genes encoding RD3, GCl and GC2 in 21 day old
(Rb(11.13)4Bnr rd3 mice were similar to age-matched WT mice.
Up-regulation of endothelin 2 (EDn2), glial fibrillary acid pro-
tein (Gfap), and complement component factor 1 (CfI) and
down-regulation of phosducin (Pdc), gap junction protein a5
(Gja5) and retinal G protein — coupled receptor (Rgr) genes,
however, were observed for the rd3 retina (Cheng and Molday,
2013).

The expression and distribution of GC1 was also examined
in the In(5)30RK/J strain of rd3 mice by immunofluorescence
microscopy (Molday etal., 2013). GC1 was detected at reduced
levels in this strain and confined primarily to the inner segments
where it co-localized with the anti-KDEL ER marker. A small
amount of GCI was detected in the OS layer which may account for
the attenuated scotopic and photopic ERGs observed in this strain.
Similar mislocalization of GC in the rcd2 collie has been observed.
When the normal murine Rd3 gene was delivered to photorecep-
tor cells of either strain of rd3 mice using adeno-associated virus
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(AAV), GC1 and GC2 expressed at levels comparable to that of
WT mice and localized normally to the photoreceptor OS layer
(Molday etal., 2013). Collectively, these studies indicate that RD3
is required for efficient expression and localization of GCs to the
photoreceptor OS.

The effect of RD3 expression on the localization of GC was
also examined in transfected culture cells (Azadi et al., 2010). GC1
primarily localized to the ER of transfected cells in the absence of
RD3, whereas RD3 co-localized with Rab11 in endosomes. Co-
expression of GC1 and RD3 resulted in the exit of GCI from
the ER and colocalization with RD3 in Rabll containing vesi-
cles. These studies are consistent with the observed effect of
RD3 in promoting the exit of GC from the ER in photoreceptor
cells.

RD3 INHIBITS GUANYLATE CYCLASE ACTIVITY

In addition to altering the expression level and trafficking of GC,
RD3 inhibits its catalytic activity (Peshenko etal., 2011a). In the
absence of GCAPs, RD3 expressed in either bacteria or HEK293
cells inhibited the basal and GCAP-activated GC catalytic activ-
ity at submicromolar concentrations, but did not alter the Ca?™"
sensitivity of GCAPs. It remains to be determined if RD3 plays a
significant role in modulating the activity of GCs during photo-
transduction. Itis possible that RD3 only plays an important role in
inhibiting cyclase activity during the trafficking of GCs within the
inner segments. At present the quantity of RD3 in photoreceptors
remains to be determined, but in in vitro measurements, RD3 at
nanomolar concentrations competitively inhibited the activation
of GC by GCAP (Peshenko etal., 2011a).

The effect of the RD3 mutation (F100ter) associated with
LCA12 and other possible disease-linked missense mutations on
the interaction of RD3 with GC was studied (Peshenko etal.,
2011a). The F100ter and the G57V mutants were undetectable
when expressed in HEK293 cells, but were expressed at signifi-
cant levels in E. Coli. Other missense mutants (K130M, G35R,
R68W, W6R/E23D) expressed at levels comparable to WT RD3
and bound GC1. The F100ter mutant had no effect of the
cyclase activity, whereas the missense mutations inhibited GC
activity to varying degrees. The W6R/E23D and G35R muta-
tions inhibited the cyclase activity at a similar concentration as
WT RD3, whereas the R68W, K130M and G57V were less effec-
tive. It remains to be determined if these missense mutations in
RD3 alter the ability of RD3 to function in GC trafficking in
photoreceptors.

MODELS FOR THE ROLE OF RD3 IN PHOTORECEPTORS
Studies carried out to date suggest that RD3 serves two roles in
photoreceptor cells. A primary function of RD3 is to facilitate
the exit of GC from the ER and its trafficking to the pho-
toreceptor cilium (Figure 2). RD3 may also be involved in the
trafficking of GC within the cilium although this remains to be
determined.

A second function of RD3 is to inhibit GC catalytic activity
(Peshenko etal., 2011a). The inhibition of GC activity by RD3
may be crucial for insuring that cGMP is not produced in the
inner segment of photoreceptors cells during the trafficking of
GC to the outer segment. In the absence of RD3 inhibition, GC

Outer
Segment

Golgi Network

<,
#

Vesicle

Inner
Segment

FIGURE 2 | Simplified diagram showing the role of RD3 in GC
trafficking. GC synthesized in the endoplasmic reticulum (ER) of
photoreceptor inner segments binds to RD3 on the cytoplasmic side of the
ER membrane. This interaction may induce membrane curvature required
for the budding of GC-RD3 from the ER in the form of small vesicles. RD3
also inhibits the cyclase activity of GC. The RD3-GC complex together with
other adaptor proteins is translocated through the Golgi to the base of the
connecting cilium where GC perhaps in the absence of RD3 is transported
through the cilium to the base of the outer segments where it is
incorporated into disk membranes. At some point RD3 dissociates from GC
possibly through phosphorylation or other post-translational modifications
or protein—protein interaction. RD3 associated with endosomes is returned
to the ER to initiate another cycle of RD3-mediated GC transport.

could either use up the supply of GTP required for the function of
other proteins including small G-proteins such as Rabs required
for protein vesicle trafficking or overproduction of cGMP in the
inner segment could be toxic to photoreceptors. In this regard it is
interesting to note that an early study reported that retinal extracts
from the rcd2 collie showed a 10 times higher level of cGMP than
control retinas during a 2—8 week period with only 25% reduction
in PDE activity (Woodford etal., 1982).

ROLE OF RD3 IN PHOTORECEPTOR CELL SURVIVAL

The mechanism by which loss in RD3 causes photoreceptor degen-
eration remains to be determined. Here we discuss two possible
mechanisms. The first mechanism is centered on the role of GC
and ¢cGMP in maintaining calcium homeostasis in photorecep-
tors. It is generally known that too high or too low Ca’* levels
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can be toxic to cells (Fain, 2006). Calcium homeostasis in OS
is maintained by the influx of Ca?* through the cGMP-gated
channels and the efflux through the Na/Ca-K exchanger. In the
absence of GC in the OS, cGMP will not be produced resulting
in permanent closure of cGMP-gated channels and a reduction in
intracellular Ca?* below a threshold required for photoreceptor
survival. In this case the mechanism of photoreceptor degenera-
tion in the rd3 mouse and LCA12 patients would be similar to
photoreceptor degeneration in the GC1/GC2 knockout mouse
and LCA1 patients. Direct comparison of the rate of photore-
ceptor degeneration in the rd3 mouse and GC1/GC2 knockout
mouse is complicated by the large variation in the rate of degen-
eration observed for different strains of rd3 mice, although in
general degeneration in the rd3 mouse appears to be more rapid.
Comparison of LCA12 with LCAl patients is complicated by
the presence of functional GC2 in rod photoreceptors of LCA1
patients. However, limited clinical assessment of these patients
suggests that LCA12 is more severe (Preising etal., 2012; Perrault
etal., 2013).

A second mechanism involves the role of RD3 in the inhi-
bition of GC activity (Peshenko etal., 2011a). In the absence
of RD3, GC in photoreceptor inner segments is likely to be
active in catalyzing the production of cGMP (Woodford etal.,
1982). Elevated cGMP levels can be toxic through the unregu-
lated activation of cGMP-dependent enzymes. High cGMP levels
have been implicated in photoreceptor cell death in the rdi
and rd10 mice linked to mutations in the B-subunit of PDE
(Bowes etal., 1990; Chang etal., 2007), mice deficient in the
A3 subunit of the cone cGMP-gated channel (Xu etal., 2013),
and transgenic mice harboring an Y99C mutation in GCAP1
(Olshevskaya etal., 2004). Both the loss in RD3 chaperone activ-
ity and inhibition of GC activity may contribute to photoreceptor
degeneration.
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INTRODUCTION

In vertebrate rods and cones, photon capture by rhodopsin leads to the destruction of
cyclic GMP (cGMP) and the subsequent closure of cyclic nucleotide gated ion channels
in the outer segment plasma membrane. Replenishment of cGMP and reopening of the
channels limit the growth of the photon response and are requisite for its recovery. In
different vertebrate retinas, there may be as many as four types of membrane guanylyl
cyclases (GCs) for cGMP synthesis. Ten neuronal Ca* sensor proteins could potentially
modulate their activities. The mouse is proving to be an effective model for characterizing
the roles of individual components because its relative simplicity can be reduced further
by genetic engineering. There are two types of GC activating proteins (GCAPs) and two
types of GCs in mouse rods, whereas cones express one type of GCAP and one type of
GC. Mutant mouse rods and cones bereft of both GCAPs have large, long lasting photon
responses. Thus, GCAPs normally mediate negative feedback tied to the light-induced
decline inintracellular CaZ™ that accelerates GC activity to curtail the growth and duration of
the photon response. Rods from other mutant mice that express a single GCAP type reveal
how the two GCAPs normally work together as a team. Because of its lower CaZ™ affinity,
GCAP1 is the first responder that senses the initial decrease in Ca2* following photon
absorption and acts to limit response amplitude. GCAP2, with a higher Ca2* affinity, is
recruited later during the course of the photon response as Ca2* levels continue to decline
further. The main role of GCAP2 is to provide for a timely response recovery and it is
particularly important after exposure to very bright light. The multiplicity of GC isozymes
and GCAP homologs in the retinas of other vertebrates confers greater flexibility in shaping
the photon responses in order to tune visual sensitivity, dynamic range and frequency
response.

Keywords: guanylate cyclase, guanylyl cy activating protein, Ca2+ feedback, Caz"'-binding protein, photo-
transduction, rod and cone photoreceptors, knockout mouse, neuronal calcium sensors

are subject to regulation by Ca’*-binding, EF-hand bearing,

Unlike most neurons, retinal rods and cones are partially depo-
larized while at rest (in darkness). Cation channels in the open
state permit an influx of Na* and also some Ca? that is termed
the “dark” current. When rods and cones receive light, photon
capture by visual pigment within the outer segment is ampli-
fied by the subsequent activation of many transducin (G-protein)
molecules, each of which stimulate phosphodiesterase (PDE)
enzymatic activity. Cyclic GMP (cGMP) hydrolysis leads to clo-
sure of cyclic nucleotide-gated (CNG) channels thereby blocking
the dark current. The ensuing hyperpolarization of membrane
potential spreads through the photoreceptor to reduce neuro-
transmitter release at the synaptic terminal. To recover quickly
from stimulation by light, cGMP, the second messenger that links
photon capture to CNG channel opening, must be restored (for
reviews on phototransduction, see Luo etal., 2008; Wensel, 2008;
Gross and Wensel, 2011; Korenbrot, 2012).

