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HSP70 is a central hub of the chaperone network (center). It uses the energy of ATP-hydrolysis to
modify the conformation and the function of various polypeptides. It is targeted onto its misfolded or
alternatively folded substrates by J-domain co-chaperones (HSP40s, magenta). It is dissociated from
its modified polypeptide substrates by ADP to ATP exchange, which is accelerated by ADP-release
factors ( GrpE, yellow, in prokaryotes and mitochondria and plastides of eukaryotic cells; HspBP1-
family proteins, Bag-domain proteins, and Hsp110/Hsp170 proteins in cytosol and endoplasmic
reticulum of eukaryotic cells). Small HSPs (cyan) and HSP90s (blue) can maintain various misfolded
polypeptides in a nonaggregated conformation poised to be further processed by HSP70. Upon
activation by HSP70, the AAA+ disaggregases (HSP104, ClpB, red) can use ATP to forcefully solubilize
stable protein aggregates and, together with HSP70, revert them into the native functional state. Some
proteins are handed over to GroEL/GroES (green) or Hsp90 (blue) for further maturation or to be kept
inactive until activation by cellular signals.
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Frontiers in Molecular Biosciences

2 March 2017 | The HSP70 Molecular Chaperone Machines


http://journal.frontiersin.org/researchtopic/3519/the-hsp70-molecular-chaperone-machines
http://journal.frontiersin.org/journal/molecular-biosciences

Members of the HSP70 family form a central hub of the molecular chaperone network, con-
trolling protein homeostasis in prokaryotes and in the ATP-containing compartments of the
eukaryotic cells. The heat-inducible form HSPA1A (HSP70), its constitutive cytosolic cognate
HSPAS8 (Hsc70), its endoplasmic reticulum form HSPA5 (BiP), and its mitochondrial form
HSPA9 (Mortalin), as well as the more distantly related HSPHs (HSP110s), make up 1-2 % of
the total mass of proteins in human cells. They use the energy of ATP-hydrolysis to prevent and
forcefully revert the process of protein misfolding and aggregation during and following various
stresses, presumably by working as unfoldases to lift aberrant conformers out of kinetic traps.
As such, HSP70s, in cooperation with their J-domain co-chaperones and nucleotide exchange
factors (NEFs) and co-disaggregases, form an efficient network of cellular defenses against the
accumulation of cytotoxic misfolded protein conformers, which may cause degenerative dis-
eases such as Parkinson's and Alzheimer's disease, diabetes, and aging in general. In addition to
their function in repair of stress-induced damage, HSP70s fulfill many housekeeping functions,
including assisting the de novo folding and maturation of proteins, driving the translocation
of protein precursors across narrow membrane pores into organelles, and by controlling the
oligomeric state of key regulator protein complexes involved in signal transduction and vesicular
trafficking. For reasons not well understood, HSP70s are also found on the surface of some animal
cells, in particular cancer cells where they may serve as specific targets for cancer immunother-
apy. Here, we gathered seven mini reviews, each presenting a complementary aspect of HSP70’s
structure and function in bacteria and eukaryotes, under physiological and stressful conditions.
These articles highlight how, the various members of this conserved family of molecular chap-
erones, assisted by their various J-domain and NEF cochaperones and co-disaggregases, harness
ATP hydrolysis to perform a great diversity of life-sustaining cellular functions using a similar
molecular mechanism.

Citation: Mayer, M. P, Goloubinoff, P, eds. (2017). The HSP70 Molecular Chaperone Machines.
Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-125-8
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Editorial on the Research Topic
The HSP70 Molecular Chaperone Machines

The HSP70s belong to a small family of highly conserved ~70 kDa enzymes that can use the
energy of ATP-hydrolysis to modify the structure, and consequently the function, of specific
native proteins, and to unfold, solubilize, and thereby reduce the cellular concentration of harmful
misfolded proteins (Finka et al., 2016). Particular HSP70s are expressed constitutively in the cytosol
of bacteria and in all the ATP-containing compartments of eukaryotic cells. In unstressed bacteria,
plant, and animal cells, HSP70s are 0.5-2% of the total protein mass (Finka and Goloubinoff, 2013).
They form the central hub of the chaperone network that controls all aspects of cellular protein
homeostasis: protein de novo synthesis, protein translocation across membranes, native folding,
and oligomer assembly. HSP70s also participate in the active removal of toxic protein aggregates
by actively converting them into harmless degraded peptides, or into natively refolded functional
proteins (Calamini and Morimoto, 2012; Finka et al., 2016).

In immortalized human cancer cells and in naive rat livers cells for example, HSPAS is the
major HSP70 species that is constitutively expressed in the cytosol, accounting for about half of
the total mass of the HSP70s (Finka and Goloubinoft, 2013). In heat-shocked cells, particular
HSP70s accumulate. Hence, following a 4 h mild fever-like heat-shock at 41°C, the total mass of
the HSP70s in Jurkat cells increases 1.6-folds, from ~0.7% (at 37°C) to ~1.1% (Finka et al., 2015).
Thus, although sharing 90% sequence identity with HSPAS, the cytosolic HSPA1A, which generally
remains undetected in unstressed tissues, strongly accumulates during various abiotic stresses
(Finka et al., 2015). Noticeably, non-heat-shocked cancer cells generally express constitutively
abnormally elevated levels of HSPA1A that may even exceed the naturally high amounts of HSPAS.
High expression levels of HSPA1A in otherwise unstressed tissues is thus a hallmark of malignancy
and of poor survival outcome (Feder et al., 1992; Finka and Goloubinoft, 2013; Yang et al., 2015).

The endoplasmic reticulum HSP70, HSPA5 (called BIP), and the mitochondrial HSP70, HSPA9
(called mortalin) are the next most abundant HSP70 species. As in the case of cytosolic HSPAS, their
concentration may also increase in response to heat-shock (Finka et al., 2015). In addition to their
function in protein quality control, they act as pulling motors that import cytosolic polypeptides
into their respective organelles.

Assisted by over 30 different J-domain cochaperones in eukaryotes (Dekker et al.) and various
nucleotide exchange factors (NEFs) (Bracher and Verghese), the HSP70s can control a great
number of housekeeping cellular processes. They can use the energy of ATP-hydrolysis to
convert active (alter)native protein complexes into differently active native polypeptides. Thus,

Abbreviations: SBD, Substrate binding domain; NBD, Nucleotide binding domain; NEF, Nucleotide Exchange Factor;
Natively folded proteins, proteins folded in a functional native conformation; (Alter)natively folded proteins, proteins folded
in a different, albeit still native conformation.
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at the exit of ribosomes, specific HSP70s can pull and
regulate the de-novo folding of nascent polypeptides. Others
can pull and unfold cytosolic polypeptides necessary for their
translocation across membranes into organelles. Yet other HSPAs
can regulate the post-translocation folding and assembly of
(alter)natively folded protein complexes and coordinate their
timely disassembly into differently active sub-complexes, as in
the case of clathrin cages and triskalions (Sousa and Lafer; De
Los Rios and Goloubinoff, 2016). HSP70s can also determine
the lifespan of native cellular proteins by timely targeting them
to chaperone-gated proteases, as in the case of the bacterial
transcription factor 032, which is targeted by DnaK to the FtsH
protease (Rodriguez et al., 2008; VanPelt and Page, 2017). HSP70s
also target misfolded proteins to the lysosome in a process called
chaperone-mediated-autophagy (Cuervo and Wong, 2014).

Some HSP70s can act as ATP-fuelled molecular motors that,
together with specific cochaperones, such as their eukaryotic
HSP110 cognates (Mattoo et al., 2013; Nillegoda and Bukau)
or the ClpB/HSP104s, which are non-cognate AAA+ ATPases
(Mogk et al., 1999), can solubilize stable aggregates and convert
them into harmless natively refolded or degraded polypeptides.
Thus, together, the HSP70s form a powerful cellular defense
network against harmful misfolded proteins. HSP70s failure to
be expressed, or to function in aging metazoan cells, directly
correlates with the late age onset of severe human degenerative
diseases, such as Parkinson, Alzheimer, and type 2 diabetes that
are associated to the accumulation of misfolded proteins in the
damaged tissues (Hartl, 2016).

In this research topic, several reviews tackled from different
complementing angles the central question: how may the
members of a small class of relatively simple two-domain 70 kDa
molecules use ATP to drive dramatic conformational changes,
in so diverse aggregated, misfolded, and alternatively folded
polypeptides, and thus control such a great number of different
housekeeping and stress related biological functions in the
cell?

In their review “Insight into the molecular mechanism of
allostery in HSP70s,” Mayer and Kityk described the intricate
molecular paths of various allosteric signals during the HSP70
ATPase cycle, leading to dramatic movements of the two
subdomains that bind the polypeptide substrates. They focused
on specific residues that are involved in various key allosteric
signals in the chaperone molecule, such as the signal that is issued
by the substrate upon binding to the base of the substrate binding
domain (SBD) to induce ATP hydrolysis in the nucleotide
binding domain (NBD). Another signal is issued by the NBD
to induce the closure of the SBD’ lid onto its base, and yet
another signal that is issued by the NEF-triggered NBD to induce
the sequential release of the ADP from the NBD and of the
structurally modified polypeptide from the SBD.

In their review “Multi-layered molecular mechanisms
of polypeptide holding, unfolding and disaggregation by
HSP70/HSP110chaperones” Finka et al. addressed the apparent
consequences of the coordinated subdomain movements in
the HSP70 molecule during the ATPase cycle, on the bound
misfolded or (alter)natively folded polypeptide substrates,
leading to their conversion into native or degraded polypeptides.

Two complementing mechanisms are being discussed: (1)
unfolding by direct clamping, in which the closure of the SBD
lid onto a bulky misfolded protein segment and its consequent
squeezing against the SBD base would result in the local
unfolding of the bound misfolded segment. (2) Unfolding by
entropic pulling, in which the distal binding of several HSP70
molecules onto the same misfolded polypeptide, and their
ensuing independent dangling motions would generate a force
capable of unfolding by entropic pulling the misfolded segments
that are in between two HSP70-bound sites (Goloubinoff and De
Los Rios, 2007).

The various allosteric paths leading to sub-domain
movements and their possible effects on a bound misfolded
substrate can be summarized as follow: In an ATP-bound
HSP70, there is a tight crosstalk between a J-domain from a
DNA]J co-chaperone anchored in the NBD, and a hydrophobic
misfolded polypeptide substrate newly bound to the wide-open
SBD. Both then concomitantly trigger ATP hydrolysis in the
NBD and the closing of the SBD’s lid that applies a local pressure
onto a bulky misfolded segment in the bound substrate leading,
upon tight engulfment by the SBD, to the extensive unfolding
of the substrate (Sharma et al,, 2010; Mashaghi et al., 2016).
The subsequent transient binding of a NEF to the distal lobes
of the NBD then triggers ADP release from the NBD and the
opening of the protein-binding lid, allowing the newly unfolded
polypeptide to dissociate and spontaneously refold to the native
state.

However effective an unfolding nanomachine may the HSP70
molecule be, it remains quiet ineffective at choosing its substrates
among the many different polypeptides in need to be structurally
modified. Substrate discrimination by the HSP70 system is
predominantly achieved by the J-domain co-chaperones that
initially interact with the different substrates and at the same time
bind the HSP70s through their J-domain.

In their review “DNAJs: more than substrate delivery to
HSPA, Dekker et al. highlighted the crucial role of J-domain
cochaperones to the protein quality control of metazoan cells.
DNAJs can target HSP70s onto misfolded, aggregated, or
specific alternatively folded protein substrates, to be unfolded,
refolded, or ultimately degraded by chaperone-gated proteases.
In addition, specific DNAJs are involved in the unidirectional
translocation of cytosolic pre-proteins across membranes to the
ER, the mitochondria, the lysosome, and in plants also the
chloroplast and the peroxisome. Other DNAJs carry unique anti-
aggregation functions of their own, as in the case of mammalian
DNAJB6, which is a very potent anti-aggregation chaperone that
prevents the formation of toxic polyglutamine species that cause
severe degenerative diseases, such as Huntington’s chorea.

In their review, “Metazoan HSP70-based protein
disaggregases: emergence and mechanisms,” Nillegoda and
Bukau further dwelt on the key role of J-domain cochaperones
of HSP70, in particular the human DNAJA2 and DNAJBI,
which seem to specifically recruit HSC70 and its sequence-
related HSP110 co-chaperone, to form powerful disaggregating
hetero-oligomers capable of solubilizing denatured reporter
proteins, among them, stable alfa-synuclein fibrils (Gao et al,
2015; Finka et al., 2016). Two putative “clamp and walk” and
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“metazoan nucleation” models are discussed for the HSP70- and
HSP110-mediated disaggregation mechanism.

In contrast to misfolded protein aggregates serving as
substrates to the HSC70-HSP110 disaggregation machinery, in
their review “The role of molecular chaperones in clathrin
mediated vesicular trafficking,” Sousa and Lafer discuss the role
of a specific J-domain cochaperone, auxilin, in the recruitment
of HSC70 and HSP110 to a specific position onto a natively
assembled protein complex: the clathrin cage. There, HSC70
uses ATP to pull and disassemble clathrin coats by a “steric
wedge” mechanism, which is very similar to entropic pulling.
Recently, the same authors brought evidence that loose HSC70
multimers might form and thus join their “steric wedge” entropic
pulling forces to disassemble clathrin cages more efficiency.
HSC70 also sequesters the depolymerized clathrin, implying that
triskelion release must be regulated by HSP110 (Sousa et al.,
2016). Interestingly, in neurons, HSP110 activity as a specific
NEEF for HSC70 is regulated upon phosphorylation by a Calcium-
regulated kinase (Ishihara et al., 2003). Thus, following the vesicle
fusion with the plasma membrane and the discharge of their
neuro-transmitters content in the synapse, the transient entry of
Ca*" ions in the cytosol would be able to precisely signal the
onset of clathrin cage dismantling for triskelion recycling.

In their review “The nucleotide exchange factors of HSP70
molecular chaperones” (Bracher and Verghese), Bracher and
Verghese discussed the large diversity of the eukaryotic NEFs.
In addition to the HSP110s, which are sequence wise-, structure
wise-, and function wise-related to the HSP70s (Mattoo et al.,
2013), there are unrelated HSPBP1/Sill, BAG domain proteins
and the M-domain of the HSP104 disaggregase cochaperone
(Carroni et al., 2014; Doyle et al., 2015), and the GrpE type of
NEFs to be found in prokaryotes and eukaryotic organelles of
eubacteria origin. Despite their great disparity of structure, the
various NEFs, interact with the same surfaces on the HSP70s:
the tips of the two NBD subdomains embracing the ADP-binding
pocket.

It should be noted that BAG domain proteins and GrpE do not
have nucleotide binding sites. Moreover, both GrpE and HSP110
were shown to induce polypeptide release, respectively, from
DnaK and HSP70, in the total absence of ATP (Sharma et al,,
2010; Mattoo et al., 2013). Thus, these versatile regulatory co-
chaperones should be called ADP- and substrate-release factors
rather than, nucleotide exchange factors.
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Hsp70s chaperone an amazing number and variety of cellular protein folding processes.
Key to their versatility is the recognition of a short degenerate sequence motif, present
in practically all polypeptides, and a bidirectional allosteric intramolecular regulation
mechanism linking their N-terminal nucleotide binding domain (NBD) and their C-terminal
polypeptide substrate binding domain (SBD). Through this interdomain communication
ATP binding to the NBD and ATP hydrolysis control the affinity of the SBD for polypeptide
substrates and substrate binding to the SBD triggers ATP hydrolysis. Genetic screens for
defective variants of Hsp70s and systematic analysis of available structures of the isolated
domains revealed some residues involved in allosteric control. Recent elucidation of the
crystal structure of the Hsp70 homolog DnaK in the ATP bound open conformation as
well as numerous NMR and mutagenesis studies bring us closer to an understanding of
the communication between NBD and SBD. In this review we will discuss our current
view of the allosteric control mechanism of Hsp70 chaperones.

Keywords: Hsp70 heat-shock proteins, allostery, interdomain communication, conformational dynamics,
structure-function relationships

INTRODUCTION

Hsp70s are involved in a large variety of cellular processes. Thereby they interact with substrate
proteins that are in many different conformations: with completely extended polypeptides such
as nascent chains at the ribosome (Deuerling and Bukau, 2004; Hartl et al,, 2011) or during
translocation into organelles (Neupert and Herrmann, 2007; Chacinska et al., 2009); with partially
folded and misfolded conformations in late folding intermediates, or upon disaggregation and
refolding of stress denatured proteins (Tyedmers et al., 2010); and with native regulatory proteins
to control their activity and stability (e.g., heat shock transcription factor ¢** in E. coli or
transcription factors, receptors, and kinases in eukaryotes) (Wegele et al., 2004), and while assisting
oligomerization or disassembly of oligomeric structures (e.g., clathrin, Sousa and Lafer, 2015).
Hsp70s are ATP dependent chaperones that consist of an N-terminal 45 kDa nucleotide binding
domain (NBD) and a 25 kDa substrate polypeptide binding domain (SBD). They do not work alone
but interact with cochaperones of the J-domain protein (DnaJ, Hsp40) family, which target Hsp70s
to substrate proteins, and several families of nucleotide exchange factors. Hsp70s also cooperate
with chaperones of other families like small HSPs and Hsp100s for protein disaggregation, with
Hsp90 for regulation of native proteins, with ribosome bound chaperones like trigger factor in
prokaryotes and specialized Hsp70s (RAC) in eukaryotes and with Hsp60s for de novo folding of
proteins. Thus, Hsp70 is probably the most versatile of all chaperones, constituting a central hub of
the cellular protein folding network.
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One reason for this versatility is most likely the degenerate
recognition motif of Hsp70s, which consists of a core of five
preferentially hydrophobic amino acids flanked by regions in
which positively charged residues are favorable for binding
(Rudiger et al, 1997). Such motifs occur frequently in most
proteins. In the folded state these motifs are generally found
in the hydrophobic core of the proteins and are exposed
only during synthesis when emerging from the ribosomal exit
tunnel, during translocation through membranes or during stress
denaturation. This explains why Hsp70s interact with most
proteins when they are in the denatured but not in the native
state. Substrate proteins which interact with Hsp70 in their
native conformation apparently expose such sequence motifs
even in the completely folded state. Recognition of a short
degenerative motif in substrate proteins eliminates any size
limitations and Hsp70 can interact with very large proteins and
protein complexes, like clathrin cages, or protein aggregates.
Another reason for the versatility of the Hsp70 system is

certainly the number of J-domain proteins which has increased
in the course of evolution from six in E. coli and 22 in
S. cerevisiae to 47 in humans (Kampinga and Craig, 2010).
J-domain proteins either bind prospective protein substrates
themselves or bind to structures like the ribosomal exit tunnel
(e.g., zuotin) or translocation pores (e.g., Sec63, Pam18) where
substrates for Hsp70 emerge, and recruit Hsp70 for specific
protein folding tasks. Similarly, the different nucleotide exchange
factors of three distinct families in the eukaryotic cytosol—
the modular multidomain Bag family, the HspBP1 family and
the Hspl10 family, which are Hsp70 homologs themselves
(Bracher and Verghese, 2015)—may harness Hsp70s for diverse
functions.

Finally and most importantly, the intricate mechanism of the
Hsp70 machine itself makes it such a versatile tool. In contrast to
ATP-independent chaperones, the affinity of Hsp70 for substrates
is regulated by nucleotide, the substrate itself, the J-domain
cochaperones and nucleotide exchange factors (Figure 1). In a

A low-affinity state

4B9Q-SBDa

2QXL-SBDa

high-affinity state

FIGURE 1 | Conformational cycle of Hsp70s. (A) Structural changes associated with the ATPase cycle of E. coli DnaK. Left, crystal structure of DnaK in the ATP
bound open conformation (low-affinity state, PDB ID 4B9Q, Kityk et al., 2012) in cartoon representation with NBD subdomains IA, IB, lIA, IIB in different shades of
green, SBDB in dark red and SBDa in orange. Right, solution structure of DnaK in the ADP bound/nucleotide-free state as derived from residual dipolar coupling NMR
experiments and crystal structures of the isolated domains (high-affinity state, PDB IDs 2KHO, Bertelsen et al., 2009) colored as in the ATP bound state and NBDs in
identical orientation. (B) Overlay of the crystal structures of DnaK-ATP (PDB ID 4B9Q; gray) and Sse1 (PDB ID 2QXL, Liu and Hendrickson, 2007); NBD, deep teal;
SBDB, cyan; SBDu, blue. (C) Overlay of the crystal structures of DnaK-ATP (PDB ID 4B9Q; gray) and bovine Hsc70(1-554) (PDB ID 1YUW, Jiang et al., 2005) NBD,
deep teal; SBDB, cyan; SBDa, blue.
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nutshell, in the ATP bound state Hsp70 has a low affinity for
substrates but high substrate association and dissociation rates.
Upon ATP hydrolysis, substrate association and dissociation
rates decrease some 100 and 1000-fold, respectively, leading to
an increase in affinity of 10 to 50-fold (Schmid et al., 1994; Mayer
et al., 2000). However, ATP hydrolysis rates are very low but
stimulated synergistically by the substrate itself and the J-domain
cochaperone (Karzai and McMacken, 1996; Barouch et al., 1997;
Misselwitz et al., 1998; Laufen et al., 1999; Silberg et al., 2004).
Thus, Hsp70 acts like a mouse-trap where the substrate itself
triggers its capture. The synergism of substrate with J-domain
proteins in triggering ATP hydrolysis allows J-domain proteins
to target Hsp70 to the proper substrate. At physiological ATP
concentrations, nucleotide exchange is rate-limiting for substrate
release and thus allows nucleotide exchange factors to regulate
the residence time of substrates bound to Hsp70. This mechanism
of association of substrates with Hsp70-ATP at high rates and
subsequent ATP hydrolysis and transition to the high affinity
state creates a non-equilibrium situation resulting in ultra-high
affinity that so far has not been found in any other chaperone (De
Los Rios and Barducci, 2014). In the following we will discuss
the current knowledge of the structural basis for this allosteric
mechanism.

STRUCTURAL BASIS FOR ALLOSTERY IN
Hsp70s

A thorough understanding of the structural basis for allostery in
Hsp70s was hampered for many years by the lack of a structure of
the full-length protein. Structures of isolated domains (Flaherty
et al., 1990; Zhu et al., 1996) were available for many years but
information on the assembly of NBD and SBD in ADP or ATP
states is rather recent (Jiang et al,, 2005; Chang et al., 2008;
Bertelsen et al., 2009; Kityk et al.,, 2012; Qi et al., 2013). The
NBD shares structural homology with actin and sugar kinases
(Flaherty et al., 1991), and can be divided into two lobes (I
and II) with two subdomains each (IA, IB, IIA, IIB), which
form a deep cleft at the bottom of which nucleotides bind,
contacting all four subdomains (Flaherty et al., 1990, Figure 1).
The SBD is composed of a two-layered B-sandwich subdomain
(SBDB), which contains the substrate binding channel with a
central pocket capable of binding a single hydrophobic residue
of the substrate; an a-helical subdomain (SBDa), consisting of
five helices; and a C-terminal intrinsically disordered segment
of about 30 residues of unclear function, which seems to be
involved in chaperone activity and, in the eukaryotic cytosol,
contains the EEVD motif at the very C-terminus, serving as
docking site for the cochaperones Hop/Stil and Chip (Zhu et al,,
1996; Demand et al., 1998; Ballinger et al., 1999; Scheufler et al.,
2000; Zhang et al., 2005; Smock et al, 2011). In the isolated
SBD, helices A and B of the SBDu are tightly packed onto the
SBDB, enclosing the substrate binding channel like a lid. This
also seems to be the most prevalent conformation of the full-
length protein in the nucleotide-free and ADP bound states
(Jiang et al,, 2005; Chang et al., 2008; Bertelsen et al., 2009;
Marcinowski et al, 2011; Schlecht et al., 2011). The crystal
structure of Geobacillus kaustophilus DnaK and NMR studies on

E. coli DnaK suggest that NBD and SBD are rather separated,
independently tumbling units in the nucleotide-free and ADP
states only connected by the flexible linker (Swain et al., 2007;
Chang et al., 2008; Bertelsen et al., 2009; Zhuravleva et al., 2012).
In contrast, the crystal structure of nucleotide-free bovine Hsc70
shows NBD and SBD in a docked conformation (Jiang et al.,
2005).