Membrane guanylyl cyclases (GCs) catalyze the synthesis
of ¢cGMP. As opposed to other membrane GCs, those of
photoreceptors do not respond to extracellular ligands, but instead

GC activating protein (GCAP) subunits (reviewed in Sharma
and Duda, 2012; Koch and Dell’Orco, 2013; Lim etal., 2014).
GCAP suppresses synthesis of cGMP by GC in darkness, when
intracellular Ca?" is relatively high. After light closes the CNG
channels and blocks Ca?* influx, continued extrusion by Na™ /K™,
Ca?* exchangers lowers intracellular Ca®*. Ca?* dissociates from
GCAP allowing it to bind Mg?™ instead, whereupon it stimulates
GC activity.

Negative feedback onto cGMP synthesis provided by a Ca?*
sensing GCAP is likely to have already been in place in very
ancient ciliary photoreceptors (reviewed in Lamb, 2013). Two
rounds of whole-genome duplications predating the origin of ver-
tebrates could have generated multiple isoforms. A third genome
duplication in fish could explain why they have at least four
GCs and eight GCAPs (Imanishi etal., 2004), although it is not
clear whether all are expressed in photoreceptors (Figure 1).
The existence of multiple isoforms of GC and GCAP provided
a substrate for natural selection to optimize the photon response
for particular visual ecologies. Where an overly complex system
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of GCs and GCAPs was not needed, components were eventu-
ally lost. For example in mouse, three frame deletions degraded
the GUCAIC gene for GCAP3 into a pseudogene (Imanishi
etal., 2002). But multiple GCs and GCAPs were retained in
some species and were possibly even supplemented with GC
inhibitory protein (GCIP; Figure 1), that inhibits GC at high
Ca?t but does not stimulate it at low Ca?t (Li etal., 1998),
and unrelated S100 proteins that stimulate GC1 at high Ca?*
(reviewed by Sharma etal., 2014), to tune GC synthesis in order
to meet more challenging demands on vision. Over 400 million
years of evolution, GCAP1 and GCAP2 genes are ubiquitously
preserved in mammals in a tail-to-tail array (Surguchov etal,
1997). In human, there are two isoforms of GCs, RetGCl,

and RetGC2 (Lowe etal., 1995), and two isoforms of GCAPs
(GCAPI1 and GCAP2) in rods (Dizhoor etal., 1994; Palczewski
etal., 1994), while at least some cones express an additional
GCAP3 (Haeseleer etal., 1999) and possibly only one type of
GC (Karan etal., 2010). Three types of GCs and six types of
GCAPs are expressed in zebrafish UV cones (Imanishi etal,
2002, 2004; Ritscho etal., 2009), although it remains to be
seen whether all are present in the outer segment (Table 1).
GCs and GCAPs have responsibilities in the inner segment
(reviewed in Karan etal., 2010) and synapse of photoreceptors
(reviewed by Schmitz, 2014), both of which constitute sepa-
rate Ca’T compartments. Here, we review the progress that
has been made in understanding why so many types of GCs
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Table 1 | Distribution of GCs and GCAPs in photoreceptors of mouse, carp, and zebrafish.

Mouse Carp Zebrafish
Rod, pM Cone Rod, pM Cone, pM Rod UV cone B cone R/G Double cone

GC1 3.2-5.8 + 3.9 — + + _ _
GC2 0.8-14 - 0.3 — + +

GC3 - - - - - + + +
GC5 — — — 72 ? ? ? ?
GCAP1 —+* + 0.84 — + + — _
GCAP2 +* - 1.8 — + + - -
GCAP3 — — — 33 — + + +
GCAP4 - — — — — + + +
GCAP5 — — — — — + + +
GCAP7 — — — — — + + +

Results on mouse and carp refer to photoreceptor outer segments, while results on zebrafish were obtained from an analysis of mRNA so the proteins may not
necessarily localize to the outer segments. No distinctions are made for cones of different spectral type in mouse or carp. Where the concentrations have not been
determined, positive expression is marked with (+), lack of expression is marked with (—), unknown status is marked with (?). Expression of GC2 and GCAPZ2 is
negligible in mouse cones [neither GC2 nor GCAP2 is expressed in the all-cone retina of Nri=/~ mouse Xu etal., 2013]. Expression of GCAPs 4 and 7 is presumed to
be absent in carp retina based on exceedingly low mRNA levels. Expression of GCAP4 is moderate in zebrafish UV cones. GCAP7 is present in zebrafish cones but
at very low levels. *Total concentration of GCAPs 1 and 2 in mouse rods is likely between 3 and 9 wM. From Howes etal., 1998; Imanishi etal., 2002, 2004, Baehr
etal., 2007; Réatscho etal., 2009; Takemoto etal., 2009; Peshenko etal., 2011; Scholten and Koch, 2011.

and GCAPs are involved in phototransduction. First, we will
consider a relatively simple system that utilizes predominantly
two components, GC1 and GCAP1. The impact of genetically
deleting the GCAP revealed its role in shaping the response to
light. Next, we will describe how this approach was extended to
a more complex system that utilizes two additional components.
Finally, an extrapolation will be made to other systems in which
genetic studies have not yet been carried out or are still in early
stages.

A SIMPLE SYSTEM IN MOUSE CONES

Mouse cones use a simple system for cGMP synthesis with a single
type of GC, GC1, coupled almost exclusively to GCAP1 (Table 1).
To understand how the Ca?* feedback onto cGMP synthesis influ-
ences the cone photoresponse, it is useful to simplify the system
further by genetic engineering. The tacit assumption is that the
genetic manipulation “cleanly” removes a targeted protein(s) in
an otherwise undisturbed system. Caution is necessary because
full verification is impossible and there may be unpredictable con-
sequences. As an illustration, knockout of GC1 in mice interferes
with the expression of many cone phototransduction proteins,
including transducin, PDE, GCAP1, and arrestin, and the cones
eventually degenerate. Surprisingly, small cone ERG responses to
light were detected at 1 month of age (Yang etal., 1999), but they
soon vanished over the next few weeks as the cones degenerated
(Yang etal., 1999; Baehr et al., 2007).

Genetic deletion of GCAPs (GCAPs™/~) may be a more spe-
cific experimental perturbation and cones retain good health.
Figure 2A shows that the single photon response of a GCAPs ™/~
cone rises normally, but continues to do so for twice as long to

finally reach a peak after 220 ms that is 2.7-fold higher than normal
(Sakuraietal.,2011). Integration time, calculated as the integral of
the response divided by response amplitude, increases by 2.3-fold.
Loading a WT cone with a Ca?™ buffer to delay the onset of Ca**-
dependent feedback also prolongs its photon response but such
treatment does not affect the flash response of a GCAPs~/~ cone
because GCAP1, the main mediator of the Ca>T-dependent neg-
ative feedback onto the phototransduction cascade that dynam-
ically shapes the photon response in mouse cones, is not
present.

Since responses to dim steady light summate the responses
to individual photons, the large, slow photon responses in
GCAPs~/~ cones should shift the response-intensity relation for
steps of light to light intensities (2.7 x 2.3) = 6.2 times lower.
There is such a shift for very weak responses, however, GCAPs ™/~
cones are about 20-fold more sensitive than wild type (WT)
cones at the half maximal response level (Figure 2B; Sakurai
etal., 2011). The extra shift suggests that the feedback regula-
tion provided by GCAP1 becomes more vigorous when extended
exposures to brighter light cause Ca?t to drop lower than the
minimum reached during a single photon response. The steeper
GCAPs~/~ response-intensity relation for steps of light shows that
GCAPI normally enables cones to operate over a wider range of
intensities.

Thus GCAPI restricts the growth and quickens the recov-
ery of the single photon response in mouse cones, mak-
ing them less sensitive but improving their temporal resolu-
tion. GCAPI1 also extends the operating range of cones by
preventing saturation when cones are exposed to bright, steady
illumination.
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FIGURE 2 | GCAPs shape the photon responses and set the operating
ranges of cones and rods. (A) Enlarged, slowed photon response of
cones from mice lacking the a-subunit of rod transducin, to render rods
unresponsive to light, and both GCAPs (Gnat1~/~, GCAPs~/~). Control
response is from Gnat1~/~ cones. Mean responses to flashes given at
time zero are normalized by the peak amplitude of the control cone
response, 0.01 pA. For reasons that are not known, cone response kinetics
of this study were slower than those reported by Cao etal. (2014) in

Table 2. (B) Shift in the operating range of GCAPs~/~ cones to lower
intensities. Fractional current is that present 2 s after light onset. Step
intensities are normalized to the mean intensity suppressing half of the
dark current for controls, /;,, = 94,300 hv um=2 s=1. Continuous lines are
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fits with the Hill equation for GCAPs~/~ and control cones with Hill
coefficients of 0.78 and 0.49, respectively. (A,B) were adapted from
Sakurai etal. (2011) with permission from Society for Neuroscience.

(€) Mean single photon responses of WT, GCAP1~/~, GCAP2~/~, and
GCAPs~—/~ rods with amplitudes of 0.47 1.02, 0.43, and 2.34 pA,
respectively, before normalization, includes results from Makino etal. (2008,
2012b). (D) Progressive shift in the rod operating range to lower intensities
as one or both GCAPs are knocked out. Fractional current is that remaining
after 10 s of illumination. The mean Iy, for WT rods was

480 hv pm~2 s 1. Traces show fits with Hill equation with Hill coefficients
of: 1.1, 0.8, 1.0, and 1.0 for WT, GCAP1~/~, GCAP2~/~ and GCAPs—/~.
(B,D) Error bars show SEM.

GREATER COMPLEXITY IN MOUSE RODS

In mouse rod outer segments, two GCs coupled to two GCAPs are
responsible for cGMP synthesis (Table 1). As with mouse cones, a
genetic approach is useful for trying to understand how the system
works, but with rods, it is necessary to knock out components indi-
vidually and in combinations to isolate the physiological function
of each component (Yang etal., 1999; Baehr etal., 2007; Makino
etal.,2008,2012b). Mutant mice induced to express transgenes for
either GCAP1 or GCAP2 on the GCAPs~/~ background are also
informative (Mendez et al., 2001; Howes et al., 2002; Pennesi et al.,
2003).

Rods are tasked with counting single photons and are therefore
designed to be far more sensitive than cones. Major modifications
in rods include slowing of the shutoff and recovery phases of the
cascade to grant the photon response time to rise to a large size
(reviewed in Luo et al., 2008; Gross and Wensel, 2011; Korenbrot,

2012). In mouse, the rod photon response peaks after 140 ms at
an amplitude of 0.6 pA, compared to 80 ms and 0.012 pA in cones
(Table 2). Negative feedback provided by GCAPs is a key fac-
tor. The feedback during the single photon response is somewhat
more powerful in mouse rods than in mouse cones (Figure 2). In
the absence of both GCAPs the rod response rises for three times
longer than normal to reach an amplitude that is four times larger
(Mendez etal., 2001; Burns et al., 2002). The shift in sensitivity for
the GCAPs™/~ rod is to flashes 6-8 times dimmer compared to
WT rods, greater than the shift of 2—3 times for cones after knock-
out of both GCAPs (Figure 2A). When GCAP?2 alone is missing
(GCAP2™/7), the size of the single photon response in rods is nor-
mal and the only change is a slightly slower recovery (Makino et al.,
2008). Knockout of GCAP1 alone in rods (GCAP1~/7) produces
a single photon response roughly twice the normal size (Makino
etal., 2012b). So between the two GCAPs, GCAP1 must be the
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Table 2 | Flash response kinetics and relative sensitivity.

Rod/cone a, pA tp, ms ti, ms i1/2, hv pm2
Monkey Rod 0.7 190 275 16
Mouse Rod 0.6 142 269 56
Chipmunk Rod 0.5 116 183 153
Monkey Cone 0.035 48 49 1744
Mouse Cone 0.012 82 87 5330
Squirrel Cone 0.005 29 37 16115
Salamander S cone 0.3 459 1209 235

L cone 0.03 155 325 1409

T = 35-38°C for mammalian cells, T = 20-22°C for salamander cells. Amplitude (a), time to peak (ty) and integration time (t;) are for the single photon response,
typically obtained by analysis of dim flash responses in the linear range. Values for iy /2 give the flash strengths at Amax that elicit a half maximal response and are
thus inversely proportional to relative sensitivity. Flash responses of different spectral types of mammalian cones do not vary so they were averaged: L, M, S cones
for primates; M, S for mouse and squirrel. From Baylor etal., 1984; Schnapf etal., 1990, Perry and McNaughton, 1991; Zhang etal., 2003; Isayama et al., 2006, 2014;
Cao etal., 2014. The single photon response amplitude from chipmunk rods studied in Zhang etal. (2003) was provided by T. Kraft, personal communication. Results
from mouse were selected from the most recent reports where all parameters were available and in which recording methods were similar: Yang etal., 1999, Mendez
etal., 2001, Makino etal., 2004, 2012a,b; Luo and Yau, 2005; Tsang etal., 2006; Krispel etal., 2007; Woodruff etal., 2007; Herrmann etal., 2010.

primary determinant for setting single photon response ampli-
tude. GCAP2 assumes greater importance with stronger flashes
(Mendez etal., 2001; Makino etal., 2008). Bright flashes saturate
the rod response; the brighter the flash, the longer it takes for
the response to emerge from saturation. GCAP2 acts to reduce
the saturation time to an extent roughly equivalent to lowering
flash strength 3.8-fold (Makino etal., 2008). Loading WT rods
with a Ca ™ buffer increases the size of the photon response and
alters its kinetics but has no effect on GCAPs™/~ rods, indicat-
ing that as with cones, no other major Ca?t feedback besides
GC/GCAP comes into play during the flash response (Burns etal.,
2002).

It might seem that enlarged single photon responses should
improve the ability of GCAPs~/~ and GCAP1~/~ rods to count
photons. But when GCAPs are not present, there is a 40-fold
greater variance of the dark noise (Burns et al., 2002), which would
instead diminish the accuracy of detecting photons. Phototrans-
duction noise stems from two sources: discrete noise due to the
thermal activations of rhodopsin (Baylor etal., 1980) and contin-
uous noise due to spontaneous PDE activation (Rieke and Baylor,
1996). GCAPs counteract the cGMP depletion caused by both
components (Burns etal., 2002). GCAP1~/~ rods are also noisy,
albeit somewhat less so, whereas GCAP2™/~ rods appear to be
normal, indicating that GCAP1 is more important for dampening
the noise although GCAP?2 likely comes into play when GCAP1 is
not present (Figure 3A).

In steady light, given that stimulation of GC activity by GCAPs
increases with light intensity as Ca?™ is driven down to lower
and lower levels, one might expect GCAPs to extend the oper-
ating range of rods by keeping them out of saturation, just as
GCAP1 does in cones (Figure 2B). But that does not happen;
the relation between fractional current and light intensity does
not fall more gradually in WT rods compared to GCAPs™/~ rods
(Figure 2D). One explanation might be that something happens
at higher light intensities, such as the summation of long lasting,
aberrant photon responses (see below), which undermines the

efforts of GCAPs in their attempt to help rods evade saturation.
Interestingly, knockout of GCAP1~/~ does extend the oper-
ating range of rods, perhaps compensatory overexpression of
GCAP2 boosts the maximal GC activity and the stimulation of
GC activity is concentrated at higher intensities (Makino etal.,
2012b).

Mammalian rods possess an odd characteristic: about once per
several hundred events, rods generate an aberrant single pho-
ton response that climbs to an amplitude nearly twofold larger
than normal and then remains at that amplitude for an average
of 3-6 s, before recovering. In individual trials, the duration is
unpredictable and some aberrant responses last for tens of sec-
onds (Baylor etal., 1984; Chen etal., 1995; Kraft and Schnapf,
1998). Apparently, rhodopsin excitations are not always shut off
properly by phosphorylation and arrestin binding (Chen etal,,
1995, 1999). The aberrant response is enhanced in the absence
of GCAPI, to a greater extent than the normal single photon
response (Makino etal., 2012b). Even though aberrant responses
are relatively rare, they have a significant physiological impact,
because they produce a “tail” that delays the recovery after bright
flashes. Tails are especially prominent when GCAPI is missing
(Figure 3B).

The basis for the different roles of GCAP1 and GCAP?2 lies in
their Ca?* sensitivities. GCAP1 has a lower affinity for Ca>* than
GCAP2 (Figure 4A). The Ky, for Ca®* of GCAPI in the mouse
rod is 130—140 nM, while that of GCAP2 is 50-60 nM (Makino
etal., 2008; Peshenko etal., 2011). Levels of free Ca®t inside a
mouse rod range from 250 nM in darkness to 23 nM in saturating
light (Table 3). So during the initial fall in Ca?* incurred during
the photon response, many more GCAP1 molecules release their
Ca?* than GCAP2. The majority of GCAP2 molecules only release
their bound Ca?™ when intracellular Ca** plummets, during
the saturating response to very bright light. A model illustrat-
ing the actions of GCAP1 and GCAP2 is shown in Figure 4B. A
similar “relay” model was proposed earlier (Koch and Dell’Orco,
2013) but we here prefer the term “recruitment” model to avoid
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FIGURE 3 | GCAP1 reduces the cGMP fluctuations underlying the dark after bright light in GCAP1~/~ rods. The staircased recovery reflects the
noise and response tails after exposure to bright light in rods. stochastic shutoff of aberrant single photon responses generated during the
(A) Progressive increase in dark noise after GCAP1 and GCAPs knockout, light exposure. Traces are from single trials, where a bright flash was turned
respectively. (B) More prominent photocurrent tails that prolong the recovery on at time zero. Reproduced from Makino etal. (2012b).

conveying inadvertently the impression that GCAP2 stimulation
substitutes for GCAP1 stimulation at low Ca?*. “Recruitment”
emphasizes that GCAP2 adds to stimulation of GC by
GCAPI.

The timing of Ca>* feedback onto GC activity during the
photon response is shown in Figure 5A. GC activity ascends at
the same rate as the electrical response with a ~40 ms delay,
then declines sharply and falls briefly to a level less than the
dark value. GCAPI’s lower affinity to Ca?t makes it the logi-
cal “first responder” to the initial decrease in Ca?* (Figure 4).
Although it could have been the case that GCAP2 responds later
because it has a slower release of Ca’t than GCAPI1 after a
sudden drop in intracellular Ca®™, it will be argued below that
both GCAPs are rapid Ca?* sensors. Figure 5B shows the rising
phases of the photon responses of mouse rods lacking GCAPI,
GCAP2, or both. The GCAPs~/~ response is the first to diverge
at ~80 ms after the flash, while the GCAP2~/~ response is the
last to diverge. Based on this pattern, it may be inferred that
GCAP1 senses the fall in Ca?>* and begins to stimulate GC by 80 ms
post-flash. GCAP1~/~ rods are highly variable in their response
waveforms apparently because they upregulate GCAP2 expression
and the degree of compensation differs from rod to rod. Rods
with the least compensation show response divergence from the
WT response nearly as early as the GCAPs~/~ response. Accord-
ingly, GCAP2 must respond rapidly to the initial fall in Ca®*. At
normal expression levels, the paltry number of GCAP2 molecules
responding to the initial fall in Ca?" is unable to make its pres-
ence felt. But the mutant rods show that given enough GCAP2,
its feedback onto GC does restrain the early rising phase of the
response.

As one might expect, knockout of both GCs in rods eliminates
the dark current, sabotaging their capacity for phototransduc-
tion (Baehr etal, 2007). Deleting GC2 alone seems to have
little effect on the dark current or on flash response kinetics

and sensitivity in recordings from individual mouse rods (Baehr
etal., 2007). In contrast, GC1 deletion compromises the expres-
sion of both GCAPs revealing differences between the duties
of the two GCs not directly related to phototransduction in
the outer segment. There is an increase in flash sensitivity and
a delayed time to peak of the photon response (Yang etal.,
1999; Baehr etal., 2007), as predicted from the reduced lev-
els of GCAPs (Mendez etal., 2001). Paradoxically, elimination
of GC1 also accelerated the rod response recovery (Yang etal.,
1999).

In summary, the functional significance to phototransduction
of expressing two types of GCs in rods is not yet clear. For GCAPs,
there is a division of labor. GCAP1 helps to achieve the proper
balance of keeping noise to a minimum while restricting photon
response size to optimize the range of flash strengths and light
intensities over which the rod operates. Contrary to the situation
in cones, the shutoffs of photoexcited visual pigment and acti-
vated transducin are slow in rods to allow the photon response to
grow. The slow shutoffs pose a problem with bright flashes because
the time that the rod stays in saturation gets prolonged. GCAP2
addresses that problem by boosting GC activity to bring the rod
out of saturation sooner.