Recently, the crystal structure of DnaK in the ATP-bound
open conformation was solved, which significantly broadened
our knowledge about allostery in Hsp70s (Kityk et al., 2012;
Qi et al.,, 2013). Comparison of the DnaK-ATP structure with
the solution structure of DnaK-ADP indicates that ATP binding
leads to dramatic structural rearrangements in the protein
(Figure 1A). DnaK-ATP has a more compact structure; SBDa
and SBDp are completely detached from each other and docked
onto two sides of the NBD; and the interdomain linker is buried
in the lower crevice of the NBD. This structure is similar to
the structure of the Hspl10 Ssel, which serves as nucleotide
exchange factor for Hsp70s (Dragovic et al., 2006; Raviol et al.,
2006; Liu and Hendrickson, 2007; Polier et al., 2008; Schuermann
et al., 2008) but has clear differences in the structure and
orientation of the SBDB and SBDa (Figure 1B). Differences
are more striking when compared to the structure of a two-
domain construct of bovine Hsc70, which was crystallized in
the nucleotide-free state (Jiang et al., 2005) (Figure 1C). An
overlay of the NBD of DnaK-ATP with all previously solved
crystal structures of isolated NBDs in complex with different
nucleotides and the solution structure of the full-length protein
in the ADP state (e.g., Flaherty et al., 1990; Wilbanks et al.,
1994; O’Brien et al,, 1996; Jiang et al., 2005; Bertelsen et al.,
2009) reveals that ATP binding leads to the rotation of the NBD
lobes toward each other (Figure 2A and Supplemental Movie 1).
This leads to a widening of the lower crevice of the NBD,
enabling the linker to insert between subdomains IA and IIA.
The surface rearrangements of the NBD allow SBDa and SBDf
docking on the NBD. A number of residues (e.g., Argl5l,
Argl67, Asp326, Asp393, Lys414, Asp481; all numbers refers to
residues in E. coli DnaK), which are part of an extensive H-
bond network at the NBD-SBDg interface, were found in genetic
and biochemical studies to be important for allosteric signal
transmission between the two domains (Montgomery et al., 1999;
Vogel et al., 2006a,b; Smock et al., 2010; Kityk et al., 2015)
(Figure 2B). Thus, interface stabilization by an H-bond network
plays a pivotal role in interdomain communication in Hsp70s.
In particular, Asp481, which contacts the NBD subdomain IA,
and K414, which contacts NBD subdomain IIA, act like a clamp,
fixing the NBD in the ATP bound state and strongly reducing
basal ATPase activity in the absence of a trigger provided by
substrate binding and interaction with a J-domain protein (Kityk
et al., 2015).

ATP-induced docking of the SBD to the NBD leads to the
stabilization of the open conformation of the SBD. In SBDa,
detached from SBD@, helices A and B form a continuous helix.
The substrate binding cleft in SBDP is wider as compared to
the structure of the isolated DnaK-SBD with bound peptide
substrate (PDB code 1DKX; Figures 2C,D), which is consistent
with low affinity for polypeptide substrates and high substrate

Frontiers in Molecular Biosciences | www.frontiersin.org

October 2015 | Volume 2 | Article 58 | 11


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

Mayer and Kityk Insights into the molecular mechanism of allostery in Hsp70s

NBD M" w

NEF
Jop ADP state ¥
AR -

*>SBDp

1 |

g &

ora\  ATPstate
o

FIGURE 2 | ATP-induced changes in NBD and SBD and allosteric cycle of Hsp70s. (A) Overlay of the NBD of E. coli DnaK in the ATP bound open
conformation (PDB ID 4B9Q, Kityk et al., 2012; green) and of DnaK in the nucleotide-free/ADP bound state (PDB ID 2KHO, Bertelsen et al., 2009; blue) in tube
representation. Left, standard view; right, only subdomains IA and IB rotated by 120° as indicated. (B) Structure of DnaK in the ATP bound open conformation with
residues known to be involved in interdomain communication and found in the NBD-SBD interface in space-filling representation with carbon atoms in yellow, oxygen
atoms in red and nitrogen atoms in blue. (C) Overlay of the SBD of DnaK in the ATP bound open conformation; SBDB, dark red; SBDa, orange and cut for space
reasons and the structure of the isolated SBD in complex with a substrate peptide (PDB ID 1DKX, Zhu et al., 1996); SBDB, cyan; SBDa, dark blue; peptide in light blue
and stick representation. Arrows indicate ATP-induced changes visible in this orientation. (D) Overlay of SBDB as in (A), but rotated by 90° as indicated. Arrows
indicate ATP-induced narrowing of the central substrate binding pocket. (E) Overlay of the SBDB of the two available structures of DnaK in the ATP bound open
conformation (PDB IDs 4B9Q, Kityk et al., 2012; dark red; 4JN4, Qi et al., 2013; green). Indicated are the substrate enclosing loops L1 o, L3 4, and Lg g. (F) In the
ADP state Hsp70s are in equilibrium between the closed conformation with NBD (green) and SBD (dark red) only connected via the conserved interdomain linker
(black) and substrate (S) tightly enclosed in the substrate binding pocket and a very transient open conformation with NBD and SBDB (dark red) docked. Since the
open conformation is very transient, substrates only dissociate from this state at low rates. Nucleotide exchange factors (NEFs) catalyze ADP dissociation.
Subsequent ATP binding to Hsp70 induces rotation of the NBD lobes toward each other, opening of the lower cleft of the NBD, insertion of the conserved interdomain
linker, and docking of SBDB to the NBD, resulting in opening of the a-helical lid (SBDa, magenta) and release of the substrate with high rates. In the ATP state Hsp70s
are also in equilibrium between the open and very transient closed conformation. The outer loops of the SBDB are highly dynamic. Substrates associate with J-domain
proteins (JDP) and bind with high rates to the open conformation of Hsp70. Substrate binding induces closing of the SBDa and dissociation of the SBDB from the
NBD, which allows rotation of the NBD lobes to a position optimal for ATP hydrolysis. Substrates stimulate ATP hydrolysis through a distinct pathway (blue) involving a
trigger on the NBD (orange). How JDPs act in synergism with substrates is currently not known. Dashed arrows indicate domain movement/dynamics.
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association and dissociation rates in the ATP-state (Schmid
et al., 1994; Mayer et al., 2000). The substrate binding cleft is
also more open than the NMR structure of the substrate-free
isolated SBD@ (PDB code 1DG4) (Pellecchia et al., 2000) This
observation suggests that the conformational changes in SBDf of
the DnaK-ATP structure are induced by SBDB-NBD interactions,
and not by the absence of substrate or detachment of SBDa,
as was demonstrated recently (Zhuravleva and Gierasch,
2015). Notably, the outer loops of the SBDp are the only parts
which differ significantly between the two crystal structures of
DnaK-ATP (PDB codes 4B9Q and 4JN4; Figure 2E) (Kityk et al.,
2012; Qi et al., 2013). While in one structure the outer loops L3 4
and Ls ¢ protrude upward from the B-sandwich forming a cradle
for the substrate (4B9Q), in the other structure they extend the
p-strands horizontally (4]JN4) (Figure 2E). Although the outer
loops seem to be very flexible in the first DnaK-ATP structure
as well, as indicated by the high b-factor, it is not clear whether
the SBDP opens to the same extent seen in the second structure.
The construct used in the second structure had the outer loop
L3 4 replaced by a short MGG-motif, and, in the crystal Ls¢
makes extensive contacts with other molecules that stabilize the
extended conformation.

Comparison of the SBDP of the DnaK-ATP structure with
the structure of the isolated SBD with bound substrate (PDB
code 1DKX) also suggests a mechanism for how substrates
stimulate the ATPase activity. Substrate binding is accompanied
by pronounced conformational rearrangements in the SBD: (I)
the substrate enclosing loop L » moves toward the substrate and
away from the NBD, (II) binding of the central hydrophobic
residue requires an expansion of the substrate binding pocket
as compared to the ATP-bound state, leading to an overall
reorganization of the SBDP. These changes are transmitted
toward the interface through a defined pathway involving
residues Val440, Leu484, and Aspl48, presumably leading to
disruption of some interdomain contacts and release of the linker
from the lower crevice of the NBD (Kityk et al., 2015). As a
consequence, the NBD subdomains are able to rotate to a degree
where the catalytic residues in the ATPase active center reach
the optimal position for y-phosphate cleavage. Such a model
is consistent with NMR measurements on a full-length DnaK
construct with bound ATP and substrate peptide, which suggest
that substrate binding causes dissociation of the SBDP from the
NBD (Zhuravleva et al., 2012).

Although all of these details on the mechanics of allosteric
regulation have been elucidated mainly in E. coli Dnak, they are
believed to be valid for all Hsp70s due to the high evolutionary
conservation of this protein family, albeit, variations of this
theme certainly exist, in particular in respect to kinetics of
conformational changes.

INTERPLAY BETWEEN
CONFORMATIONAL DYNAMICS AND
ALLOSTERY IN Hsp70s

Many different studies have demonstrated that Hsp70s are highly
dynamic and undergo transitions between open and closed
conformations independent of the nucleotide status (Mapa

et al, 2010; Marcinowski et al., 2011; Schlecht et al., 2011;
Kityk et al, 2012). Thus, each nucleotide state consists of
an ensemble of different conformations as originally proposed
(Mayer et al., 2000) and nucleotides modulate the frequency
of structural transitions and affect the equilibrium between
different conformers of Hsp70s. A recent NMR and molecular
dynamics study revealed that the SBDP is much more dynamic
in the ATP state than in the ADP state, and that the SBD@-
NBD contacts influence the dynamics of the substrate binding
pocket (Zhuravleva and Gierasch, 2015). Based on their data, the
authors propose that the substrate binding loops and SBDB-NBD
interface are dynamically coupled and that this coupling is part
of the allosteric mechanism.

The conformational equilibrium is also influenced by
substrates. Binding of a substrate to Hsp70-ATP seems to
induce the closure of the a-helical lid before ATP hydrolysis
occurs. Consistent with this notion is the observation that
substrate binding reduces the ATP-induced blueshift of Trp102
fluorescence in DnaK, indicating the undocking of the a-helical
lid from the NBD even in the absence of ATP hydrolysis
(Slepenkov and Witt, 1998; Vogel et al., 2006a). On the other
hand, bound substrates were demonstrated to slow ATP-induced
docking of the a-helical lid onto the NBD (Kityk et al., 2012).
Figure 2F summarizes the current view of allostery and the
conformational cycle of Hsp70s.

PERSPECTIVES

Recent years have brought about significant progress in
understanding the underlying mechanisms of interdomain
communication in Hsp70s. Despite these advances many
questions are still not solved. For example, due to the relative
scarcity of structural information, the details of the Hsp70-
Hsp40 interaction remain elusive. Hence it is not clear how
Hsp40s alone, or together with the substrate, influence allosteric
signal transmission between the domains. In eukaryotes Hsp70
additionally interacts with other co-chaperones like HOP and
CHIP, linking the Hsp70 machinery to the Hsp90 system
and the proteasome degradation pathway, respectively. It is
not clear whether they alter, either alone or in cooperation
with other cochaperones like nucleotide exchange factors, the
interdomain communication in Hsp70s to facilitate transfer
of the substrate to Hsp90 or to stabilize the Hsp70-substrate
complex for timely release at the proteasome. Lastly, it is
not known whether interdomain communication is subject to
modulation by the post-translational modifications of Hsp70s
that occur in eukaryotes (Muller et al, 2012; Truman et al,
2012; Morgner et al., 2015). Interest in the molecular mechanisms
of interdomain communication in the Hsp70s is also driven
by the prospect of medical applications. Taking into account
the important role of Hsp70s in different pathophysiological
processes, including cancer, neurodegenerative diseases and
autoimmunity, one of the key research areas is development
of Hsp70 modulators. The nucleotide binding pocket of Hsp70
was classified as poor inhibitor binding site due to the mostly
electrostatic and polar interactions with nucleotide (Halgren,
2009). The polypeptide substrate binding site may be unsui for
inhibitors and activators of Hsp70 function and only inhibitors
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with limited potency have been found so far (Otvos et al., 2000;
Otaka et al., 2007; Yamamoto et al., 2010; Knappe et al., 2011).
Therefore, allosteric control of the ATPase cycle appears as an
attractive target and the first allosteric modulators have already
been found (Wisén and Gestwicki, 2008; Kang et al., 2014;
Taldone et al., 2014; Hassan et al., 2015).
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Members of the HSP70/HSP110 family (HSP70s) form a central hub of the chaperone
network controlling all aspects of proteostasis in bacteria and the ATP-containing
compartments of eukaryotic cells. The heat-inducible form HSP70 (HSPA1A) and
its major cognates, cytosolic HSC70 (HSPAS8), endoplasmic reticulum BIP (HSPAS),
mitochondrial mHSP70 (HSPA9) and related HSP110s (HSPHSs), contribute about
3% of the total protein mass of human cells. The HSP70s carry out a plethora of
housekeeping cellular functions, such as assisting proper de novo folding, assembly
and disassembly of protein complexes, pulling polypeptides out of the ribosome and
across membrane pores, activating and inactivating signaling proteins and controlling
their degradation. The HSP70s can induce structural changes in alternatively folded
protein conformers, such as clathrin cages, hormone receptors and transcription factors,
thereby regulating vesicular trafficking, hormone signaling and cell differentiation in
development and cancer. To carry so diverse cellular housekeeping and stress-related
functions, the HSP70s act as ATP-fuelled unfolding nanomachines capable of switching
polypeptides between different folded states. During stress, the HSP70s can bind
(hold) and prevent the aggregation of misfolding proteins and thereafter act alone or
in collaboration with other unfolding chaperones to solubilize protein aggregates. Here,
we discuss the common ATP-dependent mechanisms of holding, unfolding-by-clamping
and unfolding-by-entropic pulling, by which the HSP70s can apparently convert various
alternatively folded and misfolded polypeptides into differently active conformers.
Understanding how HSP70s can prevent the formation of cytotoxic protein aggregates,
pull, unfold, and solubilize them into harmless species is central to the design of therapies
against protein conformational diseases.

Keywords: entropic pulling, HSP40 heat-shock proteins, chaperone proteins, misfolded proteins, conformational
diseases, DnaK, DNAJ homologs
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HSP70/HSP110 Evolution and Cellular
Functions

Together with the HSP90s, members of the conserved
HSP70/HSP110 family (HSP70s) are prevailing ATP-hydrolyzing
chaperones that control all aspects of cellular proteostasis. The
HSP70s and co-chaperones may constitute up to 3% of the total
protein mass of unstressed human cells (Finka and Goloubinoff,
2013; Finka et al., 2015). In the test tube, proper mixtures of
purified HSP70s and co-chaperones can prevent the aggregation
of artificially unfolded proteins. This is, however, a rather
ineffective process in the absence of ATP, which necessitates a
large molar excess of chaperones over their protein substrates
(Sharma et al., 2011). In stressed cells, owing to the presence of
ATP and J-domain co-chaperones, the HSP70s are much more
effective “holding” chaperones. Under regular physiological
conditions, they may further use ATP-hydrolysis to warrant
the proper de novo folding of nascent polypeptides, drive
the post-translational translocation of cytosolic polypeptides
across membranes and promote their assembly into active
oligomers, or drive their disassembly into reversibly inactive
conformers (Schuermann et al., 2008; Mattoo et al., 2013).
Importantly, HSP70s can forcefully disaggregate stable stress-
or mutation-induced misfolded proteins, which may be toxic to
animal cells and cause the apoptosis of old neurons in particular,
leading to neural tissue degeneration (Bellotti and Chiti, 2008).
Moreover, the HSP70s can mediate the refolding of solubilized
misfolded polypeptides into harmless native proteins, or control
their degradation by chaperone-gated proteases (Mattoo and
Goloubinoff, 2014; Cho et al., 2015).

With the exception of exotic thermophilic and
hyperthermophilic archaea, genes encoding for HSP70s (DnaK
in bacteria) are present in all living organisms (Macario and
De Macario, 1999). In over 1200 sequenced bacterial genomes,
only two members of the order Aquificales lack HSP70 genes
(Warnecke, 2012). Likewise, all eukaryotic genomes encode
for at least half a dozen HSP70 genes and three or four related
HSP110 (HSPHs) genes, predicted to be expressed in all the ATP-
containing compartments of the cell: cytosol, nucleus, lumen
of the endoplasmic reticulum (ER), mitochondrial matrix and
in plants, the chloroplast stroma and the glyoxisome (Schlicher
and Soll, 1996; Wimmer et al., 1997). Moreover, HSP70s can be
secreted and exposed on the extra-cellular surface, were they
carry a yet unclear ATP-independent immunogenic function,
particularly important for cancer detection and therapy (Tytell,
2005).

A bioinformatic search in the human genome can identify
13 HSP70 and 4 HSP110 genes, which are also actively
transcribed. In addition, there are 50 J-domain co-chaperones,
known to target the various HSP70s onto their substrates, and
at least six nucleotide exchange factors (NEFs) called BAG
and GrpE (Kampinga et al., 2009; Finka et al., 2011; Mayer,
2013; Clerico et al.,, 2015). Some genes are poorly expressed
and may remain below detection thresholds of current mass
spectrometry methods, or they may be conditionally expressed
only in particular tissues, or under various stresses (Finka
et al., 2011) such as heat shock (Finka et al., 2015). In Hela

cells, high throughput mass spectrometry proteomic using
stable isotope labeling of amino acids in cell cultures (SILAC)
identified and precisely quantified ten different HSP70/HSP110
proteins, eighteen J-domain cochaperones and five NEFs (Geiger
et al, 2012; Finka and Goloubinoff, 2013) (Figure 1A) that
summed into 3.2% of the total protein mass. In comparison,
a medium resolution mass spectrometry proteomic analysis
of human Jurkat cells, identified and quantified ten different
HSP70/HSP110 proteins, fifteen J-domain cochaperones and five
NEFs (Finka et al., 2015) that summed into 2.7% of the total
protein mass.

When exposed to various abiotic or chemical stresses, such
as treatments with heat, the HSP90 inhibitor geldanamycin, or
various non-steroidal anti-inflammatory drugs, the mRNA and
protein levels of cytosolic HSP70 (mainly HSPA1A, HSPAS,
and HSPA4) may increase many folds, whereas levels of ER
HSP70 (also named HSPA5, BIP) remain unchanged (Saidi et al.,
2007; Finka et al., 2011, 2015). Reciprocally, under a ER stress,
such as treatments with deoxyglucose or tunicamycin causing
a typical Unfolded Protein Response (Ryno et al, 2013), the
mRNA levels predominantly of ER BIP may increase many folds,
whereas the mRNA levels of cytosolic HSP70 and HSC70 remains
unchanged (Finka et al., 2011). The quantitative observation that
without stress, HSC70 and BIP are very abundant chaperones,
implies that they both carry central house-keeping physiological
functions (Finka et al., 2015), beyond their well-characterized
defensive role during and following stress (Ben-Zvi et al., 2004;
Shorter, 2011; Rampelt et al., 2012; Mattoo et al., 2013).

HSP70s Can Assist Translation by Pulling
Polypeptides out of Ribosomes

At the exit of eukaryotic ribosomes, the L31 protein can bind a
special J-domain cochaperone called zuotin (DNAJC2), which in
turn can anchor a special HSP70 (SSZ1) and cytosolic HSC70.
The presence of several consecutive bulky hydrophobic residues
in the sequence of some nascent polypeptides might slow down
their translocation through the narrow channel of the ribosome.
Remarkably, ATP-hydrolysis by SSZ1 and HSC70 and their
consequent clamping onto the emerging polypeptides, alongside
their dissociation from their zuotin anchor, can exert a pulling
force to relieve the translocation stalling (Otto et al., 2005; Fiaux
et al., 2010; Koplin et al,, 2010; Shalgi et al., 2013, 2014; Zhang
et al., 2014).

ER HSP70s Can Pull Polypeptides into the ER
Lumen

Not all ER proteins are synthetized and co-translocated on
the SRP-bound ribosomes. Some pre-polypeptides are first
synthetized on cytosolic ribosomes. For thermodynamic reasons
they may have to reach a near-native fold before being presented
to the ER surface to be further translocated across narrow import
channels into the ER lumen. On the ER lumen side, BIP (HSPA5)
in the ATP-bound state can spontaneously associate to a specific
anchoring J-domain cochaperone (SEC63) and thus become
poised in the opened state to bind incoming polypeptides from
the cytosol. Upon ATP hydrolysis, luminal BIP may “lock” on a
threaded polypeptide emerging from the pore and, owing to the
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Gene symbols

Mass proportion

Copy number per Subcellular localization

(%) pum?