TUNING Ca?* FEEDBACK WITH ADDITIONAL GCs AND
GCAPs BETWEEN DIFFERENT ANIMAL SPECIES

While it is generally true that the photon response of rods
is larger and slower than that of cones, the response can
vary across rods and across cones of different species. The
preceding sections described how Ca?* feedback onto cGMP
synthesis reduces the size of the single photon response and
quickens its kinetics in mouse rods and cones. The extent to
which that occurs is dependent upon the selective expressions
of GC(s) and GCAP(s). Therefore, variation that exists in the
sensitivity and flash response kinetics of rods and cones from
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FIGURE 4 | Ca2*-dependent regulation of GC activity in mouse rods. concentration decrease. The disparity in Ca2t affinity causes many more
(A) CaZ* dependence of GC activity for each GCAP isoform and for the GCAP1 players to release their bound Ca2* than GCAP2 players. In that
mixture in mouse rods. GC activities are normalized to their respective sense, GCAP1 is the “first responder” l\/Ig2+ replaces the released CaZ+
maxima and follow the Hill equation: A = (Amax—Amin)/(1 + (Ca2*]/ on GCAPR prompting it to raise GC activity (Peshenko and Dizhoor, 2004).
K1/2)”H)+ Amin With nH values of 1.8, 1.6, and 2.1 for WT, GCAP1—/~ As intracellular Ca2+ falls further, the rest of the GCAP2 players exchange
and GCAP2~/~, respectively. The physiological range of internal free Ca2+ M9_2_+ for bound Ca?* and they join the GCAP1 players in lifting GC
is 23 nM in the light to 250 nM in the dark, as demarcated by the activity. Very few GCAP2s exchange Ca?* for Mg?+ during the single
gradient background. Modified from Makino etal. (2008, 2012b). (B) photon response, but with bright light, all GCAP1 and GCAP2 players get
Recruitment model. The physiological free Ca2* concentration range involved (far left). During the recovery of the response to light, cyclic
shown by the black progression at the bottom of the figure. In darkness nucleotide gated (_CNG% channels reopen to allow _Caz+ back in. GCAP2
(right), nearly all of the GCAP1 and 2 “players” bind Ca2* and suppress players regain their Ca *+ first and begin to restrain GC. Gradually, as
GC activity (only a single representative player of each type is shown). |ntr2ace||u|ar Ca2* levels return to baseline, GCAP1 players also regain
Soon after illumination, both GCAPs respond to the light-induced Ca2* Ca®* and turn down GC activity.

Table 3 | Dynamics of intracellular free Ca2* in the outer segments of rods and cones.

Type Time constants, ms [Ca?*14ark, NM [Ca?*Jjight, nM [Ca2*1gark/[Ca®*Liight
Mouse rod 154, 540 250 23 "

Lizard rod 580, 5450 554 50 M
Salamander rod 260, 2200 410-670 30 14-22
Salamander cone 43, 640 410 5 82

Intracellular free Ca?+ declines after sudden closure of CNG channels by bright light as the sum of two exponential functions. The two time constants listed are from
measurements of fluorescent Ca?+ indicators. Electrophysiological measurements of Ca?+ exchange are not included because they often do not resolve the second,
slower component. T = 37°C for mouse rod, and T = 16-23° C for lizard and salamander cells. From \Woodruff etal., 2002; Gray-Keller and Detwiler, 1994, Lagnado

etal., 1992, Sampath etal., 1998, 1999.

other vertebrates is likely to arise at least in part from dif-
ferences in their cGMP synthetic machinery. This section will
present a few examples of the variation between species and
lay out three mechanisms by which ¢<GMP production could
be altered to tune the photon response: by augmenting the

amounts of GC and GCAP expressed, by a change in intracel-
lular Ca?* dynamics or by a switch in the types of GCs or GCAPs
expressed.

In comparison to mouse rods, primate rods have a single pho-
ton response that peaks later whereas the response of chipmunk
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FIGURE 5 | Timeline for GCAP regulated GC activity during the photon
response in mouse rods. (A) The calculated time course of GC activity o
normalized to the basal value in darkness (broken trace) overlaid on the single
photon response (solid trace). The two curves rise with similar slopes to reach
their peaks 40 ms apart. Thereafter, GC activity declines sharply. Reproduced
from Burns etal. (2002) with permission from Elsevier. (B) Divergent rising
phases of the photon responses of WT rods and rods lacking either or both
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GCAPs. The GCAPs ™/~ response separates from the WT response at

70-80 ms after the flash. Separation of the larger response of those
GCAP1~/~ rods presumed to have little GCAP2 overexpression (dashed blue
trace) is next, at 90-100 ms, followed by the smaller response of those
GCAP1~/~ rods presumed to have the most GCAP2 overexpression (solid
blue trace) at 100-110 ms. The response of GCAP2~/~ rods overlays the WT
until well after the peak. Includes results from Makino etal. (2008, 2012b).

rods peaks and recovers earlier (Table 2). In general, the single
photon response of cones is far smaller and peaks much sooner
than the response of rods in the same animal. Across species,
ground squirrel cones generate smaller, faster photon responses
than mouse cones (Figure 6; Table 2). At present, primate cones
are something of an enigma. Their single photon response kinet-
ics are faster than those of mouse yet the single photon response
is larger and relative sensitivity is greater. In initial studies on
isolated primate retina, cone flash responses exhibited a promi-
nent and reproducible undershoot to the recovery (Baylor etal,,
1987; Schnapf etal., 1987; Schnapf etal., 1990). Under the same
conditions, cones of other mammals did not generally have under-
shoots, with the possible exception of chipmunk cones (Zhang
etal., 2003). However, in a later study on primate cones, under-
shoots were absent or only seen occasionally (Figure 6) and
kinetics inferred for cones in the intact human eye lack the under-
shoot (van Hateren and Lamb, 2006). Although flash response
kinetics are invariant across cone spectral type in mammal (e.g.,
Baylor etal., 1987 and Cao etal., 2014), there are distinct dif-
ferences across cone type in fish and amphibians where faster
time to peak corresponds with reduced sensitivity (Perry and
McNaughton, 1991; Miller and Korenbrot, 1993; Isayama etal.,
2006, 2014). After a partial bleach of the visual pigment content,
flash responses of salamander L cones develop an undershoot but
flash responses of S cones do not (cf. Figures 4—6 of Isayama et al.,
2006).

It has been proposed that an enhanced expression of GC in
cones accounts, in part, for their faster flash response kinetics and
their ability to signal over an enormous range of light intensities
(Takemoto et al.,2009). Expression of GC1is 17 times higher in carp
cones than in rods (Table 1) and the basal rate of cGMP synthesis
in cones is an order of magnitude higher. The differential appears
to be lower in salamander to account for a basal rate that is only
~3-fold higher in their cones compared to their rods (Cornwall
and Fain, 1994; Cornwall et al., 1995). But despite the higher basal
activity in cones, the fold change in stimulation of GC activity
in the light is greater in rods than in cones for both carp and
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FIGURE 6 | Variation in flash response kinetics and sensitivity across
mammalian cones for monkey (A), mouse (B) and squirrel (C).
A monkey cone with an undershoot is shown in D. (E) The
stimulus-response relations for the cones in A-C showing the order of
relative flash sensitivity. The monkey cone (circles) is more sensitive than
the mouse cone (open squares), which is more sensitive than the squirrel
cone (filled squares). Modified with permission from Cao etal. (2014).

salamander. GC will function in the absence of GCAP, so a lower
fold change in GC synthesis at low Ca** could be achieved by
reducing the ratio of GCAP to GC. That turns out not to be the
case in carp, indicating that there are quantitative differences in
the way that the cGMP synthetic machineries of rods and cones
respond to low Ca?* and/or differences in their Ca>* dynamics
(Takemoto et al., 2009).

Dissimilarities in the operation of the same cGMP synthetic
machinery may exist across photoreceptors because of how they
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handle Ca?*. Ca?* dynamics in the outer segment depend upon
the rates of Ca’* entry through the CNG channel and removal
by a Na*/K", Ca?" exchanger, as well as Ca** buffering and
outer segment surface to volume ratio. In cones, the fraction
of circulating current into the outer segment carried by Ca’* is
roughly twice that in rods, due to a greater permeability of the
cone CNG channel for Ca?t (Nakatani and Yau, 1988; Perry and
McNaughton, 1991; Ohyama etal., 2000). It is not clear whether
the cone exchanger operates at a faster rate than the rod exchanger,
but surface to volume is greater in cone outer segments and their
time constant for Ca?t extrusion is faster (Sampath etal., 1999;
Paillart et al., 2007). As a result, [Ca?*] changes more rapidly and
the fold change in Ca®* levels is bigger in cones than in rods
(Table 3). In salamander, a faster rate of Ca?™ extrusion in L
cones than in S cones may contribute to faster response kinetics
of L cones (Perry and McNaughton, 1991). In both salamander
rods and cones, the dark level of Ca?* is higher than in mouse
rods, and in salamander cone, the light induced fall in Ca?" is
to 5 nM, a lower level than that in mouse rod, 23 nM (Sampath
etal., 1999; Woodruff etal., 2002). For feedback on cGMP syn-
thesis to operate over the full range of Ca?™ concentrations, the
choice of GCAP(s) expressed will need to be based in part on Ca?*
affinity.

The occurrence of isoforms of GC and GCAP allows for adjust-
ments to be made in their biochemical properties: K; /, for Ca**,
cooperativity for Ca®* binding, maximal and basal rates of cGMP
synthetic activity. Further flexibility stems from having maximal
stimulation of GC depend on the pairing of a GC with specific
GCAP isoforms. The unstimulated rate of cGMP synthesis by
mouse GCl is nearly 10-fold less than that of GC2. But stimula-
tion of GC1 activity by GCAP1 and GCAP?2 is 28-fold and 13-fold,
respectively, whereas for GC2 activity, it is only sixfold and five-
fold, respectively (Peshenko etal., 2011). In some cases, the effects
of GCAPs on GC are species dependent. Zebrafish GCAP5 will
stimulate carp rod GCs severalfold at low Ca?* concentration but
has little effect on carp cone GC (Takemoto etal., 2009). The 6
zebrafish GCAPs differ in the degree to which they will stimulate
bovine rod GC activity, ranging from 1.5- to 13-fold (Figure 7),
but stimulation of zebrafish GC3 by GCAPs 3-5 and 7 is more
uniform at ~2-fold (Fries etal., 2013). Carp GCAP1 stimulates
carp GC preparations consisting mostly of GC1 to a greater extent
than GCAP2 (Takemoto etal., 2009), which is just the opposite
of the effect of these zebrafish GCAPs on bovine GC (Scholten
and Koch, 2011). These comparisons do not carry physiological
significance, nonetheless, it is clear that switching GC and GCAP
types is important for setting the basal rate of cGMP synthesis at
high Ca’*, the maximal rate at low Ca?*, and the fold activa-
tion. In contrast to mouse cones that express GC1 alone, mouse
rods add a second GC with a ratio of GC1/GC2 of (4:1) (Pesh-
enko etal., 2011), similar to the (3:1) ratio in bovine rods (Skiba
etal., 2013). It should be noted that these recent determinations
indicate that the fraction of RetGC2 in mammalian rods is much
higher than previously thought (Hwang etal., 2003; Helten etal.,
2007).