HeLa Jurkat HeLa Jurkat
HSPA1A/B; HSP70 0.5697 0.0015 2814 29 Cytosol and nucleus
HSPAS5; GRP78 0.5562 0.28 2661 548 Endoplasmic reticulum
HSPAS8; HSC70 0.9364 1.6111 4579 12101 Cytosol and nucleus
HSPA9, Mortalin 0.4304 0.2192 2023 4304 Mitochondria
HSPA13 0.0015 0.0003 10 3 Endoplasmic reticulum
HSPA14 0.0065 0.0055 41 53 Cytosol and nucleus
HSPHI1; HSP105 0.1092 0.0017 391 3 Cytosol and nucleus
HSPH2; HSPA4;APG2 0.1677 0.2398 618 360 Cytosol and nucleus
HSPH3; HSPA4L 0.0268 0.0477 99 1005 Cytosol and nucleus
HYOU1; GRP170 0.0619 0.0816 193 91 Endoplasmic reticulum
DNAJA1 0.0457 0.0455 353 540 Cytosol and nucleus
DNAJA2 0.0225 0.0071 171 83 Cytosol and nucleus
DNAJA3 0.0253 0.0063 167 64 Mitochondria
DNAJB1 0.0244 0.0122 223 171 Cytosol and nucleus
DNAJB4 0.008 n.d. 73 n.d. Cytosol and nucleus
DNAJB6 0.0017 0.0012 17 23 Cytosol and nucleus
DNAJB11 0.0198 0.0123 170 162 Endoplasmic reticulum
DNAJB12 0.0037 0.0006 31 8 Cytosol and nucleus
DNAJB14 0.0001 0.0044 1 71 Cytosol and nucleus
DNAJC2; ZRF 0.0074 n.d. 36 n.d. Cytosol and nucleus
DNAJC10 0.0019 0.0005 7 3 Endoplasmic reticulum
DNAJC11 0.0044 0.0048 24 41 Cytosol and nucleus
DNAJC13 0.0061 0.0036 8 8 Cytosol and nucleus
DNAJC15 0.0007 0 16 0 Cytosol and nucleus
DNAJC17 0.0011 0.0008 11 13 Cytosol and nucleus
DNAJC19; TIMM14 0.001 0.0009 28 5 Mitochondria
DNAJC21; DNAJA5 0.0025 n.d. 13 n.d. Cytosol and nucleus
DNAJC23; SEC63 0.0227 0.0026 89 120 Endoplasmic reticulum
DNAJC26; GAK 0.002 0.0039 5 34 Cytosol and nucleus
BAG1 0.004 n.d. 33 n.d. Cytosol and nucleus
BAG2 0.019 0.026 275 582 Cytosol and nucleus
BAG3 0.018 0.0002 103 2 Cytosol and nucleus
BAG4 0.0001 n.d. 1 n.d. Cytosol and nucleus
BAG5 0.001 0.0018 8 17 Cytosol and nucleus
BAG6;BAT3 n.d. 0.0364 n.d. 66 Cytosol and nucleus
GRPEL1 0.009 0.023 132 505 Mitochondria
Total 3.1631 2.7482

Protein Copy number/um?
100 HSPH1

100 _EHSPHZ

 Hyout
100 —HSPATA
___{::HSPAS
 HsPA5
HSCA

DNAK

3
360
91
29

12101

548
93

4304
5868

FIGURE 1 | Amounts, stoichiometries and phylogenetic relationships
among HSP70s and their main cochaperones in human cells. (A) List
of the significantly detected HSP70 and HSP110 cognate proteins (light
green), J-domain cochaperones (orange) and NEFs (blue) in Hela and Jurkat
cells and their presumed sub-cellular compartments. (B) Phylogenetic tree
(neighbor joining method) from the protein sequences of the most abundant

HSP70 and HSP110 proteins in Jurkat cells, using E. coli DnaK and HSCA
as out-groups. Presumed subcellular localization: CYT; cytoplasmic (cyan),
ER; Endoplasmic reticulum (yellow). MIT; mitochondria (magenta). The copy
number per micron cube are from human (Jurkat) cells (Finka and
Goloubinoff, 2013; Finka et al., 2015) and from E. coli (gray) (Arike et al.,
2012).
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concomitant dissociation of ADP-bound BIP from its J-anchor
SEC63, the chaperone can exert an entropic pulling force on the
locked-upon incoming polypeptide. Pulling of the translocating
polypeptide from inside the lumen may compel bulky structured
domains that are still on the cytosolic side to collide with the pore
entry, leading to their unfolding and unidirectional translocation
into the lumen. There, the protein can reach the native state,
assisted by soluble DNAJB11 and the ATP-fuelled unfoldases BIP
(HSPA5) and HYOU (Matlack et al., 1997; Goloubinoff and De
Los Rios, 2007; Griesemer et al., 2014; Melnyk et al., 2015).

HSP70s can Pull Polypeptides into the
Mitochondria

Similarly, in the mitochondrial matrix, a special HSP70
(mortalin, HSPA9) can associate in the ATP-bound state to two
anchoring J-domain cochaperones named PAM16/18, and also to
a special anchor named TIM44 (Slutsky-Leiderman et al., 2007)
and thus await for incoming polypeptides from the cytosol. Given
that a steep proton gradient needs to be maintained across the
inner mitochondrial membrane, import pores must be as narrow
as possible. When a typical hydrophobic polypeptide segment
emerges, HSPAY is triggered to clam upon it, while hydrolyzing
ATP and concomitantly dissociating from its membrane anchors.
This exerts an entropic pulling force that can unfold the
polypeptide on the cytosolic side and unidirectionally translocate
it to into the mitochondrial stroma (Goloubinoff and De Los
Rios, 2007).

HSP70s can Control Protein Degradation

HSP70s also control protein degradation by chaperoning various
native polypeptides toward specific proteases. Thus, without heat
stress, bacterial DnaK, together with DnaJ can specifically bind
the native 032 transcription factor and present it to the protease
FtsH for rapid degradation (Arsene et al., 2000). In eukaryotes,
HSP70s can direct ubiquitin E3 ligases onto a polypeptide
target to be subsequently degraded by the proteasome (Demand
et al, 2001; Cyr et al, 2002; Kettern et al., 2010). In
addition to chaperone-assisted proteasomal degradation, HSP70s
are involved in selective chaperone-assisted autophagy and
chaperone-mediated autophagy (Kettern et al., 2010).

The HSP70s Substrates

HSP70s can preferentially bind and process misfolded
or alternatively-folded polypeptides, as opposed to
(natively-)unfolded and natively-folded polypeptides for
which they may have a lower affinity (Priya et al., 2013). By
alternatively folded proteins, we intend to emphasize that
such substrates can be natively folded and active proteins that
also expose specific hydrophobic surfaces with a high affinity
for J-domain co-chaperones and HSP70s. Under different
biological circumstances, the alternatively folded proteins
may acquire differently active, native states without exposed
hydrophobic surfaces, thereby having low affinity for the
chaperones. Examples of alternatively folded active proteins that
can bind chaperones: clathrin cages (Schuermann et al., 2008;
Mattoo et al,, 2013), IkB oligomers (Weiss et al., 2007), nuclear
heat-shock factor-1 trimers (Voellmy and Boellmann, 2007b),
nuclear steroid hormone receptors (Echeverria and Picard,

2010), bacterial transcription factor 632 (Rodriguez et al., 2008);
their corresponding, differently active native conformers being,
respectively, the clathrin triskelions, IkB monomers, inactive
cytosolic heat-shock factor-1, cytosolic steroid hormone receptor
and unfolded bacterial transcription factor 32.

Given the general unfolding activity of HSP70s, it is unclear
whether the so called intrinsically unfolded proteins are HSP70s
substrates. The intrinsically unfolded a-synuclein protein does
not bind DnaK or Dna]J, although it optimally exposes an ideal
putative DnaK binding site (Rudiger et al.,, 1997). In contrast,
once a-synuclein is stably aggregated into small oligomers, it
strongly and specifically binds Dna], which in turn recruits
DnaK on the stable misfolded a-synuclein oligomers. Upon
ATP-hydrolysis and locking, the oligomers become partially
unfolded and disaggregated (Hinault et al, 2010). DnaJ thus
guides DnaK specifically onto the misfolded substrate, but not
onto the unfolded polypeptide, suggesting that in general, the
unfolded conformers might behave as the low-affinity products
of the chaperone unfolding reactions.

HSP70s Can Control Biological Switches

HSP70s are key regulators of protein complexes involved in
vesicular trafficking. Thus, HSC70 and HSP110, both assisted
by the particular J-domain cochaperone auxilin, mediate the
ATP-dependent dismantling of clathrin cages for recycling
(Augustine et al, 2006; Morgan et al., 2013). Together with
the HSP90s, the HSP70s can also control the activation of
the steroid hormone receptors (Dittmar et al., 1998) and
their own expression under heat stress, by regulating the
activity, the oligomeric and phosphorylation state of heat-shock
transcription factor-1 (Voellmy and Boellmann, 2007a). It has
been reported that the pathological form of the cystic fibrosis
transmembrane conductance regulator (CFTR) is stalled with a
HSC70/HSP90 complex during protein maturation, suggesting
that the HSP70/HSP90 chaperone complexes act transiently
more on the early folding steps of the mutant CFTR than in
the case of wild type CFTR (Coppinger et al., 2012). HSP70
over-expression in TNF-treated mammalian cells may cause
the deoligomerization and thus the inactivation of large active
IkB complexes, thereby inhibiting apoptosis (Aschkenasy et al.,
2011). In parallel, HSP70s, especially HSPA1A can also inhibit
caspases (Sabirzhanov et al., 2012) and are thus attractive drug
targets for pro-inflammatory diseases suffering from unchecked
apoptosis, such as Parkinson and Alzheimer’s diseases. Therapies
based on the over-expression of HSP70s, HSPA1A and HSP110
(HSPH1, Apg-1) in particular (Mattoo et al., 2013), might arrest
pro-inflammatory degenerative diseases caused by toxic protein
aggregates (Hinault et al., 2006). Yet, HSP70s are also pro-
oncogenic factors against, which specific inhibitors need to be
developed for cancer therapies (Schilling et al., 2015).

HSP70s appear to use a similar mechanism to process
both randomly structured aggregates and alternatively folded
oligomers: A J-domain cochaperone is first observed to target
a HSP70 molecule onto the substrate. This may then trigger
ATP-hydrolysis by the HSP70 and its “locking” onto the target
polypeptide, thereby causing the local unfolding of the clamped-
upon secondary structures and leading to the disaggregation
and/or deoligomerization of the substrate. Upon NEF-mediated
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release, the unfolded substrate may then refold into a differently
active polypeptide or be further degraded by an ATP-consuming
protease (Goloubinoff and De Los Rios, 2007).

The large diversity of the above-described cellular functions,
raises the question of how the HSP70s, which are simple ~640
residue molecules sharing a simple common mechanism, may
carry out so diverse cellular tasks? HSP70s are relatively simple
two-domain individual 70 kDa polypeptides, which in order to
act as effective polypeptide unfolding nanomachines, do not need
to assemble into large cage-like oligomers, as in the case of the
GroEL/CCT chaperonins, or ring-shaped hexamers in the case of
ClpB/HSP104 (Priya et al., 2013; Mattoo and Goloubinoff, 2014).
Here, we discuss various non-exclusive molecular mechanisms by
which the HSP70s may carry so many diverse housekeeping and
stress-damage control tasks in the cells.

HSP70s Nomenclature and Phylogeny

As in the case of gene families that have been studied for
four decades, the nomenclature of the HSP70s is very complex
and confusing with historical layers of terms. For example,
the most abundant HSP70 is called DnaK in bacteria, SSA in
yeast, HSC70 in humans, whereas they should be called HSPAS8
according to the last agreed-upon nomenclature (Kampinga et al.,
2009). Similarly, the main ER HSP70, which was traditionally
called BIP or Grp78, recently became HSPA5. ER HSP110,
which was traditionally called Grp170, is now called HYOU1,
although sequence-wise it clearly belongs to the same clade as
the cytoplasmic HSPH1, which was traditionally called HSP105
or Apgl (Figure 1A).

A phylogenetic tree generated from the amino acid sequences
of the most abundant HSP70s in Hela cells, HSPAS8 (cytosolic
HSC70), HSPA1A (cytosolic HSP70), HSPA9 (mitochondrial
mortalin) HSPAS5 (ER BIP), HSPH1, HSPH2 (cytosolic HSP110s)
and HYOU (ER HSP110), shows two large subclasses: The DnaK-
like HSP70s, that are both present in bacteria and eukaryotes and
the HSP110s (Mattoo et al., 2013), which are only in the cytosol
and the ER lumen of eukaryotes (Figure 1B).

HSP70s Structures and Functions

HSP70 and HSP110 are composed of a highly conserved two-
lobbed 40-kDa nucleotide-binding domain (NBD) (Figure 2A,
light beige) and of a more variable 30-50kDa protein-binding
domain (PBD) (Figure 2A, orange). The highest degree of
evolutionary conservation is in the 40kDa N-terminal NBD,
which functions as ATP-fuelled molecular motor regulating
dramatic structural changes in the 30kDa C-terminal PDB
(Mayer, 2013). The PDB resembles a crocodile jaw composed of
a beta-strand subdomain, acting as a rigid base and a flexible
a-helical subdomain acting as flexible lid, across which, bulky
misfolded polypeptide substrates can bind and thus become
“prays” to be chewed upon. In the apo- and ATP-bound states, the
lid is widely open, with its back rear sticking to the NBD, allowing
bulky misfolded, or structured alternatively folded polypeptides
(such as the transcription factor ¢32) with exposed hydrophobic
surfaces, to freely bind the hydrophobic surfaces in the wide-open
chaperone jaws (Schlecht et al., 2011; Clerico et al,, 2015).

The Multilayered Molecular Mechanisms of
the HSP70s

Mechanism of Passive Prevention of Aggregation
Once a protein is artificially denatured in the presence of a molar
excess of HSP70 (and HSP40) but without ATP, it can weakly
bind the chaperones and thus become partially prevented from
forming large aggregates that scatter light. Hence, many in vitro
chaperone assays measure the decrease in the net light scattering
signal of an aggregating polypeptide in the presence of increasing
concentrations of chaperones (Haslbeck and Buchner, 2015).
But light scattering intensities are not quantitative and moreover
don’t reflect the ability of HSP70 chaperone molecules to use the
energy of ATP-hydrolysis to change the conformational fate and
thus the biological activity of hundreds different polypeptides in
the cell.

Mechanisms of Active Unfolding by Clamping

Upon ATP hydrolysis, the rear of the lid detaches from the
NBD and undergoes a closing movement toward the base in
a wide rotation motion around the hinge (Figure 2A, step 3).
There is experimental evidence that this mere clamping motion
may already apply a destabilizing pressure on the misfolded
structures of a bound substrate (Sharma et al., 2010). This
motion may be futile, either when it is blocked by an over-
resistant bulky polypeptide (Schlecht et al., 2011), or when
the substrate has escaped the jaws before complete closure has
occurred (Sousa, 2012). Importantly, however, this motion may
be productive when it reaches complete closure, or “clamping,”
allowing the entrapment of a small, fully extended segment of the
substrate, typically composed of five-six non-bulky hydrophobic
residues preferably flanked by positive charges (Rudiger et al.,
2000). Indicative of the complete unfolding of the clamped-upon
segment, the ATP-dependent closure of DnaK’s PDB has been
shown to cause the peptide bonds of the substrate to undergo
cis-trans isomerization of their secondary amides, reminiscent of
peptidyl prolyl cis/trans isomerase activity (Schiene-Fischer et al.,
2002). In the clamped state, the substrate is tightly bound to the
ADP-containing HSP70 with an affinity estimated to be about
1000 fold higher than in the ATP bound or apo states, which both
display wide-opened PBDs (Goloubinoff and De Los Rios, 2007).

Mechanisms of Active Holding

When clamping occurs under heat-shock conditions, substrate
dissociation from HSP70s may come to a halt. This is the
classic “holdase” activity of the chaperone (Slepenkov and Witt,
2002; Haslbeck and Buchner, 2015). The holding mode of
HSP70s may be mediated by the NEFs, in particular bacterial
GrpE, which can undergo a reversible thermal denaturation
and thus reversibly loose its physiological ability to accelerate
ADP- and substrate release from the HSP70s (Diamant and
Goloubinoff, 1998; Grimshaw et al., 2001). This “holding” activity
of the HSP70s under an ongoing heat-shock makes biological
sense, as the untimely release of stress-labile polypeptides would
obligatorily lead to their misfolding and aggregation, ultimately
into species becoming increasingly resistant to the HSP70s
unfolding activity (Sharma et al., 2011) (Figure 2A, step 2). The
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FIGURE 2 | The various modes of HSP70s action on their polypeptide
substrates. (A) A nascent or a stress-unfolded polypeptide (upper left) with
high free energy may readily fold to the native state (lower left) or misfold
(middle center) and form stable aggregates with a low free energy. HSP70s,
possibly pre-associated to HSP40 dimers, can spontaneously bind the
misfolding species and thus passively prevent their aggregation, albeit rather
inefficiently (step 1). ATP hydrolysis by HSP70 may actively lock the
chaperone on the polypeptides and thus effectively prevent their aggregation
(step 2). Further, ATP-hydrolysis can cause a forceful clamping motion of the
lid toward the base of the PBD and apply an unfolding force that can cause
local unfolding of misfolded segments in the substrate (step 3). The
concomitant clamping of two distal HSP70s on the same misfolded
polypeptide may further cause unfolding by entropic pulling of the intervening

DnaK+DnaJ->no

DnaJ->DnaK

DnaK->DnaJ

misfolded segments between two bound chaperones (step 4). Catalyzed by
NEFs, ADP release from HSP70 unclamps the lid from its base. This in turn
releases the locally unfolded polypeptide in solution (upper leftward arrow)
where is may refold spontaneously to the native state with the lowest free
energy. (B) Effect of order of addition of DnaK or DnaJ on Iuciferase refolding.
DnaKJ->no (circles): DnaK (0.8 uM) and DnaJ (0.4 uM) were first
preincubated for 5 min” with ATP at 22°C and at T = 0, FT-Luciferase (1uM)
and GrpE (0.7 pM) were added. DnaK-> DnaJ (triangles): DnaK was first
preincubated 5 min’ with FT-Luciferase and ATP, and at T = 0, DnaJ and
GrpE were added. DnaJ-> DnaK (plain squares): DnaJ was first
preincubated 5min’ with FT-Luciferase and ATP and, at T = 0’, DnaK and
GrpE were added. no->no (empty squares): spontaneous Luciferase
refolding without chaperones.
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differences between HSP70-mediated passive and active holding
activities were shown in online light scattering measurements
during the gradual denaturation and aggregation of a heat-labile
luciferase in the presence of prokaryotic DnaK + Dna] (Sharma
et al., 2011), or human HSP70 + HSP40 and HSP110 + HSP40
(Mattoo etal., 2013), in the absence or presence of ATP. Although
both chaperone and co-chaperone have specific hydrophobic
surfaces that can bind misfolding polypeptides, without ATP,
they were poorly effective at preventing the aggregation of
the thermolabile luciferase, or in other words, much more of
them was needed to prevent luciferase aggregation. In contrast,
with ATP, both displayed a strong synergic holding activity
at low concentrations, implying that when the conditions are
unfavorable, DnaK, Hsp70 or HSP110 can use the energy of ATP
hydrolysis to tightly clamp upon the heat-labile polypeptides to
actively prevent aggregation and halt their release as long as
heat-shock persists. Exactly the same ATP-dependent “holding”
behavior was observed with HSP70 (HSPA1A) and HSP40
(Mattoo et al., 2013). The need under a prolonged heat-stress
for very large amounts of non-catalytic holding HSP70s to
prevent the aggregation of as many polypeptide substrates,
could explain why the HSP70s are among the most abundant
proteins in human cells (Finka and Goloubinoff, 2013). ATP-
fuelled HSP70 clamping may not only cause the local unfolding
of the clamped-upon segment but also maintain unfolded
also some distal segments that are protruding away from the
chaperone jaws.

Remarkably, at physiological temperatures, the clamping by a
single DnaK molecule embracing at most 8-10 residues, at any of
the dozen or so putative DnaK binding sites (Rudiger et al., 1997)
along the 572 residue-long luciferase polypeptide, sufficed to
maintain the latter nearly completely unfolded. This was revealed
by partial protease treatments: The clamped-upon luciferase
species were significantly more sensitive to a limited amount of
trypsin, compared to the much more compact resistant misfolded
substrates and natively folded products of the chaperone reaction
(Sharma et al., 2010). The particular ability of the firefly luciferase
to be maintained nearly completely unfolded by a single HSP70
molecule might be attributed to the fact that it folds mostly as a
large single domain. In a multi-domain polypeptide, except for
the clamped-upon domain that would be maintained unfolded
by the chaperone, the other independent domains could be
either misfolding or natively folded (Fitter, 2009). Thus, at
variance with monomeric misfolded luciferase, aggregation-
prone misfolded multi-domain polypeptides, are expected to
necessitate the cooperative action of several HSP70 bound at
different hydrophobic clusters along the same polypeptide, in
order for it to become sufficiently unfolded, to reach after release
the native state (Ben-Zvi and Goloubinoff, 2002).

Mechanism of Active Catalytic
Unfolding/Refolding

In contrast to heat shock conditions, where the chaperone can be
acting as a holding protein platform to prevent aggregation, upon
returning to physiological temperatures and GrpE renaturation,
the chaperone can switch back into a more effective catalytic
mode of action: It can turn into an unfolding enzyme capable

to iteratively bind, unfold and release polypeptides, until many
substrates become converted into many native products.

Strong evidence that mere ATP-fuelled clamping by a single
DnaK molecule may suffice to cause extensive unfolding, leading
thereafter to native refolding of the 63kDa luciferase, was
presented by Sharma et al. (2010). Even in the presence of
an unprecedented 15 fold molar excess of misfolded substrates
over the chaperone, DnaK could effectively regenerate several
native luciferase molecules in several consecutive cycles of DnaJ-
mediated binding, ATP-fuelled unfolding and GrpE-mediated
release (Sharma et al., 2010). At such stoichiometric ratios,
chances of concomitant binding of two DnaK molecules to
the same polypeptide are excessively low, excluding an obligate
cooperative action between them. Given that each stable
misfolded luciferase polypeptide that was successfully converted
into a native luciferase monomer must have been produced by
the action of a single DnaK molecule, ATP-fuelled unfolding
by clamping was likely the central mechanism at work in this
particular case.

This reaction did set a low consumption record of merely
five ATP hydrolyzed per refolded luciferase protein. This
strategy, whereby an inactive misfolded polypeptide could be
“rehabilitated” by an ATP-consuming unfoldase into a functional
one, was estimated to be about a thousand times more economic
than the alternative, consisting of degrading it first by an ATP-
consuming unfolding protease and then synthetizing a new
polypeptide at the cost of three ATPs per peptide bond.

This notwithstanding, the hydrolysis of five ATPs implied
that the chaperone may have undergone five productive
clamping/unfolding events, but upon HSP70 dissociation,
four luciferases spontaneously misfolded again and only one
succeeded to reach the native state (Sharma et al., 2010). Yet,
there was an alternative scenario, in which the chaperone could
have undergone five ATP-hydrolysis events accompanied by five
attempted clamping events, but only one would have succeed
to reach the native state, whereas the other four would have
caused only partial and ineffective unfolding (Sharma et al.,
2010). This second scenario was confirmed by an order of
addition experiment in which the misfolded luciferase monomers
were first interacted with an excess of DnaK, DnaJ and alpha-
labeled radioactive ATP for 2 min, to allow initial binding and
clamping. Then, apyrase was added to readily convert all the
ATP into AMP. Following the separation of the proteins from
the nucleotides by a quick spin column chromatography, an
inactive chaperone-luciferase complex was isolated that was
found to contain 0.6 WM of apyrase-resistant ADP. Remarkably,
subsequent addition of GrpE to this inactive complex, readily
yield up to 590 nM of native luciferase, although this happened
in the total absence of ATP. This experiment produced two
important clues about HSP70s mechanism. (1) Whereas the
unfolding of a stable misfolded substrate by HSP70s necessitates
ATP-hydrolysis, the refolding of the chaperone-released unfolded
products does not necessitate ATP and is thus spontaneous. This
confirmed Anfinsen’s seminal observations (Anfinsen, 1973) that
unfolded polypeptides should, in principle, be able the reach their
native state unassisted by other proteins. (2) The excellent match
between the amounts of entrapped ADP in the isolated inactive
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chaperone-luciferase complexes, and the subsequently refolded
luciferase, implies that upon release, the native refolding was
nearly 95% efficient, excluding scenario one, in which only 20%
of the released unfolded species would have reached the native
state while the other would have misfolded again. Rather, this
experiment indicated that four out of five clamping events by
the chaperone ended up being unproductive. The possibility that
upon ATP-hydrolysis, the ADP-bound HSP70 might undergo
only a partial but incomplete clamping and unfolding motion
was shown by Mayer and collaborators, who used fluorescence
spectroscopy to demonstrate that following ATP hydrolysis,
some ADP-bound DnaK molecules need not obligatorily end up
being with tightly closed SBDs that clamp around fully extended
polypeptides (Schlecht et al., 2011).

Relevant to this chaperone mechanism, quantitative
proteomics of human Jurkat cells (Figure1A) showed
copy numbers of 18500:1350:1180, representing an overall
stoichiometry of about 16:1:1 for HSP70s, J-domain
cochaperones and NEFs (Bags and GrpE), respectively.
Assuming an equal distribution of Hsp70s through the cytosol
of Jurkat cells, this suggests that neither J-domain nor NEF
cochaperones can be persistent structural constituents of the
core unfoldase machineries. Rather, they may both need to act as
substoichiometric catalysts (Pierpaoli et al., 1998; Laufen et al.,
1999; Hinault et al.,, 2010), which in iterative cycles of binding
and dissociation, can accelerate respectively, the ATP-fuelled
unfolding of the misfolded substrates by the chaperone and the
release of the unfolded products from the chaperone (Sharma
etal., 2010).

Mechanism of Active Unfolding by Entropic
Pulling

In contrast to chaperone-amenable substrates, such as
monomeric misfolded luciferase, which could be productively
unfolded by the solitary clamping action of individual DnaK
molecules, larger soluble aggregates of the same misfolded
luciferase (Mattoo et al., 2013), or of heat-denatured G6PDH
(Diamant et al., 2000; Ben-Zvi et al., 2004), or of freeze-
thawed denatured rhodanese monomers (Natalello et al., 2013),
stringently required the presence of a large molar excess of
chaperone (DnaK), in order to become productively unfolded
and renatured. This suggested that the productive unfolding
of severely damaged misfolded polypeptides may require the
concomitant binding of several DnaKs at different hydrophobic
binding sites along same misfolded polypeptide (Rudiger et al.,
1997, 2000). Together with the observed unfolding by pulling
effect of mitochondrial HSP70, which is distally applied on
translocating polypeptides from within the mitochondria, a
common mechanism of unfolding by entropic pulling was
proposed that described the forces applied on a misfolded
substrate by two or more clamped ADP-DnaK molecules on a
misfolded segment situated in between two chaperone-bound
segments in an aggregate. Due to the excluded volumes of the two
clamped chaperones and their bumping into each other and into
the aggregate during a very long time in molecular terms (0.1-1
minute), they were found to apply unfolding-pulling forces,
which can pull away and unfold vicinal misfolded segments

(De Los Rios et al., 2006; Goloubinoff and De Los Rios, 2007).
Thus, in the case of more damaged protein aggregates, the active
local clamping of the HSP70s may not suffice to productively
unfold a multidomain polypeptide and an additional cooperative
mechanism of unfolding by entropic pulling may be necessary
(Figure 2A, step 4).

One major limitation of unfolding by entropic pulling is that
in order to be effective, more than one HSP70 molecule has
to be concomitantly bound to the same misfolded polypeptide.
Although as many as 12,000 HSC70 molecules may be present in
amicron cube of human cytoplasm (Figure 1) (Finka et al., 2015),
some of the remaining 1,200,000 polypeptides may misfold. Once
these would exceed 6000, none of them would be reverted to the
native state by the 12,000 HSC70s, even at the futile cost of several
times 12,000 hydrolyzed ATP.

One possible way for HSP70s to overcome dilution by their
own substrate would be to assume that they don’t necessarily
have to be equally distributed in the cytosol. Moreover they may
have a natural tendency to form, at rest, low affinity oligomers
(Motohashi et al, 1994). When challenged by misfolded
polypeptides, these would readily dissociate and, because of their
slow diftusion rate, readily bind nearby each other, increasing the
chances of productive multiple binding on the same misfolded
polypeptide, despite the unfavorable stoichiometry.

A second way for HSP70s to overcome this limitation would
be to function with dimeric J-cochaperone. Indeed all DNAJA/B
and HSP40 are dimers associated by a small dimerization domain
through their C-terminal ends (Mattoo et al, 2014). Thus,
a dimeric DnaJ may optimally present its two N-terminal J-
domains for the binding of the NBDs of two ATP-bound HSP70s,
while still keeping the two far apart enough so that, after
binding to the substrate, they might optimally exclude each other
and apply a cooperative unfolding force by entropic pulling.
Given that cells have a large excess of ATP over ADP and
that the cytosolic HSP70s are about 10 times more abundant
than their J-domain cochaperones, it is tempting to speculate
that without a stress, most DNAJA/B dimers in the cell will
be associated to two ATP-bound HSP70s. Once challenged
by a stress-induced misfolded polypeptide, these loose hetero-
tetramers could dissociate and the two HSP70s would be thus able
to lock onto nearby regions on the same misfolded polypeptide
substrate. Simple order of addition kinetics of DnaK-DnaJ-GrpE-
mediated refolding of inactive FT-luciferase, illustrates this.
When DnaK and Dna] was first pre-incubated (for 5min) with
ATP and at T = 0, supplemented by FTluc and GrpE (Figure 2B,
DnaK]J->no), luciferase refolding readily started without a delay
and at a rapid rate of 140nM per 5min. When DnaJ alone
was first preincubated with TFluc and ATP at T = 0, DnaK
and GrpE were added (Figure 2B, DnaJ->DnaK), refolding was
slightly delayed and the refolding rate was slightly lower (90 nM
in the first 5min). In contrast, when DnaK alone was first
preincubated with ATP and FTluc, and at T = 0’ incubated with
Dna] and GrpE (Figure 2B, DnaK->Dna]), luciferase refolding
was strongly delayed and reached less than a net 15nM active
Luciferase in the first 5 min of the reaction. These results indicate
that, as initially shown by Bukau and colleagues (Gamer et al.,
1992), the DnaJ dimer may indeed be the first to bind the
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substrate and thereafter effectively recruit two DnaKs onto the
substrate. Noticeably, when DnaK was compelled to pre-interact
first with the substrate, the strong delay in the refolding rate
suggests that some time was needed for the wrongly associated
DnaKs to first dissociate from the substrate and for Dna]J to
properly bind and only then, optimally recruit DnaK on the
substrate. Moreover, the fastest rate that we observed with
preincubated DnaK + Dna] + ATP prior they were presented
to the substrate and GrpE, suggest that in the presence of ATP,
DnaK and DnaJ may form a loose hetero-oligomer, likely a
DnaJ,;DnaKj, optimally poised to bind cooperatively to the same
misfolded substrate and engage in the HSP70-unfoldase cycle
(Figure 2A, step 1).

A third way to overcome the limitation for unfolding by
entropic pulling caused upon dilution of the HSP70s by their
own substrate, would be the spontaneous formation of loose
hsp70dimers. Thus, HSP110:HSP70 heterodimers associated
by their N-terminal domains can apparently form and act
reciprocally as NEFs on each other. Somehow, together they
can efficiently disaggregate large stable aggregates (Schuermann
etal., 2008; Mattoo et al., 2013). Similarly, bacterial DnaKs might
also form loose homodimers, which would favor their ability to
act upon resistant substrates by entropic pulling (Sarbeng et al.,
2015).

Finally, one elegant way in which evolution may have
chosen to overcome HSP70 limitation by substrate dilution, was
recruitment of powerful disaggregating nanomachines, such as
ClpB in E. coli or HSP104 in yeast. These are AAA+ type
hexameric cylinders capable of applying ATP-fuelled power-
stokes on inserted misfolded polypeptide loops from the
aggregates in the hexamer cavity and unfold them by stretching
strokes (Goloubinoft et al., 1999; Winkler et al., 2012). Once
activated by HSP70, ClpB or HSP104 can convert large protein
aggregates into lower oligomeric species amenable to HSP70-
mediated unfolding by clamping.

The multilayer mechanisms of HSP70 as holding and
unfolding chaperones can be summarized in four steps
(Figure 2A). Without ATP, the wide opened protein-binding
domain may weakly bind to hydrophobic patches on the
surface of misfolding polypeptides, thereby passively and rather
inefficiently preventing aggregation (Figure 2A, step 1). But
passive binding is probably irrelevant to the physiological
situation in cells. ATP-hydrolysis, by driving the closure of
the PBD in the substrate and causing local unfolding, can
dramatically increase the affinity of the misfolded polypeptides
for the chaperone, thereby actively and efficiently prevent
aggregation (Figure 2A, step 2). Owing to the transient thermal
inactivation of the NEF (GrpE), dissociation during heat-shock
is prevented. Upon returning to the physiological conditions,
GrpE may become functional again and trigger the release of
the unfolded substrate, leading to efficient spontaneous refolding.
Catalytic cycles of misfolded substrate binding, ATP-fuelled
unfolding by clamping, release and spontaneous refolding may
thus convert non-aggregated misfolded species (Figure 2A, step
3), such as FT-luciferase into native proteins (Sharma et al.,
2010). In case the misfolded species are tightly associated into
large insoluble aggregates, the binding and local unfolding by

clamping of a single Hsp70 molecule may not suffice to unfold
distal misfolded segments in the same polypeptide. The binding
and locking of additional HSP70 molecules elsewhere on the
same polypeptide would add another unfolding effect by way
of the Brownian movements of the locked chaperones and their
volume exclusion from each other, applying unfolding forces on
the misfolded segments located in between the HSP70-bound
sites (Figure 2A, step 4).

This additional mode of ATP-dependent unfolding by distal
entropic pulling of the HSP70, can predominate in the case of
polypeptide precursors that are partially folded in the cytosol and
need to be imported across the narrow pores of the mitochondria
(Elsner et al., 2009), the ER (Matlack et al., 1997) and chloroplasts
(Shi and Theg, 2011). Here, the organellar ATP-bound HSP70s
are uniquely targeted to the import pores by specific pore-
associated J-domain cochaperones to clamp upon the entering
polypeptides segments, which are unstructured. In these cases,
the unfolding action of the organellar HSP70s is not local but
distal, by pulling on the bulky structures that are still on the
cytoplasmic side of the precursor protein and are forced to
collide onto the narrow pore entry and thereby to unfold prior
translocation. Moreover, ATP-dependent unfolding by entropic
pulling is likely to be the mechanism by which HSC70 and
HSP110, targeted by their specific J-domain cochaperone auxilin,
actively deoligomerize clathrin cages into triskelions (Zhuo et al.,
2010).

Conclusion

HSP70s are a central hub of the chaperone network carrying
very diverse physiological functions in proteostasis, such as
polypeptide folding/unfolding, protein assembly/disassembly,
protein  activation/inactivation, polypeptide translocation,
and degradation. Moreover, HSP70s act as polypeptide-
unfolding nanomachines that serve as defenses against
stress- and mutation-induced formation and accumulation
of cytotoxic misfolded protein conformers. Assisted by J-domain
cochaperones, the HSP70s can specifically detect among a large
excess of low-affinity native proteins a minority of high-affinity
misfolding intermediates on their way to form toxic aggregates.
HSP70s may further collaborate with each other (DnaK-DnaK,
HSP70-HSP110) and with AAA+ unfoldases (HSP100/ClpB),
at disentangling already formed aggregates and convert them
into natively refoldable, or protease-degradable polypeptides.
The pharmacological upregulation, or adenoviral-mediated
over-expression of specific HSP70s, HSP110s and their specific
J-domain and NEF cochaperones, are attractive avenues for
therapies against degenerative protein conformational diseases
and aging (Ebrahimi-Fakhari et al, 2013). Moreover, the
development of specific inhibitors of HSP70s and J-domain
co-chaperones, is a promising approach to develop therapies
against aggressive cancers (Patury et al., 2009; Chang et al., 2011).
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DNAJs: more than substrate delivery
to HSPA

Suzanne L. Dekker, Harm H. Kampinga and Steven Bergink *

Department of Cell Biology, University Medical Center Groningen, University of Groningen, Groningen, Netherlands

Proteins are essential components of cellular life, as building blocks, but also to guide
and execute all cellular processes. Proteins require a three-dimensional folding, which
is constantly being challenged by their environment. Challenges including elevated
temperatures or redox changes can alter this fold and result in misfolding of proteins
or even aggregation. Cells are equipped with several pathways that can deal with protein
stress. Together, these pathways are referred to as the protein quality control network.
The network comprises degradation and (re)folding pathways that are intertwined due to
the sharing of components and by the overlap in affinity for substrates. Here, we will give
examples of this sharing and intertwinement of protein degradation and protein folding
and discuss how the fate of a substrate is determined. We will focus on the ubiquitylation
of substrates and the role of Hsp70 co-chaperones of the DNAJ class in this process.

Keywords: DNAJ, ubiquitin E3 ligases, HSP70 heat-shock proteins, degradation, protein folding

Protein Stress

The capacity of the protein quality control network is limited and collapse occurs when the
system is overwhelmed. This can occur after sudden massive stress including temperature shifts,
nutrient deprivation or pathogenic infection (Lee, 1992; Scheuner et al., 2001; Kaufman et al., 2002;
Schelhaas et al., 2007; Morimoto, 2008). These types of stresses are usually sensed and the organism
responds with the activation of stress pathways, such as the heat shock response after temperature
elevation (Morimoto, 2008).

Also “normal” conditions in the cell, for example the increased synthesis of proteins during
cell cycle progression (Morimoto, 2008) can be considered as physiological protein stress requiring
increased folding capacity and adaptations in the quality control network. The difference between
these two types of protein stress is that the latter is enlisted and that substrate recognition and fate
are pre-determined, for example cyclins are degraded upon orchestrated phosphorylation events
(Murray, 2004). In contrast, sudden or accidental protein stress is unpredictable and requires a
system that can recognize the client(s), which lack(s) a common motif that is usually present in
the regular enlisted clients. Typically, these accidental clients become unfolded after stress or are
intrinsically misfolded (i.e., genetically encoded).

Protein Stress and Its Impact on Human Pathology

Protein stress can accumulate over time as well, as is the case in many diseases that are associated
with an accumulation of misfolded proteins. Often this type of slowly accumulating protein damage
is—initially—not triggering a strong stress signaling, but remains undetected. Yet, this type of stress
may also overwhelm the protein quality control network and cause a similar collapse, ultimately
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resulting in the associated pathology. Diseases driven by protein
stress range from cataract, type II diabetes, atrial amyloidosis to
neurodegenerative diseases (Chiti and Dobson, 2006).

Moreover, it is known that hypomorphic mutations, a partial
loss of gene function, can lead to an accelerated phenotype in the
background of a compromised protein quality control network
(Ben-Zvi et al., 2009). Suggesting that genome alterations can
lead to metastable or aberrant polypeptides that stochastically
accumulate in time. If true, the source of protein stress would
expand to single nucleotide polymorphisms (SNPs) and somatic
mutations that slowly accumulate as we age.

Molecular Chaperones

Heat Shock Proteins (HSPs) play a central role in protein
homeostasis and are upregulated by the diverse protein stress
signaling pathways in cells under many conditions, most
prominently acute stress, that challenge protein homeostasis
(Morimoto, 2008). For various HSPs, it has been established that

they have so-called molecular chaperone activity. Usually, this
is associated with folding nascent chains into their native state
or refolding of stress-unfolded proteins. However, their activities
are also needed for degradation of misfolded or mutant proteins
and even for remodeling of active protein complexes. As a matter
of fact, the most ancient members of the molecular chaperones,
DnaJ, and DnaK (Hsp70/HSPA), were originally identified as
essential components controlling (dis)assembly of phage lambda
replication complexes (Konieczny and Zylicz, 1999).

A wide network of molecular chaperones exists that
encompasses the chaperonins, the HSPAs (Hsp70s and Hsc70s,
eleven in humans) with its co-chaperones: the DNAJs (50
members in humans) and the Nucleotide Exchange factors (NEFE,
13 members in humans), the HSPBs (small HSPs, 10 members
in humans) and the HSPCs (Hsp90s, five members in humans)
(Kampinga and Craig, 2010). Here we will focus on the DNA]Js in
the HSPA system (Figure 1A), as these are involved in substrate
recognition and seem to function at the crossroad of folding and
degradation.

A HSPA cycle

& -

native
non-native

FIGURE 1 | (A) HSPA cycle. HSPAs (HSP70s and HSC70s) contain an
N-terminal ATPase domain connected by a hydrophobic linker to a
variable C-terminal peptide-binding domain (Hartl et al., 2011). This
peptide-binding domain binds to a stretch of hydrophobic residues
flanked by positive residues, which is predicted to occur every 40
amino acids (Frydman et al., 1999). In the folded state, these
hydrophobic residues are buried inside, but are exposed in the
unfolded or misfolded state. The energy obtained from the hydrolysis
of ATP is required for assisted folding. However, the exact mechanism
how an HSPA supports folding is still not yet completely understood.
HSPA functions with the help of co-chaperones that orchestrate the
cycle of ATP hydrolysis and substrate/client binding and release.
DNAJs recognize clients and subsequently bind to the ATP-bound
form of HSPA; upon binding of the DNAJ-client complex, ATP is
hydrolysed by the HSPA and the DNAJ is released. Upon hydrolysis
and DNAJ release, the peptide-binding-domain of HSPA undergoes a

|
|

)
l.

~ @
-

A~

conformational change and clams around the polypeptide (the
substrate) (Jiang et al., 2007; Swain et al., 2007; Bertelsen et al.,
2009). The NEF has affinity to the ADP-bound form and mediates the
exchange of ADP for ATP. The client has less affinity for the
ATP-bound form of HSPA and releases together with the NEF. As a
result, the client can fold or will re-enter the cycle if not completely
folded, or somehow can be transferred to degradation machineries.
(B) Substrates ubiquitylated before or after the action of HSPA. On the
left, the canonical model is depicted in which an intrinsically unstable
substrate is first recognized by a DNAJ then transferred to the HSPA
cycle and after a futile folding event ubiquitylated and subsequently
degraded. On the right, a model is presented in which an unfolded
substrate is recognized by a DNAJ after which an E3 ligase can
ubiquitylate it and the HSPA cycle acts on the ubiquitylated substrate.
After the action of HSPA, the substrate is liberated from both the
DNAJ and the E3 ligase (complex) and targeted for degradation.

>
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The DNAJs: A Crucial Role in Protein
Quality Control

The HSPAs function with the help of several co-chaperones
and collaborate with the other chaperones. The most important
co-chaperones are the DNAJs and the NEFs. DNA]Js recognize
substrates/clients and subsequently bind to the ATP-bound form
of HSPA (for the HSPA cycle see Figure 1A).

DNAJs are defined by the presence of a J-domain, an
approximately 70 amino acid domain that consist of four
alpha helices and an accessible loop to which the (ATP-bound)
ATPase domain of HSPA binds (Jiang et al., 2007). In this
loop lies a Histidine Proline Aspartate (HPD) motif, which is
crucial for binding to HSPAs. DNAJs are divided based on
their domain structure into three classes, DNAJAs, DNAJBs
and DNAJCs (Kampinga and Craig, 2010). Briefly, in both
DNAJAs and DNAJBs, the N-terminal ] domain is followed
by a Glycine/Phenylalanine-rich stretch. In the DNAJA class
proteins, two domains (CTDI and CTDII) are located at the C-
terminus that are involved in substrate recognition by forming a
hydrophobic pocket that binds to the substrate (Li et al., 2003).
The first of these CTDs contains a zinc finger. The C terminus
in the DNAJB lacks the organization into two CTDs or and
more specifically contains no zinc finger and specific information
of substrate binding regions is still lacking. The DNAJC class
comprises any J-domain containing protein that does not fit in
the A or B class.

A wide variety of domains can be found in the different J
proteins. Many of these are known or thought to be involved
in substrate interactions, thus a division based on substrate
recognition has been proposed as well (Kampinga and Craig,
2010). Many J-proteins are believed to have a promiscuous client
binding (mostly from class A and B and a few from class C)
while others seem to display high substrate specificity (mostly
class C).

Interplay between Degradation and Folding

The notion that there are around 50 DNAJs, 11 HSPAs, and
13 NEFs at least suggest a high potential of many possible
combinations, theoretically resulting in flexibility and a broad
substrate range. Some DNAJs and HSPAs are localized to specific
organelles and seem to form combinations with the compartment
specific Hsp70 (HSPA) members, but for other (cytosolic) HSPAs
it has been shown that they can indeed operate with different
DNAJs (Kampinga and Craig, 2010). The interplay between the
HSPA cycle and the degradation machineries makes matters even
more complex. The idea that the fate of a protein is determined
by this interplay of the chaperone systems and the degradation
systems is often referred to as the triage decision (Connell et al.,
2001; Houck et al., 2012). The classical view is that the cell first
attempts to (re)fold the damaged or metastable protein. If folding
fails, the cell will then attempt to degrade it (Figure 1B). Many
proteins that are part of the folding machinery interact with the
cellular degradation machinery to make this transition smoothly.
For example, DNAJB2 interacts with ubiquitylated proteins via
its ubiquitin interacting motifs (UIM) (Westhoff et al., 2005) and

Bagl (a NEF) contains a ubiquitin-like (UBL) domain which
are known to interact with subunits of the proteasome (Liiders
et al,, 2000). An alternative view would be that degradation and
(re)folding act in parallel and that chaperones are an integral
part of the degradation machinery and have a different function
besides folding. These scenarios are not mutually exclusive and,
depending on the substrate, both might happen.

How the HSPA machinery selects and recognizes the different
types of substrates and which parameters determine the fate
of the clients (folding, degradation or aggregation) are still
open questions. Here we will give examples of clients that are
dealt with by different combinations of DNAJs and HSPAs.
Moreover, we will discuss the recent insights in the interplay
between the HSPA cycle and the ubiquitin proteasome system
(UPS) (Box 1).

De Novo Protein Folding

The folding of newly synthesized proteins is different from
refolding reactions, partly due to the vectorial nature of
translation. Indeed, early studies clearly demonstrated that
nascent chain folding and refolding require different sets of
chaperones (Frydman et al, 1994, 1999). Folding of newly
synthesized proteins can occur co-translationally and sometimes
also post-translationally. In prokaryotes, folding involves many
different partners including trigger factor which prevents
misfolding of nascent chains by delaying protein folding (Agashe
et al, 2004). Although far from completely resolved, in co-
translational folding, the different domains fold separately.
As often, the fundamental studies in yeast have shed light
on this process (Albanese et al., 2006). Two complexes are
associated with the ribosome and the emerging polypeptide.
First, the nascent polypeptide associated complex (NAC), a
heterodimer that consists of an alpha and a beta subunit,
binds to all nascent chains. Second, a set of Hsp70s (Ssbl
and 2) is bound to translating ribosomes, which function
together with the DNAJ Zuol and the NEF Ssel and bind to
the polypeptide that extrudes from the ribosomal exit tunnel.
Zuol together with Ssz1 (another Hsp70) forms the Ribosome
Associated Complex (RAC), and is thought to recruit Ssbl and
2 to the ribosome. Global identification of Ssb1/2 substrates
revealed that especially the more difficult substrates (e.g., longer,
several domains, beta sheet enriched, and aggregation prone)
are clients (Willmund et al., 2013). Beside Zuol, two other
DNA]J proteins have been identified as being important for
nascent chain folding namely Ydjl and Sisl. These DNAJs
function with the “soluble” or cytoplasmic Hsp70s (the Ssal-4
proteins) and the chaperonin system to guide the final (post-
translational) folding of newly synthesized polypeptides (Kim
et al., 2013).

Most of these yeast proteins have mammalian counterparts:
Ssz1 is homologous to HSPA14, Zuol is homologous to DNAJC2
[also called, Mppll (M-phase phosphoprotein 11) (Hundley
et al., 2005) or ZRF1 (zuotin related factor 1) (Richly et al.,
2010)], Ydj1 is homologous to DNAJAI and Sisl is homologous
to DNAJBI. HSPAS8 is associated with the ribosome and
homologous to Ssb2 (Hundley et al., 2005).
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BOX 1| Protein Degradation.