GCAPs also vary in their Ky, for Ca?t (Hwang etal., 2003;
Peshenko etal., 2011), a property that would appear to be
important for optimizing feedback onto cGMP synthesis to the

. 1.0 } ® zGCAP1

E ® zGCAP2

S i ® 2zGCAP3

‘5 08 ) fGC,ﬁ\Pr—i

< ® 2zGCAP5

o 0_6 | ® zGCAP7

o

2 04}

N

g€ 02}

< M

Z 00 L . . R — a—
10° 10" 10’ 10°

[Ca2+] free’ MM

FIGURE 7 | Ca2* dependence and extent of GC activation by zebrafish
GCAPs. Reconstituted zebrafish GCAPs were assayed in vitro against

bovine rod outer segment membranes that were stripped of native GCAPs
but contained a mixture of GC1 and GC2, with GC1 predominating. Activity
is plotted relative to the maximum rate for each isoform. K /, values are 30,
35, 25, 520, 440 and 180 nM, and the fold activation values are 3, 10, 6, 13,
1.5, and 2 for zGCAP1-5 and 7, respectively. From Scholten and Koch (2011).

light induced fall in Ca?T. For example, with Kj, values of
130-140 nM and 50-60 nM (Makino etal., 2008; Peshenko
etal.,, 2011), mouse GCAPs 1 and 2 provide little or no incre-
mental activation of GC below ~10 nM (Figure 4A), but
intracellular [Ca?*] in salamander cones falls to 5 nM upon
exposure to bright light. So another GCAP with lower Kj,,
for Ca?*t is needed if cGMP synthetic rate is to increase over
the entire Ca?t range. Ky, values for zebrafish GCAPs 1-
3 cluster at about 30 nM (Figure 7). It remains to be seen
whether lower values are possible. Certainly GCAPs, e.g., zGCAPs
4,5, can have Kj,, values higher than those of mouse GCAPs
(Figure 7), but while such GCAPs may be useful for pho-
toreceptors of lizards and salamanders (Table 3), they cause
degenerative retinal disease in mammals (reviewed in Behnen
etal., 2010). Ca?*-dependent activation of GC by GCAPs is
cooperative (reviewed in Luo etal., 2008; Gross and Wensel,
2011; Korenbrot, 2012) but so far, there is no evidence for
differences in their cooperativity (e.g., Peshenko and Dizhoor,
2004) or in the rapidity of their response to low Ca®t (see
above). Given the differences in the composition of their cGMP
machineries (Table 1), it may be predicted that the physi-
ological properties of zebrafish cones will vary with spectral
type.

The selectivity rules for forming GC complexes are not com-
pletely understood. The apparent affinity of mouse GC2 is slightly
higher for GCAP2 than for GCAP1 in vitro (Peshenko etal.,
2011), yet in living mouse rods, regulation of RetGC2 is heav-
ily dominated by GCAP2 with very little, if any, contribution
from GCAP1 (Olshevskaya etal., 2012). Apparently, the selectiv-
ity mechanism taking place in vivo is not governed strictly by
binding affinity observed in vitro. Thus while the Ca®* sensitivity
of the regulation is determined by the type of GCAP rather
than isozyme of the cyclase (Peshenko etal., 2011), the type of
GC expressed could shift the GCAP dominance and the Ca?*
sensitivity.
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It may be argued that Nature could have given mouse rods
a single GCAP having a K/, for Ca?t that matches the value
obtained by their mixture of GCAPs 1 and 2. This path was
not chosen, perhaps because the flexibility of a mixture of
components allowed for adjustments to be made on a shorter
evolutionary time scale to accommodate other changes in the
phototransduction cascade, as rods evolved as photoreceptors
(Lamb, 2013).

On a much shorter time scale, relevant to the lifetime of an
individual, the complexity of a mixture of components leaves
open many options for plasticity. The absence of GCAP5 tran-
scripts in zebrafish until 15 dpf (Ritscho etal., 2009), even though
at least some cones are present by 3 dpf suggests a changeover
in the type of GCAP expressed with age. Since each GC has a
rank order of preference for GCAPs with which it will form a
complex (Takemoto etal., 2009; Peshenko etal., 2011; Scholten
and Koch, 2011; Olshevskaya etal., 2012), relative expression
levels of each GCAP may be a factor in determining which
GC/GCAP complexes predominate. In zebrafish cones, GCAP3
expression exceeds GC3 expression by an order of magnitude,
yet there is no change in optomotor behavior upon knockdown
of GCAP3 (Fries etal., 2013). Presumably, GCAP3 is replaced
with a GCAP having similar properties. However, it is possi-
ble that reduced expression of a different GCAP would result in
greater incorporation of GCAP3 with a change in visual func-
tion. In mice, knockout of GCAP2 has no effect on GCAP1
expression, but knockout of GCAP1 drives an increase in GCAP2
expression with a greater fractional incorporation of GCAP2
into GC complexes that yields a higher maximal GC activity
at low Ca?* (Makino etal.,, 2012b). It is tempting to speculate
that GCAP1 expression may fall under transcriptional control
by some conditions. Exposure to bright light reduced PDEa
mRNA levels in mice by twofold (Krishnan etal., 2008) and
PDEa and PDEB protein levels in rat by threefold (Hajkova etal.,
2010). In rat, there were no changes in GC1 (GC-E) expres-
sion; other cGMP synthetic machinery components were not
reported. Then unless another GC activity went down, cGMP
levels would have risen. GCAPs are sensitive to the [Mg2+],which
allows them to maintain their cyclase activating conformation in
the light and affects the [Ca?*] at which they de-activate GC
(Peshenko and Dizhoor, 2004). However, evidence so far indi-
cates that internal [Mg?>*] does not change in rods or in cones
upon exposure to light and remains in the vicinity of 1 mM
(Chen etal., 2003). So while the potential exists for changes
in the choice of GC or GCAP expressed and in their rela-
tive levels of expression during development or in response to
environmental conditions, the issue of plasticity is at present,
unresolved.

Evolution has favored the occurrence of multiple isoforms
of GCAPs that vary in their Ca’* affinity and GCs with dif-
ferent activities and preferences for the type of GCAP bound.
By expressing selected components and regulating their levels
of expression, vertebrates “design” the cGMP synthetic machin-
ery in their photoreceptors in order to adjust their physiological
responses to light stimuli. The possibility exists for plasticity dur-
ing development or on a shorter time scale to meet changing visual
demands.
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The ubiquitous second messenger cGMP is synthesized by guanylyl cyclase and
hydrolyzed by phosphodiesterase (PDE). cGMP mediates numerous signaling pathways in
multiple tissues. In the retina, cGMP regulates signaling in nearly every cell class including
photoreceptors, bipolar cells, amacrine cells, and ganglion cells. In order to understand the
specific role of cGMP and its regulating enzymes in different cell types, it is first necessary
to localize these components and dissect their influence on the circuits. Here we tested
the contribution of PDE9A to retinal processing by recording the electroretinograms (ERG)
of PDE9A~/~ (KO) mice and by localizing the enzyme. We found that while the scotopic
ERG of KO was the same as that of wild type (WT) in both amplitude and kinetics, the
photopic ERG was greatly affected. The greatest effect was on the recovery of the b-wave;
the falling phase and the b-wave duration were significantly longer in the KO mice for all
photopic stimuli (UV, green, or saturating white flashes). The rising phase was slower in
KO than in WT for UV and green stimuli. For certain stimuli, amplitudes of both the a- and
b-waves were smaller than in WT. Using Lac-Z expression in KO retinas as a reporter
for PDE9A expression pattern, we found that PDE9A is localized to GABA-positive and
GABA-negative amacrine cells, and likely also to certain types of ganglion cells. Our results
indicate that PDE9A, by controlling the level of cGMPR modulates inhibitory processes
within the cone pathway. We speculate that these circuits involve NO/cGMP signaling

pathways.

Keywords: ERG, serial inhibition, amacrine cells, cyclic GMP, cone pathways, ciliary body

INTRODUCTION

The ubiquitous second messenger cGMP, which is synthesized
by guanylyl cyclases (GC) and hydrolyzed by phospodiesterases
(PDE), controls a variety of processes from smooth muscle cell
contraction in the vasculature to signaling in the central ner-
vous system (Beavo, 1995; Polson and Strada, 1996; Juilfs et al.,
1999). ¢cGMP typically accomplishes these functions either by
gating cyclic nucleotide-gated (CNG) channels or by activating
cGMP-dependent kinases and phosphatases. In the retina, cGMP
regulates nearly every step of signal processing. At the first step
of retinal processing, rod and cone photoreceptors use cGMP to
gate CNG channels. In these cells, light activates PDE6, which
hydrolyzes cGMP; this closes the CNG channels and the cells
hyperpolarize (Lamb and Pugh, 1992; Hsu and Molday, 1993;
Yau, 1994). At the next step of retinal processing, ON bipolar
cells (rod bipolar that mediate night vision and ON cone bipo-
lar cells that signal light increments in daylight vision) appear
to use cGMP, but its function is still unclear. cGMP was ini-
tially thought to gate a CNG channel similar to photoreceptors
(Nawy and Jahr, 1990; Shiells and Falk, 1990, 1992; de la Villa
et al., 1995). It is now known that ON bipolar cells use the non-
selective cation channel TRPM1, which is not gated by cGMP
(Morgans et al., 2009; Koike et al., 2010). Instead, some evidence
suggests that cGMP potentiates the light response at low light

intensities (Nawy, 1999; Shiells and Falk, 2002; Snellman and
Nawy, 2004). At the next stage of visual processing, some third
order neurons (including certain types of amacrine and ganglion
cells) modulate cGMP, often in response to NO (Ahmad et al,,
1994; Gotzes et al., 1998; Chun et al., 1999; Blute et al., 2003).
The NO/cGMP pathway is also critical for modulating coupling
conductance between the AIl amacrine cells and ON cone bipolar
cells (Mills and Massey, 1995). The exact role and mechanism of
c¢GMP regulation in second and third order neurons is not clear.
In order to better understand the role of cGMP in different steps
of processing, and especially in ON bipolar cells, it is important to
localize PDE enzymes in retina. To this end, using our ON bipo-
lar cell cDNA library, we identified a PDE isoform PDE9A and
determined that these cells express the transcript for this isoform
(Dhingra et al., 2008). Moreover analysis of the retinal transcrip-
tome database (Siegert et al., 2009) showed that several amacrine
and ganglion cell types also express PDE9A transcripts. Because
PDE9A is expressed predominately in neurons (van Staveren and
Markerink-van Ittersum, 2005), and hydrolyses cGMP with a very
low Km (Fisher et al., 1998), it likely contributes to retinal func-
tion. Here, using PDE9A~/~ (KO) mouse, we report that PDE9A
contributes to the normal kinetics of the photopic electroretino-
gram (ERG). PDE9A is localized to amacrine cells, ganglion cells,
and to the ciliary body, but not ON bipolar cells. We therefore
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conclude that inner retinal expression of PDE9A in amacrine cells
contributes to response kinetics of the ERG b-wave.