The various proteases in the cell are capable of degrading targeted substrates. As a general theme, access to proteases is restricted either due to a high specificity for
specific substrates, a common but inducible recognition signal (e.g., the proteasome), or spacious confinement (e.g., the lysosome). The UPS and autophagy are the
systems that degrade the bulk of proteins.

UPS

Recognition by the 26S proteasome is done by lysine (K) 48-linked polyubiquitin chains conjugated to substrates that require degradation. Ubiquitin is a polypeptide
that is conjugated to target proteins by the subsequent action of three enzymes, an E1 (activating enzyme), an E2 (conjugating enzyme) and an E3 (ligating enzyme).
The ligases are responsible for substrate recognition and thus determine the specificity, whereas the E2s usually mediate the conjugation of ubiquitin to the substrate.
Occasionally an E4 ligase is required to extend already existing mono- or oligo-ubiquitylation events to polyubiquitin trees. The C-terminal glycine of ubiquitin either
forms a peptide bond with the N-terminus of a substrate or an isopeptide bond with the epsilon-N in internal lysines of the substrate (although conjugation to cysteine
and serine have been reported as well). Due to the internal lysines in ubiquitin itself a so-called polyubiquitin tree is build. Polyubiquitylation with a K48 linkage is
considered canonical for degradation. Indeed, monoubiquitylation or other types of polyubiquitin trees with different linkage are not necessarily recognized as targeted
for destruction. Receptors at the 26S proteasome recognize the polyubiquitin trees, which are cleaved off and recycled. The 26S proteasome is a multimeric complex
that consists of a 20S and 19S component. After deubiquitylation, the substrate is unfolded by ATPases associated with various cellular activities (AAA-ATPases) of the
19S, and funneled into the proteolytic chamber (20S). Only when a protein resides in this chamber it is cleaved into peptides.

Autophagy

Autophagy is a process in which a double membrane-vesicle (the autophagosome) containing the cargo is targeted to, and fused with the lysosome in which the
degradation (hydrolysis) takes place. The cargo consists of proteins, protein-complexes, aggregated proteins and even entire organelles. Autophagy is mediated by a set
of proteins and includes two types of ubiquitin-like conjugation reactions; the most crucial one is the conjugation of LC3 or ATG8 (in yeast) to phosphoatidylethanolamine
at the expanding autophagic membrane. Originally it was thought that autophagy is mostly nonspecific and just randomly engulfs cytoplasm. However, the current dogma
is that most autophagy is in fact specific. Again, ubiquitylation can form the signal that is recognized by specific receptors that both bind polyubiquitylated substrates

and LC3, the double membrane then encloses the cargo and translocates to the lysosome.

Quality Control at the Ribosome

Translational errors may occur due to aberrant mRNAs,
misfolding due to intrinsic properties of the nascent chain itself
or to other events that lead to stalling of the translational
machinery. As a general theme, these errors are sensed during
translation and the emerging polypeptide is co-translationally
ubiquitylated, released and degraded. Depending on the type
of translational problem and substrate, different chaperones
and components of the UPS are involved. For example, long
stretches of basic amino acids are recognized by the NAC
complex and ubiquitylated by the E3 ligase Not4 (Dimitrova
et al., 2009). Other types of translational difficulties, such as
the translation of the polyA sequence that leads to pausing,
require another E3 ligase, namely Ltnl. The ubiquitylated
polypeptide requires Cdc48Vf1/NP1 (p97/VCP in mammalians),
a ubiquitin/ubiquitin-like-modifier-specific segregase (Jentsch
and Rumpf, 2007), to remove it from the ribosome (Brandman
et al., 2012; Defenouillére et al., 2013; Verma et al.,, 2013).
Thus, translational errors usually result in immediate, co-
translational, degradation (Figure 2A) in which chaperones act
before ubiquitylation.

Degradation of the emerging polypeptide can in principle
always occur at the ribosome, even in the absence of translational
errors, as shown by elegant experiments using tandem expressed
degradation-reporters (Turner and Varshavsky, 2000). This
implies that folding or degradation is an intrinsic fate of the client
rather than it is driven by different sets of chaperone machines.
In other words, the different ribosome-associated chaperone
complexes (in yeast Ssb1/2, RAC, and NAC) prevent aggregation
during translation which -depending on the substrate- can
result in folding or maintain the substrates/clients accessible
to the various E3 ligases that are either present at, or have
access to the ribosomes (examples in yeast: Ltnl, Not4,
Ubrl).

Chaperones: the Prelude for Ubiquitylation
of Proteasomal Clients?

The idea that unfolded or misfolded clients, similar to nascent
chains, need to be kept accessible/soluble in order for a protein
quality control E3 ligase to work seems appealing. The idea
would be that a chaperone binds first to a potential substrate
and keeps this substrate soluble or accessible for the E3 ligase
to ubiquitylate this target. The requirement for a chaperone
as a recognition or accessibility factor for ubiquitin E3 ligases
would not be necessary for regular or enlisted clients (e.g., the
cyclins), but only for those that become (partly) unfolded by
a random stress event or for those clients that are intrinsically
(genetically encoded) misfolded. Chaperones of the HSPB and
DNAJ class are well known to be able to recognize these clients
and thereby ensure their solubility. In the canonical view, these
clients are next transferred to the HSPAs (Hsp70s). Release from
the HSPAs occurs via NEFs and interactions with E3 ligases at
which level client-fate is determined. However, as we will explain
below, evidence is accumulating that other scenarios may also be
operational (Figures 1B, 2).

Ubiquitylation and DNAJs in ERAD

Clear examples where a DNAJ precedes the action of an
E3 can be found within ER associated degradation (ERAD).
Proteins that are targeted to the ER, but are unwanted
because they are intrinsically unstable, aggregation prone or
unfolded, are cleared via the ERAD pathway. For ER luminal
and transmembrane clients, DNAJs (DNAJB11, DNAJBY9, and
DNAJCI10 also known as Erdj3, -4, and -5), recognize misfolded
clients that subsequently are ubiquitylated by the membrane
embedded E3 ligases Hrdl or RMA1 and the E4 ligase gp78
(Buchberger et al., 2010). For those clients that expose their
unstable region to the cytosol, soluble-DNAJs play a role in
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FIGURE 2 | Involvement for chaperones in substrate ubiquitylation. (A)
The relationship between chaperones and ubiquitin E3 ligases for unstable
nascent chains. Unstable nascent chains are bound by the chaperone
systems present at the ribosome (here the NAC and RAC) and ubiquitylation
of the emerging polypeptide happens co-translationally. (B) ERAD substrates
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that are intrinsically unstable (indicated by the *) are recognized by DNAJs
prior their ubiquitylation and retrotranslocation. (C) If cytoplasmic or
nucleoplasmic substrates require chaperones prior their ubiquitylation is
currently unclear. Sis1/DNAJB1 is required for the nuclear relocalization of
certain unstable substrates in an ubiquitin-independent manner.

conjunction with the E3 ligase DoalO (Ravid et al., 2006).
After or during ubiquitylation, all ERAD clients require retro-
translocation over, or dislocation from the lipid bilayer, a process
that is mediated by the p97/Cdc48VMd1/NPl4 complex (Tsai et al.,
2002).

Also for integrated membrane proteins, DNAJs may act
prior to E3 ligases in degradation. Several model substrates
exist exposing their unstable region to the cytosol and for
some of these the relationship between chaperone function
and ubiquitylation status has been determined. For example
degradation and ubiquitylation of the Doal0 substrates Ste6*
and PMA1* depends on the cytosolic Hsp70s (Ssal-4) and the
(cytosolic) DNAJs Ydj1 and HIj1 (Han et al., 2007; Nakatsukasa
et al, 2008) (Figure2B). Other DNAJs are also involved
in DoalO-mediated substrate ubiquitylation as Sisl, but not
the cytosolic Hsp70s (Ssal-4), is required to ubiquitylate the
degradation prone part from the kinetochore protein Ndc10.
Instead, Hsp70s are required to prevent aggregation of the
ubiquitylated client (Shiber et al, 2013) and clearly function
after ubiquitylation. These results are in line with the idea that
E3 ligases involved in clearing misfolded substrates require a
molecular chaperone for their functioning (Figure 2).

However, for other substrates (e.g., soluble targets of the
protein quality control E3 ligases Ubrl and Sanl) Sisl (or
Ydj1) is not a prerequisite for ubiquitylation but is essential for
efficient client degradation (Park et al., 2013; Mehnert et al., 2015;
Miller et al., 2015) and thus seem to play a role downstream of
ubiquitylation.

Ubiquitylation and DNAJs of Cytoplasmic
and Nucleoplasmic Clients

Whereas, translation quality control and ERAD are vectorial
by nature, the organization of quality control over soluble
proteins is not. If the soluble (stress induced or accidentally
misfolded) clients in the cytosol and nucleoplasm also require
a chaperone prior ubiquitylation is currently unclear. The
notion that overexpression of certain DNAJs accelerates
degradation of substrates is suggestive of a direct impact
of DNAJs on degradation/ubiquitylation (Westhoff et al,
2005). However, clear evidence that DNAJs or HSPBs
are required for ubiquitylation of these accidental clients
is currently lacking (Figure2C). Deletion of individual
DNAJs or other molecular chaperones typically does not
result in accumulation of their unmodified clients. It is
not unlikely that there is functional redundancy between
the different and numerous chaperones (e.g., DNAJs) in
these compartments making the fate of substrates/clients
harder to study. Moreover, to distinguish this process from
translational protein quality control (Wang et al, 2013),
a substrate that becomes unstable after translation vs. a
constitutively unstable substrate, is required. For example a
substrate that after the addition of a specific small molecule
triggers unfolding of that substrate would be a great asset.
This type of substrate would enable the study of post-
translational protein quality control under normal, non-stressed,
conditions. This type of research is especially important as,
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in many of the aforementioned diseases, protein stress occurs
post-translationally.

Nuclear Transport of Cytosolic Substrates

As mentioned above, ERAD substrates are degraded in the
cytoplasm and retro-translocation is necessary as the proteasome
is not present in the ER. One might suspect that degradation of
cytoplasmic clients is more straightforward as the proteasome
is present in the same compartment. However, recent evidence
suggests that, at least for some substrates, this is not the case.
Instead, cytosolic model substrates were found to shuttle to
the nucleus for degradation (Figure2C) (Heck et al., 2010;
Prasad et al, 2010; Park et al, 2013). This transfer across
the nuclear envelope depends on the DNAJ Sisl (DNAJBI1 in
humans) (Park et al,, 2013). Increasing the proteotoxic stress
hampers this process, probably due to a sequestration of Sisl
to other clients, and results in a reduction in degradation of
these substrates (Park et al., 2013). Transport of un- or mis-
folded substrates to a (juxta)nucleolar localization seems to be
a more general feature for both nuclear (Nollen et al., 2001) and
cytosolic proteins (Miller et al., 2015). Targeting of substrates to
these structures depends on, again, Sisl and the v-snare protein
Btn2 (Malinovska et al., 2012; Miller et al., 2015). Whether the
nucleolar accumulation per se determines the fate of the client
is, however, unlikely as the accumulation in the nucleolus also
occurs to nuclear clients that require refolding after heat stress
(Nollen et al., 2001). Here, the accumulation of substrates in the
nucleolus is reversible and accompanied by a strong sequestering
of, normally cytosolic, HSPA1A (Hsp70) to the nucleolus. In
line, ubiquitylation does not seem to play a role in the transfer
across the nuclear envelope (Park et al, 2013; Miller et al.,
2015).

What remains a question is how cytoplasmic proteins
cross the nuclear barrier and whether or not posttranslational
modifications play a role in this cytoplasmic-nuclear shuttling.
Post-translational modifications as SUMOylation (Small
Ubiquitin-like Modifier) and poly(ADP-ribosyl)ation have been
implemented in protein stress responses (Haince et al., 2006;
Golebiowski et al., 2009), the formation of stress bodies (Nagai
et al., 2011) and also in nucleolar integrity (Finkbeiner et al.,
2011; Boamah et al., 2012).

Why the nucleolus would serve as storage for proteins
before folding or degradation has still remained enigmatic.
Even more so, one may wonder why cytosolic substrates are
translocated to the nucleus/nucleoli for degradation, given that
in the cytosol proteasomes are fully active and autophagy is
present. Notably, in all of these experiments the substrates used
are engineered proteasomal clients. The transfer of these clients
across the nuclear pore could therefore be an extension of the
aforementioned ribosomal quality control mechanism, which
indeed involves Sisl, and that shuttling for these substrates may
occur co-translationally. However, adding an nuclear localization
signal increases the degradation speed significantly (whereas
adding a NES inhibits it) (Park et al., 2013), suggesting that the
nuclear shuttling of cytoplasmic substrates is not that efficient
and probably not coupled to translation.

One could hypothesize that substrates are normally already
shuttling between the cytosol and nucleus and that degradation
is simply faster in the nucleus in which the proteasomal
concentration is higher (Russell et al., 1999). However, this would
suggest that the capacity of the UPS in the cytoplasm is rate
limiting, which seems not to be the case (Park et al., 2013). So,
shuttling of un- or mis-folded clients to the nuclear/nucleolar
compartment indeed seems an active, regulated process. Perhaps
the cytosolic compartment, or the organelles herein, are more
vulnerable to proteotoxic stress and the re-localization to the
nucleus/nucleolus serves to avoid immediate cellular arrest or
death. However, given the complex processes that take place in
the nucleus, and the presence of the genetically vulnerable rDNA
in the nucleolus, this might hamper nuclear processes such as
transcription and replication.

CFTR; Escaping Initial Quality Control Is
Not Enough

One substrate that illustrates the complexity of quality control
is the disease-associated form of cystic fibrosis transmembrane
conductance regulator (CFTR) (Younger et al., 2006; Okiyoneda
et al., 2010). For some of the CFTR mutations, in particular the
deletion of phenylalanine at position 508 (CFTRY€lt2508) (T 1kacs
and Verkman, 2012), premature degradation is thought to
underlay CF-pathology. This deletion destabilizes or kinetically
traps CFTR, which targets this protein to the ERAD pathway.
Numerous chaperones, including DNAJs and HSPAs, and E3
ligases have been implicated in the clearance of mutant CFTR.
CFTRY!2508 s ubiquitylated either by the Hrdl E3 ligase
complex or the Rmal/Derlinl E3 ligase complex and the
GP78 E4 ligase in a process that is enabled by the membrane
embedded DNAJB12, after which retro-translocation by p97 and
degradation occurs (Younger et al., 2006; Grove et al., 2011).

Skipping this initial ERAD quality control enables part of the
protein to arrive at the plasma membrane to fulfill its function
(Kilin et al., 1999). Unfortunately, this rescued mutant protein
is still degraded, now by a different set of chaperones and E3
ligases, involving DNAJA1, DNAJB2, HSPA8, HSPA1A, Bagl,
and the E3 ligase CHIP (C-terminal Hsc70/HSPAS interacting
protein) (Meacham et al., 2001; Okiyoneda et al., 2010). CHIP has
a well-known function in cytoplasmic protein quality control, it
binds directly to HSPA and is involved in ubiquitylating HSPA
clients that need to be degraded. The work on CFTR9€!2508 pjcely
illustrates that each cellular compartment has a different set of
protein quality control components. Moreover, it points out that
in the lifetime of a protein it encounters various and different
quality checks.

Summary

The examples of substrates in the ERAD pathway and protein
quality control during translation illustrated that for certain
substrates a molecular chaperone (a DNAJ) is required for
ubiquitylation while this is unclear for others.

The “holdase” function of DNAJs is well suited to assist
E3 ligase function for those substrates that are intrinsically
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unstable and thus would misfold, form aggregates or fibrils in
the absence of a molecular chaperone. Intriguingly, for some
of these substrates HSPAs are necessary for degradation but
not for ubiquitylation, indicating that they act after the E3
ligase but before proteolysis. Perhaps to prevent aggregation in
the brief moment a substrate is delivered to the proteasome.
Instead, the energy provided by the ATP hydroslysis of
Hsp70s could also facilitate the release of the DNAJ and the
E3 ligase from the ubiquitylated substrate (Figure 1B right
panel). This un-entanglement-function of HSPA would not
be required for substrates that come from the ER lumen, as
both E3 ligase and DNAJ are embedded in the membrane,
and retro-translocation is sufficient to clear the substrate
from these factors. The view that degradation substrates are
immediately marked for destruction without attempts to fold
the substrate is not ruling out that futile folding can lead

References

Agashe, V. R, Guha, S., Chang, H. C., Genevaux, P., Hayer-Hartl, M., Stemp,
M, et al. (2004). Function of trigger factor and DnaK in multidomain protein
folding: increase in yield at the expense of folding speed. Cell 117, 199-209. doi:
10.1016/S0092-8674(04)00299-5

Albanese, V., Yam, A. Y. W., Baughman, J., Parnot, C., and Frydman, J. (2006).
Systems analyses reveal two chaperone networks with distinct functions in
eukaryotic cells. Cell 124, 75-88. doi: 10.1016/j.cell.2005.11.039

Ben-Zvi, A., Miller, E. A., and Morimoto, R. I. (2009). Collapse of proteostasis
represents an early molecular event in Caenorhabditis elegans aging. Proc. Natl.
Acad. Sci. U.S.A. 106, 14914-14919. doi: 10.1073/pnas.0902882106

Bertelsen, E. B., Chang, L., Gestwicki, J. E., and Zuiderweg, E. R. P. (2009). Solution
conformation of wild-type E. coli Hsp70 (DnaK) chaperone complexed
with ADP and substrate. Proc. Natl. Acad. Sci. U.S.A. 106, 8471-8476. doi:
10.1073/pnas.0903503106

Boamah, E. K., Kotova, E., Garabedian, M., Jarnik, M., and Tulin, A. V.
(2012). Poly(ADP-Ribose) polymerase 1 (PARP-1) regulates ribosomal
biogenesis in drosophila nucleoli. PLoS Genet. 8:¢1002442. doi:
10.1371/journal.pgen.1002442

Brandman, O., Stewart-Ornstein, J., Wong, D., Larson, A., Williams, C. C., Li,
G.-W.,, et al. (2012). A ribosome-bound quality control complex triggers
degradation of nascent peptides and signals translation stress. Cell 151,
1042-1054. doi: 10.1016/j.cell.2012.10.044

Buchberger, A., Bukau, B., and Sommer, T. (2010). Protein quality control in the
cytosol and the endoplasmic reticulum: brothers in arms. Mol. Cell 40, 238-252.
doi: 10.1016/j.molcel.2010.10.001

Chiti, F., and Dobson, C. M. (2006). Protein misfolding,
amyloid, and human disease. Annu. Rev. Biochem. 75, 333-366. doi:
10.1146/annurev.biochem.75.101304.123901

Connell, P., Ballinger, C. A,, Jiang, J., Wu, Y., Thompson, L. J., Hohfeld, J., et al.
(2001). The co-chaperone CHIP regulates protein triage decisions mediated by
heat-shock proteins. Nat. Cell Biol. 3, 93-96. doi: 10.1038/35050618

Defenouillere, Q., Yao, Y., Mouaikel, J., Namane, A., Galopier, A., Decourty, L.,
et al. (2013). Cdc48-associated complex bound to 60S particles is required for
the clearance of aberrant translation products. Proc. Natl. Acad. Sci. U.S.A. 110,
5046-5051. doi: 10.1073/pnas.1221724110

Dimitrova, L. N., Kuroha, K., Tatematsu, T., and Inada, T. (2009). Nascent peptide-
dependent translation arrest leads to Not4p-mediated protein degradation by
the proteasome. J. Biol. Chem. 284, 10343-10352. doi: 10.1074/jbc.M808840200

Finkbeiner, E., Haindl, M., Raman, N., and Muller, S. (2011). SUMO routes
ribosome maturation. Nucleus 2, 527-532. doi: 10.4161/nucl.2.6.17604

Frydman, J., Erdjument-Bromage, H., Tempst, P., and Hartl, F. U. (1999). Co-
translational domain folding as the structural basis for the rapid de novo folding
of firefly luciferase. Nat. Struct. Biol. 6, 697-705. doi: 10.1038/10754

functional

to degradation as well (Figure 1A left panel), but indicates
that the degradation pathways are even more intertwined with
the folding machinery as was previously thought. In that
regard, it is not unlikely that the HSPA cycle, besides its
canonical role in protein folding, could function to untangle
the substrate-E3/E2 ligase complexes for transfer of regular
enlisted clients to the proteasome as well (Mehnert et al.,
2015).

Acknowledgments

SD is supported by the Graduate School of Medical Science of the
UMCG. HK is supported by a grants from Senter Novem (IOP-
IGE7004), high Q foundation (project # 3.1.2), Hersenstichting
(project 15F07(2)-58). SB is supported by a Hersenstichting grant
(project no. F2013(1)-52).

Frydman, J., Nimmesgern, E., Ohtsuka, K., and Hartl, F. U. (1994). Folding of
nascent polypeptide chains in a high molecular mass assembly with molecular
chaperones. Nature 370, 111-117. doi: 10.1038/370111a0

Golebiowski, F., Matic, L., Tatham, M. H., Cole, C,, Yin, Y., Nakamura, A, et al.
(2009). System-wide changes to SUMO modifications in response to heat shock.
Sci. Signal. 2, ra24. doi: 10.1126/scisignal.2000282

Grove, D. E,, Fan, C.-Y,, Ren, H. Y., and Cyr, D. M. (2011). The endoplasmic
reticulum-associated Hsp40 DNAJB12 and Hsc70 cooperate to facilitate RMA1
E3-dependent degradation of nascent CFTRDeltaF508. Mol. Biol. Cell 22,
301-314. doi: 10.1091/mbc.E10-09-0760

Haince, J.-F., Rouleau, M., and Poirier, G. G. (2006). Transcription. Gene
expression needs a break to unwind before carrying on. Science 312, 1752-1753.
doi: 10.1126/science.1129808

Han, S, Liu, Y., and Chang, A. (2007). Cytoplasmic Hsp70 promotes
ubiquitination for endoplasmic reticulum-associated degradation of a
misfolded mutant of the yeast plasma membrane ATPase, PMAL. J. Biol. Chem.
282, 26140-26149. doi: 10.1074/jbc.M701969200

Hartl, F. U., Bracher, A., and Hayer-Hartl, M. (2011). Molecular chaperones
in protein folding and proteostasis. Nature 475, 324-332. doi:
10.1038/nature10317

Heck, J. W., Cheung, S. K., and Hampton, R. Y. (2010). Cytoplasmic protein
quality control degradation mediated by parallel actions of the E3 ubiquitin
ligases Ubrl and Sanl. Proc. Natl. Acad. Sci. U.S.A. 107, 1106-1111. doi:
10.1073/pnas.0910591107

Houck, S. A, Singh, S., and Cyr, D. M. (2012). Cellular responses to misfolded
proteins and protein aggregates. Methods Mol. Biol. 832, 455-461. doi:
10.1007/978-1-61779-474-2_32

Hundley, H. A., Walter, W., Bairstow, S., and Craig, E. A. (2005). Human Mppl1
] protein: ribosome-tethered molecular chaperones are ubiquitous. Science 308,
1032-1034. doi: 10.1126/science.1109247

Jentsch, S., and Rumpf, S. (2007). Cdc48 (p97): a “molecular gearbox”
in the wubiquitin pathway? Trends Biochem. Sci. 32, 6-11. doi:
10.1016/j.tibs.2006.11.005

Jiang, J., Maes, E. G., Taylor, A. B., Wang, L., Hinck, A. P., Lafer, E. M., et al. (2007).
Structural basis of ] cochaperone binding and regulation of Hsp70. Mol. Cell 28,
422-433. doi: 10.1016/j.molcel.2007.08.022

Kilin, N., Claass, A., Sommer, M., Puchelle, E., and Tiimmler, B. (1999). DeltaF508
CFTR protein expression in tissues from patients with cystic fibrosis. J. Clin.
Invest. 103, 1379-1389. doi: 10.1172/JCI5731

Kampinga, H. H., and Craig, E. A. (2010). The HSP70 chaperone machinery: J
proteins as drivers of functional specificity. Nat. Rev. Mol. Cell Biol. 11, 579-592.
doi: 10.1038/nrm2941

Kaufman, R.J., Scheuner, D., Schréder, M., Shen, X,, Lee, K., Liu, C. Y., et al. (2002).
The unfolded protein response in nutrient sensing and differentiation. Nat. Rev.
Mol. Cell Biol. 3,411-421. doi: 10.1038/nrm829

Frontiers in Molecular Biosciences | www.frontiersin.org

June 2015 | Volume 2 | Article 35 | 34


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

Dekker et al.