MATERIALS AND METHODS
GENERATION OF PDE9A KNOCKOUT MICE
PDE9A~/~ (KO) mice were obtained from Pfizer (Menniti et al.,
2008) and were initially generated by Deltagen (San Mateo, CA).
Briefly, a targeting construct with neomycin resistance (neo) and
bacterial LacZ (coding for B-galactosidase or B-gal) genes was
designed to disrupt the PDE9A gene (Accession # AF031147) in
ES cells by homologous recombination. The resultant allele had
a replacement of part of exon 11/12 of PDE9A with neo-LacZ
cassette that shifted the downstream sequence out of the open
reading frame. The ES cells were injected into blastocysts and the
resulting chimeras were tested for germ line transmission. The
following primers were used for genotyping:

GS (E) (CACAGATGATGTACAGTATGGTCTGG);

GS (T,E) (TGCAGTCATCAGGACCAAGATGTCC); and

Neo (T) (GACGAGTTCTTCTGAGGGGATCGATC).
Genotyping was performed on tail DNA using a multiplex PCR
reaction: GS (T, E) 4+ Neo (T) for targeted allele (expected size
599bp); GS (E) + GS (T, E) for endogenous allele (expected
size 256 bp). KO mice were bred to homogenicity by multiple
back-crossings (>6) with C57BL6/] mates. Mouse colonies were
maintained by breeding KO mice; no specific behavioral phe-
notypes were observed in these mice. Age matched C57BL6/J
(WT) were purchased from Jackson Labs (Bar Harbor, Maine).
All experiments were done in compliance with federal regu-
lations and the protocol was reviewed and approved by the
Institutional Animal Care and Use Committee of the University
of Pennsylvania. Both male and female mice were used for all
experiments.

ELECTRORETINOGRAM

The ERG recording setup and methods have been described
elaborately (Lyubarsky et al., 1999, 2000; Ng et al., 2010). In
short, mice were dark-adapted, deeply anesthetized intraperi-
toneally under dim light with ketamine/xylazine/urethane (20, 8,
and 800 pg/gm bodyweight, respectively) and were placed on a
platform maintained at 37-38°C. Pupils were dilated with 1%
tropicamide saline solution (Mydriacyl, Alconox). A platinum
electrode was inserted into the mouth to serve as a reference
and ground electrode, and another platinum electrode was placed
on the cornea. Mice were placed inside a light-proof Ganzfield
Faraday cage. ERG recordings from KO and age matched WT
mice were performed on the same day under identical settings
and conditions. Light stimuli were either 4 ms flashes produced
by a light-emitting diode (LED) stimulator or <l ms flashes
produced by a Xenon tube delivered in the Ganzfeld (Espion
Electrophysiology System; Diagnosys). For scotopic ERG, inten-
sities of light flashes were converted to the estimated number
of photoisomerizations (R*) per rod as described previously
(Lyubarsky et al., 2004). For photopic ERG, light intensity was
converted to number of photons per wm? at the cornea as
described previously (Lyubarsky et al., 1999, 2000). For pho-
topic stimuli, a rod-suppressing step of light (30 scot cd m~2)
was given every 5.5 s and a light flash was superimposed on it 2's

after the onset of the step. ERGs were recorded from both eyes
using differential amplifiers with a bandwidth of 0.1 Hz-1kHz,
and a sampling interval of 1ms. Depending on the signal-
to-noise ratio, each record was an average of 3-25 individual
trials.

The various parameters characterizing the ERG waveform
were determined using a user-defined MATLAB® (Mathworks,
MA) program. The amplitude of the b-wave was quantified by
subtracting the peak of the a-wave from the peak of the b-wave.
The functional characteristics of phototransduction in photore-
ceptors in WT and KO animals were determined from the ERG
a-wave by fitting the rising phase of the a-wave with the transduc-
tion cascade activation model (Breton et al., 1994; Lyubarsky and
Pugh, 1996) as follows:

F(t) = exp[—0.5PA (t — teﬁf)z], (1)

where F(t) is the a-wave amplitude at time ¢ after a brief flash
normalized to the saturated amplitude; ® is the number of pho-
toisomerizations per rod; te a brief delay; A is the amplification
constant whose value is estimated by the best fit. ERG data pre-
sented in this paper were performed on 12 WT and 14 KO mice,
but occasional records were too noisy and were not considered.
Values of the measured response parameters for the left and right
eyes were averaged and treated as a single data point. The number
of animals or data points acquired for each stimulus condition
is specified in the Results section. All data values in the figures
are presented as mean =+ s.e.m. Unless stated otherwise, statisti-
cal comparison of a parameter between groups of WT and KO
was performed using two-tailed Student’s t-test. A p-value of less
than 0.05 (p < 0.05) was considered significant and p < 0.01 was
considered highly significant.

B-GALACTOSIDASE ASSAY

Mice were deeply anesthetized with an intraperitoneal injec-
tion of ketamine and xylazine (100 and 10 pg/gm bodyweight).
Eyes were enucleated and incised just below the limbus. Eyeballs
were fixed in 4% paraformaldehyde for 10 min, and rinsed in
0.1M phosphate buffer. For cryosections, eyeballs were cry-
oprotected by soaking overnight at 4°C in 0.1 M phosphate
buffer containing 30% sucrose and embedded in a mixture
of two parts 20% sucrose in phosphate buffer and one part
optimal cutting temperature compound (Tissue Tek, Electron
Microscopy Sciences, Hatfield, PA, USA). Radial sections (15—
20 wm) were cut on a cryostat (Leica) at —20°C and collected
on superfrost plus slides (Fisher Scientific, Pittsburgh, PA, USA).
pB-galactosidase expression was detected enzymatically using X-
gal (5-bromo-3-indoyl-b-D-galactopyranoside stock solution) as
substrate. Briefly, whole mount or retinal sections were pre-
incubated in a detergent buffer (0.02% Nonidet P-40, 0.01%
Sodium Deoxycholate, and 2mM MgCl, in 0.1 M phosphate
buffer, pH 7.3) for about 10 mins at room temperature (RT),
incubated for 2—4 days in staining buffer (0.02% Nonidet P-
40, 0.01% Sodium Deoxycholate, 5 mM Potassium Ferricyanide,
5 mM Potassium Ferrocyanide, and 2 mM MgCl, in 0.1 M phos-
phate buffer, pH 7.3 containing 1-1.5 mg/ml X-gal) and finally
rinsed twice in detergent buffer (5 min each).
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IMMUNOFLUORESCENCE

Sections were permeabilized and blocked with 10% normal goat
serum, 5% sucrose and 0.5% Triton X-100 in phosphate buffer for
1h at RT. Sections were incubated in primary antibodies (diluted
in blocking solution) at 4°C overnight or occasionally for 3 days.
Primary antibodies were washed 3 times in 5% sucrose in phos-
phate buffer at RT. Sections were then incubated in secondary
antibodies at RT for 3h, washed, mounted with Vectashield
mounting medium (Vector Laboratories, Burlingame, CA, USA)
and coverslipped. To identify X-gal-stained cells in the inner
retina, some retinal sections were first stained for GABA and then
processed for X-gal staining, and others were first processed for
X-gal staining, and then immunostained for GABA. For double
staining on the whole mount, we first stained for GABA overnight
and then with x-gal for at least 3 days; after imaging, the retinas
were also stained with DAPI. To avoid collapse of retinal layers,
retinas were mounted between number 0 cover slips, which served
to support the coverslip. The blue staining corresponding to the
sites of B-galactosidase activity and the fluorescent stainings were
examined with a conventional microscope (Nikon Eclipse TE-300
microscope; Nikon Inc., Melville, NY, USA).

Antibodies

Rabbit anti-PDE9A (1:100-500, GTX14625 from Genetex, Irvine,
CA); rabbit anti-PDE9A (1:100, PD9A-101AP from FabGennix,
Frisco, TX); guinea-pig anti-GABA (1:1000, AB175, Chemicon
International, Temecula, CA); mouse anti-B-gal antibodies (a
monoclonal; 1:200, Promega, Madison, WI); and chicken anti-f-
gal (1:500, Aves labs Inc., Tigard, Oregon).

RESULTS

ABSENCE OF PDE9A DOES NOT AFFECT THE SCOTOPIC ERG, BUT
DECREASES THE AMPLITUDE OF THE ROD/CONE-GENERATED ERG
a-WAVE

To determine if PDE9A contributes to visual processing, we
recorded ERGs from WT and PDE9A KO mice. We first pre-
sented a series of scotopic flash intensities under dark-adapted
conditions and measured the amplitude of the b-wave. There was
no significant difference in the ERG b-wave amplitude between
KO and WT (Figures 1A—C). To assess the response kinetics,
we measured the time it took the b-wave to rise to 66% of
its peak amplitude, the time it took to fall to 66% of its peak
amplitude, and the 66% maximum width (as in Figure 1D).
We also analyzed the half width; however, because responses
of dark-adapted mice at high intensities often do not return
to baseline in the sampled duration of 500 ms, this measure is
less reliable and is not reported here. Under scotopic condi-
tions, the kinetic parameters of KO and WT ERGs were similar
(Figure 1E).