The contribution of DNAJs and HSPA in protein degradation

Kim, Y. E., Hipp, M. S., Bracher, A., Hayer-Hartl, M., and Hartl, F. U. (2013).
Molecular chaperone functions in protein folding and proteostasis. Annu. Rev.
Biochem. 82, 323-355. doi: 10.1146/annurev-biochem-060208-092442

Konieczny, I, and Zylicz, M. (1999). Role of bacterial chaperones in DNA
replication. Genet. Eng. (N.Y). 21, 95-111. doi: 10.1007/978-1-4615-4707-5_6

Lee, A. S. (1992). Mammalian stress response: induction of the glucose-
regulated protein family. Curr. Opin. Cell Biol. 4, 267-273. doi: 10.1016/0955-
0674(92)90042-B

Li, J., Qian, X., and Sha, B. (2003). The crystal structure of the yeast Hsp40
Ydjl complexed with its peptide substrate. Structure 11, 1475-1483. doi:
10.1016/j.5tr.2003.10.012

Liiders, J., Demand, J., and Hohfeld, J. (2000). The ubiquitin-related BAG-1
provides a link between the molecular chaperones Hsc70/Hsp70 and the
proteasome. J. Biol. Chem. 275, 4613-4617. doi: 10.1074/jbc.275.7.4613

Lukacs, G. L., and Verkman, A. S. (2012). CFTR: folding, misfolding and
correcting the? AF508 conformational defect. Trends Mol. Med. 18, 81-91. doi:
10.1016/j.molmed.2011.10.003

Malinovska, L., Kroschwald, S., Munder, M. C., Richter, D., and Alberti, S. (2012).
Molecular chaperones and stress-inducible protein-sorting factors coordinate
the spatiotemporal distribution of protein aggregates. Mol. Biol. Cell 23,
3041-3056. doi: 10.1091/mbc.E12-03-0194

Meacham, G. C,, Patterson, C., Zhang, W., Younger, ]. M., and Cyr, D. M. (2001).
The Hsc70 co-chaperone CHIP targets immature CFTR for proteasomal
degradation. Nat. Cell Biol. 3, 100-105. doi: 10.1038/35050509

Mehnert, M., Sommermeyer, F., Berger, M., Kumar Lakshmipathy, S., Gauss, R.,
Aebi, M., et al. (2015). The interplay of Hrd3 and the molecular chaperone
system ensures efficient degradation of malfolded secretory proteins. Mol. Biol.
Cell 26, 185-194. doi: 10.1091/mbc.E14-07-1202

Miller, S. B. M., Ho, C.-T., Winkler, J., Khokhrina, M., Neuner, A., Mohamed,
M. Y. H, et al. (2015). Compartment-specific aggregases direct distinct
nuclear and cytoplasmic aggregate deposition. EMBO J. 34, 778-797. doi:
10.15252/emb;j.201489524

Morimoto, R. I. (2008). Proteotoxic stress and inducible chaperone networks
in neurodegenerative disease and aging. Genes Dev. 22, 1427-1438. doi:
10.1101/gad.1657108

Murray, A. W. (2004). Recycling the cell cycle: cyclins revisited. Cell 116, 221-234.
doi: 10.1016/5S0092-8674(03)01080-8

Nagai, S., Davoodi, N., and Gasser, S. M. (2011). Nuclear organization in genome
stability: SUMO connections. Cell Res. 21, 474-485. doi: 10.1038/cr.2011.31

Nakatsukasa, K., Huyer, G., Michaelis, S., and Brodsky, J. L. (2008). Dissecting
the ER-associated degradation of a misfolded polytopic membrane protein. Cell
132, 101-112. doi: 10.1016/j.cell.2007.11.023

Nollen, E. A, Salomons, F. A., Brunsting, J. F.,, van der Want, J. J., Sibon, O. C,,
and Kampinga, H. H. (2001). Dynamic changes in the localization of thermally
unfolded nuclear proteins associated with chaperone-dependent protection.
Proc. Natl. Acad. Sci. U.S.A. 98, 12038-12043. doi: 10.1073/pnas.201112398

Okiyoneda, T., Barriére, H., Bagddny, M., Rabeh, W. M., Du, K., Hohfeld, J., et al.
(2010). Peripheral protein quality control removes unfolded CFTR from the
plasma membrane. Science 329, 805-810. doi: 10.1126/science.1191542

Park, S.-H., Kukushkin, Y., Gupta, R., Chen, T., Konagai, A., Hipp, M. S,
et al. (2013). PolyQ proteins interfere with nuclear degradation of cytosolic
proteins by sequestering the Sislp chaperone. Cell 154, 134-145. doi:
10.1016/j.cell.2013.06.003

Prasad, R., Kawaguchi, S., and Ng, D. T. W. (2010). A nucleus-based quality
control mechanism for cytosolic proteins. Mol. Biol. Cell 21, 2117-2127. doi:
10.1091/mbc.E10-02-0111

Ravid, T., Kreft, S. G., and Hochstrasser, M. (2006). Membrane and soluble
substrates of the DoalO ubiquitin ligase are degraded by distinct pathways.
EMBO J. 25, 533-543. doi: 10.1038/sj.emboj.7600946

Richly, H., Rocha-Viegas, L., Ribeiro, J. D., Demajo, S., Gundem, G.,
Lopez-Bigas, N., et al. (2010). Transcriptional activation of polycomb-
repressed genes by ZRF1. Nature 468, 1124-1128. doi: 10.1038/nature
09574

Russell, S. J., Steger, K. A, and Johnston, S. A. (1999). Subcellular
localization, stoichiometry, and protein levels of 26s proteasome subunits
in vyeast. J. Biol. Chem. 274, 21943-21952. doi: 10.1074/jbc.274.31.
21943

Schelhaas, M., Malmstrém, J., Pelkmans, L., Haugstetter, J., Ellgaard, L.,
Griinewald, K., et al. (2007). Simian Virus 40 depends on ER protein folding
and quality control factors for entry into host cells. Cell 131, 516-529. doi:
10.1016/j.cell.2007.09.038

Scheuner, D., Song, B., McEwen, E., Liu, C., Laybutt, R., Gillespie, P., et al.
(2001). Translational control is required for the unfolded protein response
and in vivo glucose homeostasis. Mol. Cell 7, 1165-1176. doi: 10.1016/S1097-
2765(01)00265-9

Shiber, A., Breuer, W., Brandeis, M., and Ravid, T. (2013). Ubiquitin conjugation
triggers misfolded protein sequestration into quality control foci when
Hsp70 chaperone levels are limiting. Mol. Biol. Cell 24, 2076-2087. doi:
10.1091/mbc.E13-01-0010

Swain, J. F., Dinler, G., Sivendran, R., Montgomery, D. L., Stotz, M., and Gierasch,
L. M. (2007). Hsp70 chaperone ligands control domain association via an
allosteric mechanism mediated by the interdomain linker. Mol. Cell 26, 27-39.
doi: 10.1016/j.molcel.2007.02.020

Tsai, B., Ye, Y., and Rapoport, T. A. (2002). Retro-translocation of proteins from
the endoplasmic reticulum into the cytosol. Nat. Rev. Mol. Cell Biol. 3, 246-255.
doi: 10.1038/nrm780

Turner, G. C., and Varshavsky, A. (2000). Detecting and measuring
cotranslational protein degradation in vivo. Science 289, 2117-2120. doi:
10.1126/science.289.5487.2117

Verma, R., Oania, R. S., Kolawa, N. J., and Deshaies, R. J. (2013). Cdc48/p97
promotes degradation of aberrant nascent polypeptides bound to the ribosome.
Elife 2:¢00308. doi: 10.7554/eLife.00308

Wang, F., Durfee, L. A., and Huibregtse, J. M. (2013). A cotranslational
ubiquitination pathway for quality control of misfolded proteins. Mol. Cell 50,
368-378. doi: 10.1016/j.molcel.2013.03.009

Westhoff, B., Chapple, J. P., van der Spuy, J., Hohfeld, J., and Cheetham, M.
E. (2005). HSJ1 is a neuronal shuttling factor for the sorting of chaperone
clients to the proteasome. Curr. Biol. 15, 1058-1064. doi: 10.1016/j.cub.2005.
04.058

Willmund, F., del Alamo, M., Pechmann, S. Chen, T., Albanese, V,
Dammer, E. B., et al. (2013). The cotranslational function of ribosome-
associated Hsp70 in eukaryotic protein homeostasis. Cell 152, 196-209. doi:
10.1016/j.cell.2012.12.001

Younger, J. M., Chen, L., Ren, H.-Y., Rosser, M. F. N, Turnbull, E. L., Fan,
C.-Y,, et al. (2006). Sequential quality-control checkpoints triage misfolded
cystic fibrosis transmembrane conductance regulator. Cell 126, 571-582. doi:
10.1016/j.cell.2006.06.041

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Dekker, Kampinga and Bergink. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org

June 2015 | Volume 2 | Article 35 | 35


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive

l" frontiers

in Molecular Biosciences

REVIEW
published: 09 October 2015
doi: 10.3389/fmolb.2015.00057

OPEN ACCESS

Edited by:
Pierre Goloubinoff,
University of Lausanne, Switzerland

Reviewed by:

Stefan G. D. Ridiger,

Utrecht University, Netherlands
Eileen M. Lafer,

University of Texas Health Science
Center at San Antonio, USA

*Correspondence:

Nadinath B. Nillegoda

and Bernd Bukau,

Zentrum f(r Molekulare Biologie
Heidelberg, University of Heidelberg,
Im Neuenheimer Feld 282, 69120
Heidelberg, Germany
n.nillegoda@zmbh.uni-heidelberg.de;
bukau@zmbh.uni-heidelberg.de

Specialty section:

This article was submitted to
Protein Folding, Misfolding and
Degradation,

a section of the journal

Frontiers in Molecular Biosciences

Received: 13 July 2015
Accepted: 22 September 2015
Published: 09 October 2015

Citation:

Nillegoda NB and Bukau B (2015)
Metazoan Hsp70-based protein
disaggregases: emergence and
mechanisms. Front. Mol. Biosci. 2:57.
doi: 10.3389/fmolb.2015.00057

®

CrossMark

Metazoan Hsp70-based protein
disaggregases: emergence and
mechanisms

Nadinath B. Nillegoda * and Bernd Bukau *

Center for Molecular Biology (ZMBH) of the University of Heidelberg and German Cancer Research Center (DKFZ2),
DKFZ-ZMBH Alliance, Heidelberg, Germany

Proteotoxic stresses and aging cause breakdown of cellular protein homeostasis,
allowing misfolded proteins to form aggregates, which dedicated molecular machines
have evolved to solubilize. In bacteria, fungi, protozoa and plants protein disaggregation
involves an Hsp70eJ-protein chaperone system, which loads and activates a powerful
AAA+ ATPase (Hsp100) disaggregase onto protein aggregate substrates. Metazoans
lack cytosolic and nuclear Hsp100 disaggregases but still eliminate protein aggregates.
This longstanding puzzle of protein quality control is now resolved. Robust protein
disaggregation activity recently shown for the metazoan Hsp70-based disaggregases
relies instead on a crucial cooperation between two J-protein classes and interaction
with the Hsp110 co-chaperone. An expanding multiplicity of Hsp70 and J-protein
family members in metazoan cells facilitates different configurations of this Hsp70-based
disaggregase allowing unprecedented versatility and specificity in protein disaggregation.
Here we review the architecture, operation, and adaptability of the emerging metazoan
disaggregation system and discuss how this evolved.

Keywords: Hsp70, J-protein, Hsp110, protein disaggregation, metazoan

Introduction

In healthy cells, toxicities associated with protein misfolding are countered by regulated cellular
processes that sequester damaged, sticky and potentially harmful proteins to intracellular protein
deposit sites (Taylor et al., 2003; Arrasate et al., 2004; Miller et al., 2015) where protein quality
control machineries operate to resolve aggregates (disaggregation) (Parsell et al., 1994; Mogk et al.,
1999; Tyedmers et al., 2010; Doyle et al., 2013). Accumulation of protein aggregates however is a
distinguishing feature of cellular stress and aging in all organisms (Morimoto, 2008; Hipp et al,,
2014) and is associated with toxicities leading to pathology (Olzscha et al., 2011; Polymenidou and
Cleveland, 2012; Park et al., 2013). Aggregates hallmark a plethora of human disorders ranging from
neurodegeneration to diabetes and cancers (Knowles et al., 2014; de Oliveira et al., 2015; Mukherjee
et al,, 2015). Persistence of protein aggregates eventually also poses a threat to the integrity of the
cytoskeleton and cellular signaling (Perutz et al., 1994; Kopito, 2000; Lee et al., 2004).

The ubiquitous presence of dedicated protein disaggregation machines (disaggregases) in all
cells (Winkler et al., 2012a; Doyle et al., 2013) underlines the importance of aggregate solubilization
activity. Polypeptides freed from solubilizing aggregates are sorted for either refolding (Glover and
Lindquist, 1998) or degradation (Ravikumar et al., 2008; Douglas et al., 2009; Ciechanover and
Kwon, 2015). Proteins essential for cellular processes must be rescued and refolded via protein
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disaggregation activities for cell growth to resume after
stress (Parsell et al., 1994; Weibezahn et al., 2004; Tessarz
et al, 2008). Additionally, disaggregation and refolding
activities greatly reduce resynthesis requirements (Sanchez
and Lindquist, 1990; Mogk et al., 1999; Motohashi et al., 1999;
Queitsch et al., 2000) which is arguably energetically favorable.
Terminally damaged proteins that fail to refold are cleared
from cells by proteolytic systems to prevent reaggregation
and ensuing toxicities (Cuervo et al, 2004; Cohen et al,
2006). Protein disaggregation therefore, is central to the
establishment of protein homeostasis and the promotion of cell
survival.

The Non-metazoan Hsp100 and
Hsp70eJ-protein bi-chaperone
Disaggregation System

The ability of cells to solubilize aggregated proteins is well
established in prokaryotes and in non-metazoan eukaryotes
(e.g., fungi, protozoa, and plants) (Parsell et al., 1994; Hiibel
et al, 1997; Mogk et al,, 1999; Doyle et al., 2007; Lee et al.,
2007). These disaggregase machineries involve cooperation
between members of the Hsp70 and the Hspl00 chaperone
families (Glover and Lindquist, 1998; Goloubinoff et al., 1999;
Zietkiewicz et al., 2004; Doyle and Wickner, 2009). Hsp100s
are powerful AAA+ ATPases that extract trapped polypeptides
from aggregates via a threading mechanism. Briefly, a hexameric
Hspl00 ring with a central pore interacts with the Hsp70
system (Seyffer et al., 2012; Rosenzweig et al., 2013) to load
onto protein aggregates (Winkler et al., 2012b). Concomitantly,
the Hsp70 system activates the Hsp100 disaggregase for ATP-
dependent substrate threading (Seyffer et al., 2012; Lee et al,
2013; Lipinska et al., 2013; Carroni et al,, 2014). Protruding
polypeptide termini or surface loops of trapped polypeptides
are drawn into the pore to interact with flexible aromatic
loop residues internal to the pore (Schlieker et al, 2004;
Weibezahn et al., 2004). Unfoldase activity of Hsp70 (Sharma
et al, 2011) is thought to remodel the surface of a protein
aggregate through J-protein (Hsp40) controlled substrate-
binding cycles, to generate these surface loops (Zietkiewicz
et al.,, 2006). It is generally accepted that ATP hydrolysis in
Hspl00 powers movement of the aromatic residues with a
ratchet-type mechanism, effectively pulling the polypeptide into
the pore and disentangling it from the aggregate (Lum et al.,
2004; Schlieker et al., 2004; Haslberger et al.,, 2008). Without
the cooperation of the Hsp100 disaggregase, the bacterial and
yeast Hsp70 systems show very limited protein disaggregation
capability (Goloubinoff et al., 1999; Diamant et al., 2000; Ben-Zvi
et al., 2004; Doyle et al., 2007; Rampelt et al., 2012) inadequate
for survival after severe protein aggregation stresses (Sanchez and
Lindquist, 1990; Squires et al., 1991; Hong and Vierling, 2000).
The Hsp100 and Hsp70e]-protein bi-chaperone disaggregation
system is powerful and efficient and supports rapid response to
protein misfolding stresses, minimizing cytotoxicity associated
with protein aggregation (Olzscha et al, 2011; Park et al,
2013).

The Hsp70eJ-proteineHsp110 System
Forms a Potent Metazoan Disaggregase

Metazoan cells lack the core Hspl00 component of the bi-
chaperone system (Doyle et al, 2013), and ambiguity in
past results has made the very existence of robust protein
disaggregation activity in metazoa contentious (Kampinga, 1993;
Shorter, 2011; Murray et al., 2013). Recent work shows that
efficient metazoan disaggregation activity requires the Hsp70
chaperone and a complex of J-proteins of two different classes
(Nillegoda et al., 2015). Further cooperation with the Hsp110
co-chaperone, which acts as a nucleotide exchange factor (NEF)
(Dragovic et al., 2006; Raviol et al, 2006b), boosts overall
disaggregase capacity (Shorter, 2011; Rampelt et al, 2012;
Nillegoda et al., 2015). This configuration provides metazoans
with a potent Hsp70-based disaggregation activity that efficiently
solubilizes a wide range of protein aggregates in vitro, comparable
to the non-metazoan bi-chaperone disaggregation systems
(Nillegoda et al., 2015).

Unraveling of aggregated proteins depends on substrate bind
and release cycles of the metazoan Hsp70 in conjunction with
J-protein and Hsp110 co-chaperones (Figures 1A-C). J-proteins
target Hsp70 to substrates (Gamer et al., 1992; Laufen et al., 1999;
Kampinga and Craig, 2010) and form the largest and the most
structurally diverse chaperone family in metazoa (Cheetham and
Caplan, 1998; Kampinga and Craig, 2010). Class A and B J-
proteins (Figure 1A) contain conserved N-terminal J-domains
(JDs) that interact with Hsp70 (Tsai and Douglas, 1996; Suh et al.,
1999) and C-terminal domains (CTDs) involved in substrate
binding (Lee et al., 2002; Li et al., 2003). Class A proteins contain
a further zinc-finger-like region (ZFLR), also contributing to
substrate recognition/binding (Lu and Cyr, 1998).

Concomitant interaction of the Hsp70 with a J-protein and
substrate provides allosteric stimulation for ATP hydrolysis in
Hsp70 (Bukau and Horwich, 1998; Laufen et al., 1999; Mayer
and Bukau, 2005). This dual trigger traps aggregate substrate
in the Hsp70 substrate-binding pocket. Substrate dissociation
re-starts the Hsp70 chaperone cycle and requires release of
the hydrolysis products, ADP+P; followed by binding of a new
ATP molecule to Hsp70 (Figure 1B). ADP release from Hsp70
is triggered preferentially by the Hspl110 NEF during protein
disaggregation (Rampelt et al., 2012). Here, we outline the
newly defined architecture and function of efficient metazoan
Hsp70e]-protein®Hsp110 disaggregation machineries and briefly
discuss ensuing physiological implications and evolutionary
considerations.

Hsp110 and Metazoan Protein
Disaggregation

Hsp110 chaperones are a distinct eukaryotic branch of the
conserved Hsp70 superfamily (Lee-Yoon et al, 1995; Yasuda
et al, 1995; Easton et al., 2000) and share the Hsp70
bipartite domain architecture: an N-terminal nucleotide-binding
domain (NBD) linked to a C-terminal substrate-binding
domain (SBD) (Figure 1C). Hsp110 isoforms (three in humans,

Frontiers in Molecular Biosciences | www.frontiersin.org

October 2015 | Volume 2 | Article 57 | 37


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

Nillegoda and Bukau Metazoan Hsp70eJ-proteineHsp110 disaggregating machinery

A D
Class A J-protein (DNAJA1/ DNAJA2/ Ydj1) dimerization Hsp70-Hsp110
J-domain GIF cTD domain ) heterodimer (@ Hsp70-Hsp110
—_— — single formation “walking”
ZFLR+CTDI cToll @ Hsp70 e hn @
JD recruitment /> generating peptide & polypeptide
N loops release from
Class B J-protein (DNAJB1/ Sis1) dimerization ggregate
J-domain G/F CTD domain J-protein ‘
oo o N 7@
B 4 ’\j @
ative, -native
substrate  Hsp70e ATP  'Subsirate ‘\
%V “ J-protein 2 protein aggregate '
ATP s / !
AD d\& Pi E @ Hsp110 @ oligomeric
j recruitment Hsp70 )
NEF Hsp70+« ADP ) complex njulttple forces @
(Hsp110) + substrate multiple % formation  Pulling out trapped
Hsp70 polypeptides polypeptide
recrunment /" release from
C aggregate
human yeast Hsp70 (HSPAS/ Ssa1) J-protein \
NBD SBD binding/ compleme
TID ,’ "4 o
.y

class A L

human Hsp110 (HSPH2) J-protein

NBD SBD J

elongated f
yeast Hsp110 (Sse1) C-terminal JCIaS? B protein aggregate .
tensi -protein .
NBD SBD extension P mixed class M
complex

;

FIGURE 1 | Mechanistic models for Hsp70-based metazoan protein disaggregation. (A) Domain organization of class A and B J-proteins (as protomers). JD
designates the conserved N-terminal J-domain. G/F denotes the glycine/phenylalanine rich flexible region; ZFLR, Zinc finger-like region; CTDI and CTDII, two
homologous C-terminal B-sandwich substrate-binding domains. CTDs together with ZFLR provide substrate specificity. The dimerization domain forms functional
J-protein homodimers. (B) Hsp70eJ-proteineHsp110 functional cycle. Concomitant interaction of Hsp70 with a J-protein and substrate results in allosteric stimulation
of ATP hydrolysis trapping the substrate in Hsp70. Subsequent Hsp110 mediated ADP release from Hsp70 allows ATP rebinding, which triggers substrate release to
complete Hsp70 cycle. (C) Schematic representation of the domain organization of yeast and human Hsp110 and Hsp70. (—) in red indicates the acidic region
inserted between the terminal strands of the predicted p-sheet structure. The acidic loop determines the nuclear/cytoplasmic localization of human HSPH1 (Saito

et al., 2009). The extended C-terminal domain is noted in HSPH2. ATP and ADP nucleotides bound to the NBD of Hsp70 and Hsp110s are denoted as “T” and “D,”
respectively. (D) “Clamp and walk” model for Hsp70 and Hsp110 mediated protein disaggregation. Hsp70, J-protein and Hsp110 indicated in gray, purple and green,
respectively. Nucleotide state at the NBDs of Hsp70 and Hsp110 indicated by T and D. Sequential reaction steps (encircled numbers): 1, J-protein targets aggregate;
2, J-protein recruits Hsp70; 3, Hsp110 recruitment and formation of Hsp70eHsp110 heterodimer; 4, Hsp70eHsp110 heterodimer “walking” on aggregate by
alternating scanning (ATP state) and clamping (ADP state) substrate-interaction modes that generate pulling forces (dashed red arrows) on trapped polypeptides.
Pulling forces result in forming peptide loops (dark blue) that fold to native-like conformations; 5, Releasing of polypeptides from aggregate due to accumulation of
native-like folding events in trapped substrates. (E) Metazoan “nucleation” model for efficient Hsp70-based protein disaggregation. 1, J-protein targets and nucleates
on aggregate; 2, Localized, multiple Hsp70 recruitment by J-protein assemblies on aggregates; 3, Hsp110 recruitment; 4, formation of oligomeric chaperone complex
containing J-protein, Hsp110 and multiple Hsp70 molecules and buildup of entropic pulling forces (dashed red arrows) leading to extraction of trapped polypeptides
(dark blue). 5, Hsp110 NEF activity triggered releasing of polypeptides from aggregate.

Hsp105a/HSPH1, Apg-2/HSPH2, and Apg-1/HSPH3) form one
of the three distinct classes of NEFs (along with Bag-type and
HspBP1-type), which interact with Hsp70 molecules (Dragovic
et al., 2006; Raviol et al., 2006b; Shaner et al., 2006). In vitro,
all three cytosolic human Hsp110-type NEFs support protein
disaggregation equally (Rampelt et al., 2012). However, Hsp105a
knockout mouse cells show severe defects in reactivating
aggregated proteins after heat stress (Yamagishi et al., 2011)
despite the presence of the two other cytosolic Hsp110 members

(Apg-1 and Apg-2). This apparent hierarchy among Hsp110
members in vivo may reflect differences in cellular localization
(Saito et al., 2007) and/or tissue specific abundance (Kaneko et al.,
1997; Okui et al., 2000). RNAI depletion of the single C. elegans
cytosolic Hsp110 also shows defects in aggregate clearance after
heat-stress (Rampelt et al., 2012). These in vivo defects most likely
reflect Hsp110’s role in boosting metazoan protein disaggregation
identified in vitro (Shorter, 2011; Rampelt et al, 2012; Gao
et al., 2015; Nillegoda et al., 2015). However, lack of aggregate
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clearance in vivo may also arise partly from Hsp110 involvement
in holdase-type functions preventing aggregation (Ishihara et al.,
2003; Yamagishi et al., 2003; Yamashita et al., 2007), and/or
involvement in other protein quality control processes such as
protein degradation (Heck et al., 2010; Saxena et al., 2012).

Knockdown of Hsp110, but not the Bag-1 NEE abolishes
aggregate clearance in C. elegans (Rampelt et al, 2012).
Accordingly, substitution of Hsp110 by Bag-1 does not support
efficient protein disaggregation with human Hsp70esingle J-
protein configuration in vitro (Rampelt et al., 2012; Gao et al.,
2015), implying Hsp110 specialization for protein disaggregation.

The precise nature of Hsp110 specialization/function during
metazoan protein disaggregation however, is currently under
debate. The basic question revolves around the primary function
of Hspll0 in protein disaggregation: Is Hspl110 function
limited to nucleotide exchange (as a specialized NEF) or does
Hsp110 function extend beyond NEF activity and act as a vital
substrate-binding chaperone within the composite disaggregase
machinery? The answer to this question is central to the
mechanism of disaggregation.

Evidence for Hsp110 Function Beyond NEF
Activity

Hspl110 and Bag-1 are NEFs that trigger similar structural
changes in the NBD of Hsp70 inducing release of nucleotides
(Sondermann et al., 2001; Andréasson et al., 2008; Schuermann
et al,, 2008). Why in general Bag-1 can neither substitute for
Hsp110 in protein disaggregation in vitro nor in vivo is therefore
puzzling. Existence of unique structural features such as an SBD
(Oh et al., 1999; Goeckeler et al., 2008; Polier et al., 2010), which
is absent in other types of NEFs, may support a role for Hsp110
beyond NEF activity in metazoan Hsp70-based disaggregases.

The ability of Hspl10 to directly bind aberrant protein
substrates (via the SBD) is reflected in holdase activity, where
Hsp110 binds to misfolding proteins and prevents thermally
induced aggregation (Oh et al., 1997, 1999). Hsp110 has distinct
peptide binding specificity to that of Hsp70 (Goeckeler et al.,
2008; Xu et al., 2012), arising from sequence differences in the
SBD (Raviol et al., 2006a). Hsp110 proteins preferentially bind
aromatic residue-rich peptides, whereas canonical Hsp70s prefer
aliphatic-rich peptides. Yeast Hsp110 (Ssel) exhibits reduced
affinity for peptide substrate in the presence of ATP, indicating
nucleotide binding induces substrate release (Xu et al., 2012).
This suggests allosteric coupling between the NBD and SBD
of Hspll0 proteins prompting the idea that the NEF could
function as a substrate binding/unbinding Hsp70-like chaperone
in protein disaggregation. However, such nucleotide dependent
substrate release activity was not observed with other Ssel
specific peptide substrates (Goeckeler et al., 2008). Further,
the ATP-induced peptide release activity observed by Xu and
coworkers is restricted to yeast Hsp110s and is residual only, in
human Hsp110 (Xu et al., 2012).

A study in fruit flies however suggests suppression of
aggregation of polyQ containing proteins requires ATPase
driven allosteric coupling of NBD-SBD in the fly Hspll0,
since unlike wild-type fly-Hsp110, overexpression of an ATPase
deficient mutant of fly-Hsp110 is unable to suppress the

toxicities associated with aggregation. Suppression however, also
requires co-overexpression of a J-protein (Kuo et al., 2013). The
authors propose an Hsp70eJ-protein-like cooperation between
Hsp110 and J-proteins, beyond NEF activity. Hsp110e]-protein
combinations however, are incapable of solubilizing aggregates
in vitro. Adding Hsp70 drives solubilization (Shorter, 2011;
Rampelt et al., 2012). Also, this study is in vivo, and therefore
an Hsp70e]-protein®Hsp110 requirement is not excluded.

More compelling support for Hspll0 function beyond
NEF activity comes from a study that shows human Hsp110
(Hsp105a) is an ATP-dependent foldase capable of refolding
preformed misfolded polypeptides into native proteins (Mattoo
et al., 2013). This study further shows a bi-directional
communication linking Hsp110 and Hsp70, which allows Hsp110
to induce substrate release from Hsp70 in the absence of
ATP binding. Similarly, Hsp70 induces substrate release from
Hsp110. Under the conditions used, Mattoo and coworkers find
optimal Hsp70e]-protein®Hsp110 disaggregase activity at a 1:1
stoichiometry for Hsp70:Hsp110 (Mattoo et al., 2013). Based on
1:1 optimal activity stoichiometry and the foldase capacity of
Hsp110 (both of which activities require a J-protein to be present)
these authors propose an Hsp70®Hsp110 core functional unit for
metazoan disaggregases and the first mechanistic model for the
metazoan Hsp70-based disaggregase.

The Hsp70eHsp110 “Clamp and Walk”
Model

The “clamp and walk” model proposed by Mattoo et al. (2013)
(Figure 1D) postulates an Hsp70eHsp110 heterodimer as the
functional core unit of the Hsp70-based disaggregase. The spatial
arrangement of the proposed heterodimer depicted in Figure 1D
derives from the crystal structure of bovine Hsc70 NBD and
yeast Hsp110 Ssel (Schuermann et al., 2008). Hsp70 (black) and
Hsp110 (green) toggle between ATP (T) and ADP (D) bound
states, triggering alternately coordinated substrate binding and
release for each. The ATP bound chaperone state is engaged in
scanning for new proximal substrate contacts, while the other
ADP-bound chaperone is anchored to the protein aggregate.
Capture of a new aggregated polypeptide segment by the first
molecule triggers substrate release in the anchored molecule,
locally unwinding the released polypeptide segment to form
an unfolded polypeptide loop. Such sequential bind-and-release
events, or “walking” of the Hsp70eHspl10 heterodimer, are
predicted to constitute a power-stroke action (Sousa and Lafer,
2006), which pulls out and unfolds a series of polypeptide
loops from trapped substrates on the surface of an aggregate
(dark blue, Figure 1D). Polypeptide segments in these loops
would then spontaneously refold to native-like conformations.
Accumulation of these small refolding events along an aggregated
polypeptide would promote polypeptide dissociation from the
aggregate (Mattoo et al., 2013).

Irreconcilable Data

Though the “clamp and walk” model is attractive, it is
inconsistent with accumulating and emerging data. The foldase
activity of Hspl10 is debatable, as is the concerted action of
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Hsp70 and Hsp110 in protein disaggregation proposed by Mattoo
and coworkers (Mattoo et al., 2013). Studies previous to the
Mattoo report do not see any foldase activity by an Hsp110e]-
protein pair (Oh et al,, 1997; Yamagishi et al., 2000; Dragovic
et al,, 2006), although the kind of substrates used in the Mattoo
analysis may have given rise to different results. In addition,
mechanistic studies on yeast and human Hsp110s consistently
fail to detect any hallmark features of canonical Hsp70s (Shaner
et al., 2004; Raviol et al., 2006a; Liu and Hendrickson, 2007;
Andréasson et al., 2008). Direct analysis shows that characteristic
ATP and J-protein triggered conformational rearrangements
of Hsp70 are absent in yeast and human Hsp110s (Raviol
et al., 2006a; Andréasson et al., 2008; Goeckeler et al., 2008)
although ATP hydrolysis occurs in Hsp110 (Raviol et al., 2006a;
Goeckeler et al., 2008; Mattoo et al., 2013). Taken together, the
majority of studies shows a lack of Hsp70-like allosteric coupling
between NBD and SBD and foldase activity for Hsp110s (Oh
et al., 1997; Yamagishi et al., 2000; Dragovic et al., 2006; Raviol
et al., 2006a; Andréasson et al., 2008; Goeckeler et al., 2008).
Further, a NEF activity-deficient mutant of human Hspl10,
but not an ATPase deficient mutant, is defective in Hsp70e]-
protein mediated protein disaggregation (Rampelt et al., 2012).
This strongly suggests the primary function of Hspll0 in
protein disaggregation is nucleotide exchange and not an activity
requiring ATP-dependent structural rearrangements in Hsp110.
In general, NEFs act at substoichiometric levels to Hsp70
to avoid futile nucleotide exchange cycles in Hsp70 leading to
inhibitory effects during non-metazoan protein disaggregation
and/or refolding assays in vitro (Goloubinoff et al, 1999;
Yamagishi et al., 2000; Zietkiewicz et al., 2006; Genest et al., 2011).
Human Hsp110 displays characteristics of a typical NEF during
metazoan protein disaggregation/refolding and works optimally
at substoichiometric levels relative to Hsp70. Accordingly, higher
Hspl110 to Hsp70 ratios inhibit protein solubilization by the
human Hsp70-based disaggregation system (Rampelt et al.,
2012; Gao et al.,, 2015; Nillegoda et al., 2015). However, under
the conditions Mattoo and colleagues use, highest protein
disaggregation activity is found at equimolar concentrations of
Hsp70 and Hsp110 (Mattoo et al., 2013). This contradiction in
Hsp70 to Hsp110 stoichiometry perhaps arises from differences
in experimental conditions. The rationale for an Hsp70@Hsp110
heterodimer based disaggregase model however, depends heavily
on this observation. Furthermore, structurally, the elongated C-
terminal extension (Figure 1C) unique to human Hsp110s and
important for substrate binding (shown for holdase activity)
(Oh et al.,, 1999; Raviol et al., 2006a) is superfluous for protein
disaggregation. The yeast Ssel NEF which has a stunted C-
terminal extension functionally dispensable in vivo (Shaner et al.,
2004; Liu and Hendrickson, 2007) and in vitro for NEF activity
(Andréasson et al., 2008), is capable of fully substituting for
the human Hspl110 during protein disaggregation (Rampelt
et al, 2012). This strongly suggests, but does not formally
show, that substrate-binding features of human Hspl1l0 are
dispensable for disaggregation. Altogether, these observations
further consolidate a primarily nucleotide exchange function
for metazoan Hspl1l0 in protein disaggregation. Finally and
most tellingly, Hspl10 is not strictly essential for activity

in some disaggregase configurations (Nillegoda et al., 2015),
though not others (Gao et al., 2015). The in vitro activity on
amorphous aggregates by human Hsp70-based disaggregases
containing heterocomplexed J-proteins is ~33% less efficient
without Hsp110 (Nillegoda et al., 2015). This is reminiscent of
the yeast bi-chaperone-based disaggregase system where Hsp110
acts as a NEFE, which boosts, but is dispensable for, disaggregation
(Glover and Lindquist, 1998; Rampelt et al., 2012).

The “clamp and walk” model is unclear as to how J-proteins,
an essential component of metazoan disaggregase machinery
(Nillegoda et al., 2015), participate in the “walking” dynamics
of the proposed Hsp700Hsp110 heterodimer on the aggregate
(Figure 1D, beyond step 1). Cumulatively, these points suggest
a central role for an Hsp70@Hsp110 heterodimer in metazoan
protein disaggregation is unlikely, and point instead to a central
involvement of J-proteins.

In short, both the analytical discrepancies outlined regarding
NEF independent function and the latest developments
in Hsp70-based disaggregase biology involving J-protein
requirements (Nillegoda et al.,, 2015) suggest the primary role
of Hspll0 in disaggregation is nucleotide exchange. These
considerations argue against a central architectural role for
Hsp110 as a key substrate-binding chaperone in the Hsp70-based
disaggregases.

Metazoan NEF Specialization in Protein
Disaggregation

One explanation for the specialization of Hspl10 in protein
disaggregation may lie in the kinetics of NEF driven Hsp70
cycling through ATP/ADP states. A further consideration is
the overall architecture of the assembled Hsp70 disaggregase,
which may limit steric accessibility of one NEF over another
in some configurations. Hspl10 and Bagl NEFs utilize
a similar mechanism to induce nucleotide release from
Hsp70, but have discrete binding interfaces on the Hsp70
NBD (Sondermann et al., 2001; Andréasson et al., 2008).
The assembled disaggregase core architecture (J-proteins and
Hsp70) probably favors accessibility of one binding interface
(Hsp110) over the other (Bagl), depending on the specific J-
protein combinations incorporated into the core architecture.
This accounts well for the inability of the Bag-1 NEF
to promote efficient nucleotide exchange in Hsp70-based
protein disaggregation in some combinations but not others.
Hsp70eDNAJB1eBag-1 combinations show poor disaggregation
activity compared with Hsp70eDNAJB1eHsp110 combination.
In contrast, Hsp708DNAJA2 combinations, which specifically
target smaller aggregates (Nillegoda et al., 2015), function
equally well with Hsp110 and Bag-1 in vitro (Rampelt et al.,
2012). Bag-1 displays similarly differential cooperative efficacy
in refolding proteins, with Hsp706DNAJA2 providing highest
activity (Terada and Mori, 2000). Although not directly shown,
these observations are entirely consistent with steric exclusion
due to architectural constraints leading to lack of function, and
suggest Hsp110 has evolved to provide a specialized NEF used by
all Hsp70-based disaggregases.
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On balance, we predict that Hsp110 co-chaperones play a
dual role in protein disaggregation. Hsp110 primarily provides
NEF activity facilitating efficient substrate release from Hsp70
molecules, which resets the disaggregase machine for another
round of polypeptide extraction. The contribution of Hspl110
NEEF activity to protein disaggregation is dispensable and varies
with J-protein class (Rampelt et al, 2012), J-protein class
cooperation (Nillegoda et al, 2015), and substrate-type (Gao
et al, 2015; Nillegoda et al, 2015). Hsp110 however may
also perform an extra, but non-essential holdase function in
disaggregation by interacting directly with polypeptides during
extraction from the aggregate, as invoked by the earlier “clamp
and walk” model (see Figure 1E for a newly proposed model for
Hsp70-based disaggregases).

The Metazoan “Nucleation” Model for
Efficient Hsp70-based Protein
Disaggregation

A different mechanism for metazoan Hsp70-based
disaggregation incorporates the latest data (Figure 1E) and
resolves the analytical discrepancies outlined. This mechanism
involves initial formation of oligomeric, higher order chaperone
structures containing multiple Hsp70 molecules on the aggregate
surface. Clustered binding of Hsp70 molecules, potentially
to the same trapped substrate polypeptide, will increase the
extracting force on the polypeptide due to decreasing entropy
(De Los Rios et al., 2006; Goloubinoff and De Los Rios, 2007),
facilitating local disaggregation. Repulsive forces generated
by steric exclusion of bulky clustered Hsp70 molecules are
also proposed to disrupt strong peptide-peptide interactions
(Kellner et al., 2014). Together, such forces are thought to help
release trapped polypeptides from aggregates. Unfolding is a
prerequisite for subsequent correct protein refolding of extracted
polypeptides. Unlike non-metazoan Hspl00 AAA+ ATPases
where extracting polypeptides are unfolded by threading through
a molecular tunnel (Weibezahn et al., 2004; Hinnerwisch et al.,
2005; Haslberger et al., 2008; Doyle et al., 2012), the metazoan
Hsp70-based disaggregase probably relies instead on the
unfoldase power of Hsp70 chaperones to directly unravel the
disaggregating polypeptides (Sharma et al., 2011). The multi-
component disaggregase complex may also form a channel-like
or cavity-like structure to stabilize the disaggregating, unfolded
polypeptide (Figure 1E, step 4). However, how are multiple
Hsp70 molecules efficiently attracted to one site on the surface of
an aggregate? This is the crucial first step for this model.

A Central Role for J-proteins in
Disaggregase Structure

Recent work reveals the formation of transient heterocomplexes
between class A and class B homodimer J-proteins via
intermolecular JDeCTD interactions. These mixed class J-protein
complexes formed on the surface of amorphous aggregates
boost the efficacy of metazoan Hsp70-based disaggregases
(Nillegoda et al., 2015). Canonical J-protein homodimers present

two J-domains for potential interaction with two independent
Hsp70 molecules (Morgner et al, 2015). On this basis, a
minimal mixed-class dimer-dimer J-protein complex would
present four J-domains and could therefore recruit up to four
Hsp70 molecules after binding to an aggregate (Figure 1E,
step 2). Conglomeration of Hsp70 molecules would further
increase if recruited Hsp70 molecules themselves further formed
homodimers, as recently seen in bacteria (Malinverni et al., 2015;
Sarbeng et al., 2015). J-protein nucleation on the surface of
protein aggregates therefore would provide a foundation upon
which multiple Hsp70 molecules are recruited to form oligomeric
Hsp70-based efficient disaggregation machines. The precise basis
for J-proteins nucleation on aggregates has not been defined but
presumably J-proteins nucleate where looped out polypeptide
stretches are available for binding.

Summarizing the Support for the Two
Models

The crucial difference between the two models lies in the
molecular architecture of the core disaggregase, which dictates
mechanism of aggregate solubilization. In the earlier model an
Hsp70eHsp110 heterodimer core enables a ratcheted bind-and-
release of aggregate substrate, in a “walking” disaggregation
action to create successive disaggregated domains on a
polypeptide, eventually leading to full disaggregation. This
presumes ATP-hydrolysis coordinates substrate capture and
release by Hsp70, which is well established, but also for
Hsp110, which is experimentally unsupported. Further, recent
data show Hspl10 is not strictly essential in some metazoan
disaggregase configurations. J-proteins on the other hand, are
indispensable. The clamp and walk mechanism, based on an
Hsp70eHsp110 core architecture, strictly requires Hsp110, and
makes no provision for J-protein function other than the initial
targeting of Hsp70 or Hsp110 to the aggregate. Together, these
points make an Hsp70@Hsp110 heterodimer architecture and the
ensuing ratchet mechanism less plausible.

In contrast, the new model requires initial nucleation by
J-proteins for Hsp70-based disaggregation to proceed. In this
model J-proteins target amorphous aggregate surfaces, recruiting
multiple Hsp70 molecules via established interaction interfaces,
to foci on the aggregate, nucleating higher order Hsp70-J-
protein core disaggregase structures. The NEF activity of Hsp110
is beneficial and often essential for enhancing disaggregation
function, but for some disaggregase configurations dispensable.
There is also evolutionary precedence suggesting a bacterial
J-protein-mediated Hsp70 clustering mechanism driving Hsp100
dependent disaggregation (Seyffer et al., 2012). In the metazoan
context, J-protein nucleation on aggregate surfaces is therefore
very plausible.

A J-protein Gearbox Regulates Metazoan
Protein Disaggregation Efficacy

Both efficacy and substrate (protein aggregate) specificity
of Hsp70-based disaggregases are determined by J-proteins.
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Hsp70-based disaggregases containing class A vs. class B
J-proteins specifically target different amorphous aggregates.
Human Hsp70 and Hsp110 combined with class A J-protein
(DNAJA1, DNAJA2) targets only small aggregates (Mattoo et al,,
2013; Nillegoda et al., 2015). In contrast, the Hsp70eclass
B J-protein (DNAJB1)eHspl10 system solubilizes only
large aggregates (Nillegoda et al, 2015). This explains the
superior disaggregation activity of the Hsp70eDNAJB1eHsp110
combination in previous work which used substrates consisting
predominantly of large aggregates (i.e., aggregated luciferase
formed under high luciferase concentration) (Rampelt et al.,
2012). Selection is based on aggregate size/structure rather
than substrate type, possibly arising from differences in class
A vs. B J-protein mode of binding (Terada and Oike, 2010)
and/or peptide binding characteristics (Fan et al., 2004). Unlike
single class J-proteins, mixed class J-protein complexes provide
broad substrate specificity, allowing Hsp70-based disaggregases
to target aggregates over a wide size range (Nillegoda et al.,
2015). This is most likely due to combined presence of different
substrate binding CTDs in the complex. Different aggregate types
(amorphous vs. amyloid) are resolved by markedly different
configurations of Hsp70-based disaggregases. For example, the
Hsp70eDNA]JB1eHsp110 single J-protein configuration, which
specifically targets large amorphous aggregates is also sufficient
for efficient disintegration of a-synuclein amyloid fibrils and
does not require mixed class J-protein complexing (Gao et al.,
2015).

Overall, it is clear that during protein disaggregation, J-
proteins can function both independently in a class-dependent
manner, and as mixed-class complexes with markedly distinct
properties, dependent on specific constituent J-proteins. Humans
have over 50 members in the J-protein family (Figure 2A)
(Kampinga and Craig, 2010), as do other metazoans like C.
elegans (~30 members) (Yook et al., 2012). A wide range
of complexed J-protein combinations is therefore available to
metazoa, essentially providing a metazoan gearbox for fine-
tuning target selectivity and efficacy of protein disaggregation.