Next, to determine the possible contribution of PDE9A to
the a-wave, we presented strong saturating flashes that stimulate
both rods and cones (Figure 2A). In response to the strongest
flash (I = 9.3 x 10° R*/rod), both the a- and b-wave amplitudes
were significantly lower in KO than in WT. The a-wave saturating
amplitude in KO (227 wV) was 36% lower than in WT (357 wV;
p = 0.002), and the b-wave saturating amplitude of KO was 30%
lower (411 pV in KO vs. 601 in WT; p = 0.009; Figure 2B). The

b-wave amplitude

— WT
— KO

0.1 1 10 100 1000

Intensity (R*/rod)

kinetics

PDE9A KO

Time (msec)

0 - - - .
0.1 1 10 100 1000
Intensity (R*/rod)

FIGURE 1 | PDE9A does not contribute to the ERG under scotopic
conditions. For all figures, WT is drawn in black and KO in red. Also for all
figures, data are plotted as average +s.e.m. When the s.e.m. cannot be
seen, it is smaller than the symbol. (A,B) Representative responses to
increasing light intensities (0.2— 600 R*/rod) from age matched WT (A) and
PDE9A KO (B) retinas. (C) Average b-wave amplitudes vs. flash intensity for
WT (black squares; 16-22 records) and KO (red diamonds; 18-28 records)
mice. (D) lllustration of the parameters used to characterize the kinetics of
the b-wave. Stimulus onset is designated by an upward black arrow, 66% of
the peak amplitude is indicated by the blue line and 50% by the green line.
Time taken by the b-wave to rise from the stimulus onset to 66% of its
peak amplitude (left dashed blue arrow) or to 50% of its amplitude (left
dashed green arrow) were used for comparison of its kinetics. Time taken
by the b-wave to fall to 66 or 50% of its peak amplitude is indicated by the
right blue and green arrows. (E) Times taken by the b-wave to rise
(triangles) and fall (squares) to 66% of its amplitude, and the duration
between them (width, circles) at the measured intensities.

ratios of b-wave to a-wave amplitude for the three intensities were
similar in KO and WT (ranged from 1.7 in WT and 1.8 in KO for
the lower intensity to 3.6 and 3.7 for the higher intensity).

To determine if the reduced a-wave was due to compromised
photoreceptor function, we computed the Lamb and Pugh ampli-
fication constant “A.” This constant provides a measure of the
gain of the photoreceptor transduction cascade that is indepen-
dent of light intensity for low-to-moderate intensities (Lyubarsky
and Pugh, 1996). The amplification constant A was computed by
fitting the a-wave component of two flash intensities (460 and
1860 R*/rod) to Equation 1 (Figure 2C; the fit is shown with
dashed lines). The amplification constant A in WT (3.5) was not
statistically different from that in KO mice (4.3; Figure 2D; p =
0.11), indicating that deletion of PDE9A does not affect photo-
transduction. Next, we looked at the shape of the rod/cone mixed
response and computed the 66% maximum width. As expected,
in both WT and KO, the rise time of the b-wave decreased slightly
and the fall time increased substantially with increasing inten-
sity. The curves of the rise time as a function of intensity for KO
and WT were very similar. The curves of the fall time and 66%
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FIGURE 2 | The amplitude of the a-wave is smaller in PDE9A KO but its
kinetics is largely unaffected. (A) Average response from WT and KO
retinas to a rod saturating flash (~108 R*/rod). (B) Average a-wave and
b-wave amplitudes (dark-adapted, rod and cone generated responses). Both
a-wave and b-wave amplitudes in KO (n = 14 mice for all intensities) are
significantly different from WT (n = 12) at the two highest intensities.
Unless otherwise stated, for all figures, “x" designates p < 0.05 and

**p < 0.01. (C) Expanded ERG responses from a KO and WT animal at the
flash intensities in (B) showing the a-waves and their Lamb and Pugh curve
fits (red and black dashed lines for KO and WT, respectively). The Lamb and
Pugh equation was fit to the average a-wave from both eyes of the animal
to estimate the amplification constant. (D) The Lamb and Pugh
amplification constants as estimated by regression in WT and KO animals
are similar. (E) The time taken by the b-wave to rise and fall to 66% of its
amplitude and the duration (width). For the highest intensity, the b-wave fell
t0 66% of its amplitude only in 50% of WT and in 82% of KO.

maximum duration for KO crossed those of WT: at lower inten-
sities KOs were slightly faster, and at the highest intensity tested,
the KOs took longer to recover (Figure 2E). However, neither of
these differences was significantly different between WT and KO.

ABSENCE OF PDE9A SLOWS DOWN THE PHOTOPIC RESPONSE

To test the effect of deleting PDE9A on the photopic ERG wave,
we suppressed rod responses using a light step of 30 scotopic cd
m~2 and superimposed (in sequence, with 5.5s delay between
trials) a saturating white flash of 1000 scot cd s m—2, UV flashes
(™ = 365nm; 4 x 103, 8 x 103, and 1.65 x 10* photon/umz),
green flashes (A = 513nm; 8 x 10%, 1.6 x 10%, and 3.2 x 10*
photon/pm?) and another saturating white flash of 1000 scot cd
s m~2. In light-adapted rodents, the ERG a-wave is small and it
reflects the activity of cones and the OFF pathway; the b-wave pre-
dominantly reflects the activity of ON cone bipolar cells and to a
smaller extent that of the inner retina (Xu et al., 2003; Sharma
et al., 2005; Shirato et al., 2008). For the saturated flashes, the
average WT a-wave (combining the amplitude of both the first

and the last flash) was 37.3 WV and in KO mice, it was 23.5 LV;
significantly smaller than in WT (p = 0.004). The WT b-wave
(170 wWV) was larger than that of KO (137 wV) by 20% (albeit not
significantly, p = 0.09; Figures 3A,B). Thus, absence of PDE9A
greatly reduced the photopic a-wave amplitude, and only mildly
effected the b-wave. Examination of the wave shape (Figure 3C)
showed that while the times for the b-wave to rise to 66% of
the peak in KO (40 ms) were similar to those in WT (41 ms)
(p = 0.56), the time it took the b-wave to fall to 66% of its peak
amplitude was highly significantly longer in KO (227 in KO vs.
156 ms in WT; p = 0.0001). Consequently, the 66% maximum
width was also highly significantly longer in KO (201 in KO vs.
116 ms in WT; p = 0.0001).

Because photopic ERG responses were slower in KO than in
WT, we wondered if light adaptation contributed to this differ-
ence. We therefore compared the first saturating response to the
last saturating response in each experiment. Recall that the last
saturating flash was presented after the UV and green flashes,
so the eyes were exposed to the adapting light step for 12 min
longer (Figures 3D-F). In WT, the kinetics of the b-wave in the
first and last saturating flashes were similar, while in KO, the
second presentation of the saturating flash resulted in a slower
decay. The difference in the 66% maximum width was not signif-
icant (paired t-test; p = 0.1), but the 50% maximum width in KO
was significantly longer in the second saturating flash (p = 0.007;
Figure 3F). This suggests that PDE9A contributes to the kinetics
of the cone-generated response, and that this contribution may be
affected by the state of light adaptation.

To see if the effect of PDE9A’s absence is specific to high inten-
sities, or perhaps to different cone pathways, we examined the
responses to low intensities of UV and green flashes. In response
to UV flashes, both a- and b-waves amplitudes were similar in KO
and WT (Figures 4A,B). However, in response to green flashes,
both a- and b-wave amplitudes were significantly smaller in KO
(Figures 4D,E). Like the saturating response, the time for the b-
wave to decay to 66% and the 66% maximum duration were
significantly longer for both wavelengths at all intensities (p <
0.01; Figures 4C,F). In addition, at these wavelengths, the time
to rise to 66% of the peak amplitude was also significantly longer
(p < 0.001). Consequently, the time to peak in KO for all inten-
sities at both wavelengths was also significantly longer. Taken
together, our ERG results suggest that the main effect of delet-
ing PDE9A is on the photopic ERG which reflects activity in the
cone pathways.

PDE9A IS LOCALIZED TO CELLS IN THE GANGLION AND AMACRINE
CELL LAYERS

To understand the mechanism by which PDE9A affects retinal
processing, it is essential to determine its cellular localization.
We initially attempted to localize PDE9A using two commer-
cial antibodies; both gave intense staining in several layers of
the retina. However, when the antibodies were applied to KO
retinas, the staining patterns were similar to those of WT, sug-
gesting that the antibodies cross-react with other proteins (not
shown). We similarly obtained non-specific bands using Western
blots with these antibodies. To get a reliable localization pat-
tern, we stained retinas for the reporter Lac-Z that replaced
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FIGURE 3 | Absence of PDE9A slows the falling phase of the b-wave of a
saturating flash under photopic conditions. (A) Average responses of WT
and KO retinas to a saturating flash (1000 scot cd s m~2) after 2 s light
adaptation. The responses to both the first and second saturating flashes
(presented before and after stimulation with UV and green light, respectively)
in each retina were averaged. (B) Response amplitudes of the a- and b-waves
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at the saturating flash are reduced in KO (13 WT and 14 KO mice). (C) The
times taken by the b-wave to rise and fall to 66% of its amplitude and the
duration between them. (D,E) Average response of WT and KO retinas to the
first (1) and second (2) saturating flash. (F) The width of the b-wave at 50% of
its amplitude for the first (1) and second (2) saturating flashes increased

in KO.

PDE9A in KO. We first attempted to immunostain for p-gal,
but there was no specific staining; instead we used the X-gal
assay. In whole mount KO retinas, staining was present through-
out the ganglion cell layer (GCL) (Figures 5A,B). No staining
was found in WT, suggesting that this staining is specific and
is present only in cells that normally express PDE9A. We deter-
mined the percentage of PDE9A-expressing cells within the GCL
by co-staining the retina with DAPI. In a total GCL area of
150,000 wm? (3 retinas combined) we found 1844 somas of
which 28% were stained for X-gal. We also performed X-gal
staining on vertical cryosections of the retina. Most staining
was observed in cells of the GCL, but some staining was also
observed in the somas of amacrine cells in the inner nuclear layer
(Figure 5C).

Based on transcript presence and pharmacological block-
ing of certain PDE isoforms, it was suggested that retinal
pigment epithelium (RPE) expresses PDE9A (Diederen et al,
2007). If so, absence of PDE9A from these cells may be
able to explain the slow b-wave. We have therefore examined
retinal cryosections that had RPE and choroid layers intact.
There was no X-gal staining in the RPE; however we observed
staining in the non-pigmented epithelium of the ciliary body
(Figure 5D), in certain unidentified cells in the sclera, and
in the lens (not shown). We further examined whole mounts
of the pigment epithelium layer, but did not observe any
staining.

To determine whether the cells in the GCL were amacrine or
ganglion cells, we immunostained the X-gal stained retina for the
amacrine cell markers GABA and glycine (Figure 6). Our anti-
body against glycine gave a high general background without
specific staining, so the analysis relied on staining for GABA. We
found that most X-gal-stained cells in the GCL were negative for
GABA (e.g., cells 2, 6, 8 in Figures 6A—C), but many were positive
(e.g., cells 1, 7). Similarly, in the inner nuclear layer, most X-
gal-stained cells were negative for GABA but some were positive.
To determine the percent of X-gal-stained cells that use GABA
and the percent of GABA-immunoreactive cells that express p-
gal, we co-stained whole mount retinas with X-gal and for GABA
(Figure 6D). We found that in the GCL, 20% of X-gal-stained
cells also stained for GABA, and 20% of GABAergic cells also
stained with X-gal (3 retinas, Table 1). In the INL, 27% of X-gal-
stained cells stained for GABA, but only 7% of the GABAergic
cells stained with X-gal. This experiment suggests that PDE9A is
present in one or more types of GABAergic amacrine cells, but
mostly in GABA-negative cells.

DISCUSSION

We report here on two main findings. First, within the retina,
PDEYA is restricted to the inner layers: it is widely distributed
within the GCL and less widely within the amacrine tier of the
inner nuclear layer. Second, PDE9A contributes to the amplitude
and kinetics of the photopic ERG.
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FIGURE 4 | PDE9A accelerates the kinetics of the photopic b-wave.

(A) Average responses from WT and KO retinas to ultra-violet (UV) light of
intensity 1.65 x 104 photonsum=2 (17 records were averaged for WT and
24 for KO). (B) Amplitudes of the a- and b-waves from WT (n = 9-12 mice)
and KO (n = 12-13) retinas at increasing intensities of UV light. (C) The
time taken by the b-wave to rise and fall to 66% of its amplitude at
different intensities of stimulation. The time taken by the b-wave to rise

and decay to 66% of its amplitude was significantly longer in KO at all
intensities. (D) Average response of WT and KO retinas to green light of
intensity 3.2 x 104 photons um=2 (n= 16 for WT and 19 for KO).

(E) Amplitudes of the a- and b-waves from WT (n= 7-11) and KO
(n=2-11). Mice at increasing intensities of green light. (F) The times
taken by the b-wave to rise and fall to 66% of its amplitude: both
parameters are significantly longer in KO.
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FIGURE 5 | PDE9A is localized in the inner retina. (A) Low magnification
(4x) image of a whole mount PDE9A KO retina stained for X-gal (blue); on,
optic nerve head. (B) Higher magnification (40x) image of the ganglion cell
layer (GCL) in the same retina as in (A): the stained cells occupy less than

50% of the area. (C) A cryosection of a KO retina stained for X-gal. X-gal
staining is present in both the inner nuclear layer (INL) and GCL. IPL: inner
plexiform layer. (D) Cryosection of KO retina showing X-gal staining in the
ciliary body.
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FIGURE 6 | A population of X-gal positive cells is positive for GABA.
(A,B) Cryosections from KO retinas double stained with X-gal (A1,B4; blue,
visualized with DIC microscopy) and for GABA (A2,B2, visualized with
fluorescence microscopy). Dotted circles indicate the location of the somas
of the cells that are positive for X-gal. The merged images (Asz,B3) show
that some cells positive for X-gal are also positive for GABA and others are
negative for GABA. (C) Magnified images of the X-gal positive cells
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(numbers on the side correspond to numbers on the low magnification
images) that are also positive for GABA. Cells 1, 7 are located in the GCL
and cell 4 is located in the INL. (D) Whole mount preparations stained
with X-gal reagent and for GABA show that some cells in both GCL and
INL stained for both (circles), while several X-gal stained cells were
negative for GABA and numerous GABA-immunoreactive cells were not
stained with X-gal.

PDE9A IS LOCALIZED TO SEVERAL RETINAL CELL TYPES

Our experiments identify at least three retinal cell types that
express PDE9A: GABAergic amacrine cells, non-GABAergic
amacrine cells (hence, glycinergic), and ganglion cells. The
GABAergic amacrine cell type was identified by GABA-positive
staining in a subset of X-gal-stained cells. We know that our
immunostaining for GABA is genuine because we have previ-
ously shown that all cells that immunostain for GABA also express

GADygs5 or GADg7 (Vardi and Auerbach, 1995). In the inner retina,
c¢GMP is predominantly synthesized by the soluble isoform of
guanylate cyclase (sGC), which is activated by nitric oxide (NO).
Immunostaining for the B1 subunit of sGC (the obligatory sub-
unit of the heterodimer in neurons) in rat retina shows that sGC
is expressed in a subset of amacrine cells, some of which are
GABAergic (Ding and Weinberg, 2007). Given that the retinas of
rats and mice are sufficiently similar, it is likely that these cells may
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Table 1 | Percentage of PDE9A-expressing cells in retina (averages of 3

retinas).

GCL INL
No. of X-gal-stained cells/206,000 pm? 495 219
No. of GABA-stained cells 325 509
% of X-gal cells that use GABA 20% 27 %
% of GABA cells that expresses X-gal 20% 7%

be the GABAergic PDE9A-expressing amacrine cells. It remains to
be determined whether the GABA-stained amacrine cells in the
GCL are of the same type as those in the INL (but displaced),
or if they represent a different amacrine cell type. The glyciner-
gic type is inferred because nearly all amacrine cells in the INL
stain either for GABA or for glycine (Marc et al.,, 1995; Vardi
and Auerbach, 1995; Kalloniatis et al., 1996), thus it is highly
likely that the GABA-negative X-gal stained amacrine cells are
glycinergic. This inference agrees with a previous report that NO-
stimulated cGMP production is localized to glycinergic amacrine
cells (Yu and Eldred, 2005). We think that one or more ganglion
cell types express PDE9A because of the following facts: (1) about
40% of the GCL cells are ganglion cells (Jeon et al., 1998); (2) only
few glycinergic amacrine cells are present in the GCL (Pourcho
and Goebel, 1985, 1987; Marc et al., 1995); and (3) the PDE9A-
expressing cells in the GCL are more numerous than those in
the INL, in fact about 30% of cells in GCL express PDE9A (this
study). This agrees with presence of PDE9A transcript in ganglion
cells (Siegert et al., 2009) and with reports that NO stimulates
production of cGMP in certain ganglion cells (Ahmad et al., 1994;
Blute et al., 2003).

PDE9A ACCELERATES THE PHOTOPIC ERG b-WAVE BY ENHANCING
SERIAL INHIBITORY RESPONSES

The most striking phenotype of deleting PDE9A is the change
in the kinetics of the photopic b-wave. Under light-adapted
conditions, at the tested UV, green, and saturating white light
intensities, the falling phase of the b-wave in KO was slower, and
the wave was wider than in WT. For UV and green flashes, the
rising phase of the b-wave was also slower. Slower ERG b-wave
in light-adapted conditions had been reported following intrav-
itreal injection of TTX in mouse (Miura et al,, 2009) and rat
(Bui and Fortune, 2004; Mojumder et al., 2008). Similar effects
of TTX on ERG kinetics were also reported in rabbit after 5 min
of dark adaptation (Dong and Hare, 2000). Even a greater effect
on the photpic ERG kinetics was found following injection of
PDA (cis-2, 3-piperidinedicarboxylic acid which blocks transmis-
sion to hyperpolarizing 2nd order and all 3rd order neurons), or
CNQX (Sharma et al., 2005; Miura et al., 2009). Another com-
mon qualitative outcome to the PDE9A KO and to applications
of TTX, PDA, or CNQX is the reduced b-wave amplitude. While
some of the effect of TTX in the light adapted retina is due to
sodium channels in certain ON cone bipolar cells (Mojumder
etal., 2008), an additional effect must be due to contribution from
the inner retina, suggesting that spiking amacrine cells enhance
and speed up the ON cone bipolar cells’ responses. The precise
mechanisms by which amacrine cells affect the b-wave are not

known. However, it is known that cone bipolar cells receive dif-
ferent types of inhibitory input from amacrine cells and that these
amacrine cells themselves receive inhibitory input (serial inhibi-
tion). Furthermore, it has been shown by whole cell recordings
and ERG recordings that these inhibitory circuits accelerate and
often enhance bipolar cells’ responses (e.g., Dong and Hare, 2000,
2002; Molnar and Werblin, 2007; Eggers and Lukasiewicz, 2011;
Eggers et al., 2013).

How can deletion of PDE9A mimic this effect? It is well known
that many amacrine cells use cGMP to modulate their activity.
For example, light stimulation increases NO levels in the IPL
(Eldred and Blute, 2005) and this increases the levels of cGMP.
NOSI (the enzyme that produces NO in neurons) is expressed
in certain types of GABAergic amacrine cells, and NO stimu-
lates the production of cGMP in neighboring sGC expressing cells
(Ding and Weinberg, 2007). It is possible that these sGC express-
ing amacrine cells are those that express PDE9A, and that these
two enzymes regulate cGMP in a light-dependent manner. Since
cGMP activates cGMP-dependent kinases (such as PKG), and
since phosphorylation crucially controls exocytosis and endocy-
tosis (Liu, 1997), absence of PDE9A can alter neurotransmiter
release. Thus, if PDE9A-expressing cells inhibit bipolar cells in a
time-dependent manner to regulate their response size and kinet-
ics; absence of PDE9A, which likely causes an accumulation of
c¢GMP, would render bipolar cells’ responses slower. Based on the
characteristics of the b-wave seen in the absence of PDE9A and
their resemblance to the pharmacological results described above,
we predict that these cells spike at photopic intensities. Finally,
although PDE9A is likely present also in ganglion cells, we do
not think that they contribute to reducing the ERG b-wave and
slowing down its kinetics because in WT, ganglion cells do not
contribute to the ERG a- and b- waves (Bui and Fortune, 2004; Li
et al., 2005; Mojumder et al., 2008). Ganglion cells, however, do
contribute to the photopic negative response (PhNR) (Li et al,,
2005), and although not quantified here, this