The Emergence of Hsp70-based Protein
Disaggregases During Evolution

Gene losses occur in all major lineage transitions of life.
Such losses are usually reflected as deficiencies in specific
biological activities (Danchin et al., 2006). The abrupt loss
of cytosolic/nuclear Hspl00 class members in the transition
to metazoa has no immediately obvious basis, since protein
disaggregation activity is preserved and is essential in the
metazoa.

Loss of Hspl00 during metazoan evolution coincides with
gain-of-disaggregation function in Hsp70 machines during
metazoan evolution (Figure2B). Three major changes in
cellular protein quality control could account for reduction
of the disaggregation machine from an Hsp100-Hsp70 dual
system to the single Hsp70 system: (1) The appearance of
vacuolar/lysosomal-based autophagic protein degradation in
eukaryotes diversifies and augments mechanisms of aggregate

clearance in metazoa (Lu et al., 2014; Rogov et al., 2014). Presence
of an alternative pathway could reduce selection pressure for
the relatively energy-expensive Hsp100. (2) Habitat wise, free
living bacteria, fungi and plants are exposed to constantly
changing harsh environmental stresses, unlike metazoans, and
rely heavily on Hsp100-based disaggregases for survival after
extreme heat stress (Sanchez and Lindquist, 1990; Squires et al.,
1991; Hong and Vierling, 2000). Hsp100 however is dispensable
for central biological processes (Hong and Vierling, 2001) and
under unstressed growth conditions is actually detrimental to
fitness (Escusa-Toret et al., 2013). The fitness cost associated
with maintaining a powerful Hsp100-based disaggregase system
therefore, may have driven better stress-buffering in metazoan
cells (Durieux et al., 2011; Gidalevitz et al., 2011; Van Oosten-
Hawle et al., 2013) and loss of Hspl00. (3) The emergence
of enhanced disaggregation versatility, via J-protein and NEF
configurations providing a highly tunable Hsp70-based protein
disaggregation system, may have also contributed to loss of
Hsp100. A substrate-tailored versatile disaggregation system
is better suited to the needs of multicellular organisms than
the potent, but inflexible and less specialized Hsp100-based
bi-chaperone disaggregase system found in non-metazoan life-
forms.

Metazoan Hsp70, particularly the constitutive Hsc70 (HSPAS)
also harbor critical evolutionary changes that support protein
disaggregation. Appearance of Hspll0 in non-metazoan
eukaryotes may have triggered concomitant development of
accessorizing features of the partner protein Hsp70. Yeast Ssel
boosts the activity of human Hsp70e]-protein (HSPA8®eDNAJB1)
disaggregation system, but is unable to do so to the same level
for yeast counterparts (Ssal®Ydjl or SsaleSisl) (Rampelt et al,,
2012). This points clearly to specialization of metazoan Hsc70
in protein disaggregation and this remains to be dissected.
What also remains unclear is the evolution of mixed class
J-protein complexing in protein disaggregation, especially since
both class A and class B J-proteins exist in non-metazoans
(Figure 2B).

Concluding Remarks

In metazoans, the expanded number of Hsp70, J-protein and
NEF class members enables greater flexibility of disaggregase
machinery configuration, suggesting a natural selection in
favor of versatility of function. However, increased system
diversification, versatility and components also increases the
scope for defects arising in protein quality control processes, with
the potential to translate into disease.

The substrate spectrum of the metazoan Hsp70-based
disaggregase is currently poorly understood in vivo. It is of
particular interest to examine how disease-linked amyloid-
type aggregates that form stable fibrils can be disassembled
by Hsp70-based disaggregases. Components of the human
Hsp70-based disaggregase have been isolated from a variety
of amyloid-type aggregates (Olzscha et al., 2011; Kirstein-
Miles et al., 2013; Song et al., 2013) indicating that Hsp70
machinery may play a role in amyloid related neuropathies.
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FIGURE 2 | Evolution of the Hsp70-based protein disaggregases. (A) Tabulation of Hsp100, Hsp70, J-protein and nucleotide exchange factors in prokaryotes
(E. coli), non-metazoan eukaryotes (S. cerevisiae), and metazoa (H. sapiens). The listings include experimentally established isoforms of the respective chaperones
and co-chaperones (Genevaux et al., 2001; Lu et al., 2006; Saito et al., 2009; Kampinga and Craig, 2010). (B) Schematic diagram depicting the emergence of
Hsp70-based protein disaggregases and loss of Hsp100 and Hsp70 bi-chaperone machines during evolution. Hsp100, GrpE (bacterial NEF), Hsp70, J-proteins and
Hsp110 indicated in orange, brown, gray, purple (class A J-protein), blue (class B J-protein) and green, respectively. Hsp110 NEFs only appear in eukaryotes. Hsp100
is absent in metazoan cytosol and nucleus. Aggregate solubilization power of bacterial, yeast and human disaggregation systems indicated bellow. Color-coding

depicts different components of the disaggregation systems. *Denotes the high protein disaggregation activity by Hsp70eJB1eHsp110 configuration that rapidly
disassemble a-synuclein fibrils (Gao et al., 2015).

A recent in vitro study now shows a specific architecture of  and regulation of the basic disaggregation process in human
the Hsp70®Hsp110e]-protein configuration rapidly disassembles  cells.
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Molecular chaperones of the Hsp70 family form an important hub in the cellular protein
folding networks in bacteria and eukaryotes, connecting translation with the downstream
machineries of protein folding and degradation. The Hsp70 folding cycle is driven by two
types of cochaperones: J-domain proteins stimulate ATP hydrolysis by Hsp70, while
nucleotide exchange factors (NEFs) promote replacement of Hsp70-bound ADP with
ATP. Bacteria and organelles of bacterial origin have only one known NEF type for Hsp70,
GrpE. In contrast, a large diversity of Hsp70 NEFs has been discovered in the eukaryotic
cell. These NEFs belong to the Hsp110/Grp170, HspBP1/Sil1, and BAG domain protein
families. In this short review we compare the structures and molecular mechanisms of
nucleotide exchange factors for Hsp70 and discuss how these cochaperones contribute
to protein folding and quality control in the cell.

Keywords: BAG domain, cochaperone, GrpE, HspBP1/Sil1, Hsp110/Grp170, protein folding, proteostasis

Introduction

Molecular chaperones of the Hsp70 family use a nucleotide-dependent conformational cycle to sup-
port protein folding. Hsp70 proteins comprise an N-terminal nucleotide binding domain (NBD)
and a substrate binding domain (SBD), which communicate by allosteric signals (reviewed in
Mayer, 2013). The nucleotide is bound at the center of a two-lobed structure, commonly divided
into subdomains IA, IB, IIA, and IIB. ATP binding favors a twist between the NBD lobes which
allows extensive contacts with the SBD. In this conformation interactions with misfolded proteins
are dynamic. In contrast, the ADP-bound state exhibits an extended structure with tight inter-
actions between the SBD of Hsp70 and exposed hydrophobic peptide segments. ATP hydrolysis
by Hsp70 thus induces stable substrate complex formation, and ATP re-binding triggers substrate
release from Hsp70. Hsp70 has however high affinity for ADP and its intrinsic ATP hydrolase
activity is low. Hence Hsp70 function critically depends on cochaperones, specifically J-domain
proteins (JDP) and nucleotide exchange factors (NEFs), which accelerate ATP hydrolysis and
ADP-ATP exchange, respectively. The great diversity of JDPs, especially in eukaryotes, suggests
that Hsp70 is recruited for specific tasks by forming ternary complexes with substrates and these
cochaperones. Eubacterial genomes encode only one NEF for Hsp70, GrpE. While in mitochon-
dria and chloroplasts GrpE homologs are preserved, the cytosol and endoplasmic reticulum (ER)
of eukaryotes contain three divergent families of NEFs: Hsp110/Grp170, HspBP1/Sill homologs
and BAG-domain proteins (Hohfeld and Jentsch, 1997; Kabani et al.,, 2002; Steel et al., 2004;
Dragovic et al., 2006; Raviol et al., 2006). The human genome encodes four Hsp110/Grp170 and
two HspBP1/Sill homologs in addition to five BAG-domain proteins and two mitochondrial GrpE
species (Figure 1). In addition, isoforms of NEFs resulting from alternative initiation sites and
splicing exist. This NEF diversity may contribute to the appropriate allocation of Hsp70 folding
capacity within the proteostasis network. Interestingly, metazoans, plants and some protists also
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FIGURE 1 | Domain compositions of human NEF homologs. Human
cells express two mitochondrial GrpE isoforms (mtGrpE1/GRPEL1 and
mtGrpE2/GRPEL2), three Hsp110 homologs (Hsp105/HSPH1,
Apg-1/HSPA4L, and Apg-2/HSPA4 —the codes designate the gene names)
and five BAG-domain proteins. There is only one form of Grp170/HYOU1,
HspBP1, and Sil1, respectively. Isoforms arising from alternative initiation
sites and splicing were described for Hsp105, HspBP1, and Bag1 (not
shown). mtGrpE isoforms contain mitochondrial signal sequences (ss). The
a- and B-domains (orange and green, respectively) are conserved with GrpE
from E. coli. The Hsp110/Grp170 family proteins consist of an N-terminal
nucleotide binding domain (NBD, blue), a 8-sandwich (8-Dom, green) and a
a-helix bundle domain (a-Dom, pale yellow). All isoforms contain long variable
insertions in the p-sandwich and at the C-terminus. SS indicates signal
sequences for ER import of Grp170 and Sil1. HspBP1 and Sil have

mtGrpE1
mtGrpE2
ins. M o-Dom | C-extension | Hsp105
W o-Dom [ C-extension ] Apg-1
[ C-extension | Apg-2
insertion W a-Dom | C-extension | Grp170
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[ICC] MYl | Bag2
(LT HTT N [ PxxP_ Il | Bag3
WW PV WW  IPV
I X<l Bag4
1 348D 1 3HBD B 3HBD N 3HBD B BAG |[E:ETH

characteristic Armadillo repeat folds (orange). All members of the BAG family
in humans, Bag1-5, contain C-terminal Hsp70-binding BAG domains (red),
but have otherwise divergent domain composition. Bag1 contains an
Ubiquitin-like domain (Ubl, dark blue), which might associate with the
regulatory particle of the 26S proteasome, and a NLS sequences (purple) for
nuclear targeting. Bag2 contains a coiled-coil dimerization domain (CC,
orange) (Page et al., 2012). Bag3 comprises multiple N-terminal sequence
motifs including WW domains (WW, yellow), IPV sequence motifs (brown)
and PXXP repeats (pink), which mediate interactions with proline-rich motifs,
HspB8 and SH3 domains, respectively (Doong et al., 2000; Fuchs et al.,
2010; lwasaki et al., 2010; Ulbricht et al., 2013). Bag5 has four additional
3-helix bundle domains of unknown function (Arakawa et al., 2010). Bag6 is
not shown because the original assignment as an NEF of Hsp70 was
incorrect (Mock et al., 2015).

harbor the additional cochaperone Hip (gene ST13), which
antagonizes NEF function by stalling Hsp70 cycling and stabi-
lizing Hsp70 complexes with specific substrates.

In this review we compare the structures and molecular
mechanisms of different NEF families and discuss how these
cochaperones contribute to protein remodeling, folding and
quality control in the cell. For a more comprehensive overview,
please see our earlier work (Bracher and Verghese, 2015).

GrpE, the Bacterial NEF

Protein folding by the eubacterial Hsp70 homolog DnaK in
Escherichia coli depends on GrpE, which is encoded by an essen-
tial gene (Ang and Georgopoulos, 1989). Together with the JDP

Dna]J, GrpE greatly accelerates ATP hydrolysis and thus confor-
mational cycling of DnaK (Liberek et al., 1991; Laufen et al,
1999). However, it should be noted that E. coli also expresses
two specialized Hsp70 isoforms, HscA and HscC, which do not
depend on GrpE (Brehmer et al., 2001).

Structurally, GrpE is composed of an a-helical dimerization
domain and a B-domain that mediates most of the interac-
tions with DnaK (Harrison et al., 1997). The a-helical domains
form a stalk-like, coiled-coil structure with a four-helix bun-
dle at the C-terminal end; the B-domains protrude like wings
from the helix bundle (Figure 2). In the complex with the NBD
of DnaK, one B-domain inserts into the nucleotide binding
cleft, forcing the nucleotide binding pocket open by rotation of
subdomain IIB (Figure 2). This NBD conformation has greatly
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Family NEF structure Hsp70 complex Mechanism
GrpE
Subdomain 1IB
rotation
Hsp110/
Grp170
Helical
bundle
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C Subdomain 11A/IIB
rotations
HspBP1/ Lobe | displacement
Sil1 and partial unfolding
H.sapiens HspBP1
N
Cc
BAG
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proteins
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FIGURE 2 | Structure and mechanism of nucleotide exchange nucleotide exchange mechanism indicated. The drawings are based on
factors. Exemplary structures of the four NEF families are shown the PDB coordinate sets 1DKG (GrpEeDnaK, Harrison et al., 1997),
together with respective Hsp70 complexes. The NEF is always shown 2V7Y (DnaKeADP, Chang et al., 2008), 3D2F (Ssel1peHsp70, Polier
in blue; the Hsp70 NBD in orange with subdomain 1B highlighted in et al., 2008), THPM (Hsc70eADP, Wilbanks and Mckay, 1995), 1XQS
red. On the right the structure of the NBD in the complex is (HspBP1eHsp70-lobell, Shomura et al., 2005) and 1HX1 (Bag1eHsc70,
superposed with the ADP-bound conformation, and the putative Sondermann et al., 2001).

diminished affinity for nucleotide. Simulations of the highly con-
served NBD suggest that subdomain IIB motion is facilitated
by a flexible hinge connection (Ung et al., 2013). GrpE thus

utilizes an in-built feature of Hsp70 for its function. In addition
to the B-domain, parts of the stalk and flexible N-terminus of
GrpE contribute to DnaK binding. The latter segment appears
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to compete with substrate binding to DnaK (Harrison et al.,
1997).

GrpE function in E. coli appears to be regulated by tempera-
ture (Grimshaw et al., 2001). At the optimal growth temperature,
GrpE is dimeric and active, enabling rapid DnaK cycling needed
for folding newly synthesized proteins. Under thermal stress, the
stalk of GrpE appears to unfold, which prevents the cochaper-
one from binding to DnaKesubstrate complexes and thus lim-
its futile cycling and ATP expenditure. During thermal stress,
interactions with DnaK stabilize substrates against aggregation.
The transition in GrpE is fully reversible and the DnaK-Dna]J-
GrpE system begins to refold DnaK-stabilized substrates upon
recovery.

Eukaryotic GrpE Homologs

Mitochondria and chloroplasts, the eukaryotic organelles of
eubacterial origin preserve the bacterial Hsp70 system includ-
ing GrpE homologs. The most conspicuous function of this sys-
tem is the import of organellar proteins from the cytosol across
membranes (see accompanying reviews). This is essential because
most of the matrix/stroma proteins are encoded in the nucleus.
Moreover, protein folding within these organelles also depends
on GrpE function. The thermosensory function of GrpE appears
to be preserved in eukaryotes (Moro and Muga, 2006; Willmund
et al., 2007).

Evolution of Eukaryotic NEFs

In contrast to DnaK, authentic eukaryotic Hsp70 homologs have
weakened contacts across the nucleotide binding cleft. Prob-
ably the function of the eukaryotic Hsp70 ancestor did not
require NEFs. Dependence on NEFs apparently evolved only
later, and thus modern GrpE and the mammalian NEF Bagl
function only with their cognate Hsp70 partners (Brehmer et al.,
2001). In the presence of physiological phosphate concentra-
tions, the ADP dissociation rates of eukaryotic Hsp70 dimin-
ish to the levels similar to DnaK in E. coli, and thus NEFs
are required for efficient cycling in vivo (Géssler et al., 2001;
Arakawa et al., 2011). The most ancient and universal type of
eukaryotic NEF is Hsp110/Grp170, which shares its molecu-
lar architecture with canonical Hsp70 proteins (Figure 2). The
other two NEF families, HspBP1/Sill homologs and BAG-
domain proteins, have generic structural scaffolds, Armadillo
repeats and three-helix bundles, respectively, which are also
found in other functional contexts such as nuclear transport
and vesicle fusion (Figure 2). Interestingly, despite their con-
siderable structural diversity, all NEFs target subdomain IIB in
the NBD of Hsp70. This suggests convergent evolution toward
activating the molecular switch built into the Hsp70 NBD. It
appears that the structurally homologous NEFs HspBP1 and
Sillp evolved independently, since their contact regions with
the cognate Hsp70 homolog differ markedly (Shomura et al.,
2005; Yan et al., 2011). Convergent evolution might also explain
the perplexing diversity in BAG-domain architecture, which
became only apparent when the individual structures were
determined.

Nucleotide Exchange Mechanism

All eukaryotic NEFs seem to capture open conformations of the
NBD. GrpE literally drives a molecular wedge into the nucleotide
binding cleft of DnaK, whereas the Hsp110 homolog in Saccha-
romyces cerevisiae, Sselp, attaches to the flank of subdomain IIB
while anchoring itself onto the remainder of the NBD (Polier
et al., 2008). HspBP1/Sill homologs and BAG-domain proteins
use their bulk mass to fix Hsp70 in an open conformation.
HspBP1 binding even induces partial unfolding of the NBD.
Because their shapes vary considerably, the NBD subdomains are
displaced in different ways, as evidenced by cocrystal structures
with Hsp70 NBDs (Figure 2). ATP but not ADP binding subse-
quently displaces NEFs from eukaryotic Hsp70 for a new round
of substrate binding.

Hsp110/Grp170

Hsp110 and its ER-lumenal homolog Grp170 share their domain
architecture with canonical Hsp70 proteins, consisting of an N-
terminal NBD, followed by a B-sandwich and an a-helix bun-
dle domain, but have long insertions and C-terminal exten-
sions compared to Hsp70 (Figure 1). Their sequence conser-
vation is much lower than in canonical Hsp70. Crystal struc-
tures of the Hsp110 homolog Sselp in complex with Hsp70
showed that the two NBDs face each other (Figure 2) (Polier
et al., 2008; Schuermann et al., 2008). The NBD of Hsp70 is
fixed in an open conformation by additional contacts with the
a-helix bundle domain of Sselp. These contacts are highly con-
served in the Hsp110/Grp170 family, and presumably all mem-
bers employ the same binding mode (Andreasson et al., 2010;
Hale et al., 2010). To function, Sselp requires ATP binding, which
induces a compact conformation, but not ATP hydrolysis (Shaner
et al., 2004; Raviol et al., 2006). Indeed, expression of ATP-
binding competent, but ATPase-deficient Sselp mutants rescues
the lethal phenotype of the deletion of SSEI/SSE2. Because of low
sequence conservation in the $-sandwich domain, it is unclear
whether the substrate binding mode seen in DnaK-ADP is also
employed by Hsp110/Grp170. Hsp110 homologs seem to pre-
fer aromatic residues in target sequences, while canonical Hsp70
has a bias toward aliphatic hydrophobic and proline residues (Xu
et al,, 2012). Mammalian and yeast Hsp110 homologs are potent
holdases for misfolded luciferase, preventing its aggregation until
refolding with Hsp70/Hsp40 commences (Oh et al., 1997, 1999).
Sselp requires heat activation for this activity (Polier et al.,
2010). Whether nucleotide-dependent cycling of Hsp110/Grp170
is required for holdase activity is controversial.

HspBP1/Sil1

HspBP1 and Sill represent the cytosolic and ER-lumenal forms
of a NEF family with Armadillo repeat architecture, respec-
tively. Sill homologs can be identified in most eukaryotes;
Caenorhabditis elegans apparently lacks a cytosolic HspBP1
homolog. The C-terminal 260-residue NEF domain of human
HspBP1 consists of four Armadillo repeats capped at each end
with a-helix pairs. The short N-terminal regions are highly
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divergent and their function is unknown. The structure of the
human HspBP1 NEF domain in complex with a fragment of
Hsp70 showed that the concave face of the Armadillo repeat
structure wraps around subdomain IIB of the NBD (Figure 2)
(Shomura et al., 2005). Comparison with other structures of
the Hsp70 NBD suggests that the bulk of HspBP1 would clash
with subdomain IB. Protease sensitivity and tryptophan fluo-
rescence indicates that Hsp70 evades this through local unfold-
ing in the complex. Surprisingly, the yeast ER paralog Sillp
employs different contacts and stops at mere opening of the
nucleotide binding cleft (Yan et al., 2011). Interestingly, the inter-
actions of metazoan Sill with the ER-Hsp70, BiP, seem more sim-
ilar to HspBP1 than to the putative yeast ortholog Sillp (Hale
et al., 2010; Howes et al, 2012). Whether ATP binding pre-
empts NBD unfolding under physiological conditions remains
unknown.

BAG Domain Proteins

The BAG domain-containing proteins represent the most
divergent group among eukaryotic NEFs. Human Bagl was the
first eukaryotic NEF to be identified, after its initial character-
ization as the binding partner of anti-apoptotic protein Bcl-2
(Hohfeld and Jentsch, 1997). It contains a 3-helix bundle domain
of 110 residues having NEF activity (Figure2) (Sondermann
etal,, 2001). Subsequently four more homologs with putative Bag
domains were identified in humans, Bag2-Bag5 (Takayama and
Reed, 2001). All have distinct domain compositions (Figure 1).
Structural analysis of the respective Bag domains revealed a sur-
prising diversity of a-helix bundle architectures, but all share
a conserved sequence signature that targets subdomain IIB of
Hsp70. The Hsp70-binding BAG domains of Bag3, Bag4, and
Bag5 form shorter 3-helix bundles than Bagl (Briknarova et al,,
2002; Brockmann et al., 2004; Arakawa et al., 2010). The “Brand
New Bag” (BNB) domain of Bag2 has a dimeric four-helix bun-
dle structure that can accommodate two Hsp70s (Xu et al., 2008).
This could help target complexes of multiple Hsp70 molecules
attached to one substrate molecule.

The diverse domains found together with the NEF domain
in BAG proteins probably allow recruitment of Hsp70 for spe-
cific purposes. However, only the domain compositions of Bagl
and Bag3 appear conserved among metazoans. Bagl homologs
also seem to occur in plants (Kabbage and Dickman, 2008). Bagl
contains an Ubiquitin-like domain (Ubl) in addition to the NEF
domain, suggesting a role in targeting substrates for proteaso-
mal degradation. In murine Bagl, the Ubl domain also medi-
ates interactions with EGF-like growth factor (Hung et al., 2014).
Bag3 has multiple interaction motifs and connects Hsc70 with
the small heat shock protein HspB8 and the dynein adaptor pro-
tein 14-3-3y in targeting protein aggregates for degradation by
autophagy via the microtubule network (Arndt et al., 2010; Fuchs
etal.,, 2010; Xu et al., 2013). Bag2 forms stable ternary complexes
with Hsc70 and the Hsp70-associated dimeric ubiquitin ligase
CHIP, inhibiting proteasome targeting of inducible Hsp70 and
substrate proteins (Arndt et al., 2005; Dai et al., 2005). The BNB
domain has also been implicated in binding to substrate directly
(Xu et al., 2008).

Antagonism between Hip and NEF Function

The dimeric multi-domain protein Hip antagonizes the func-
tion of Bagl and probably other NEFs (Kanelakis et al., 2000).
Hip slows the dissociation of ADP from Hsp70, thus stabilizing
substrate protein association in presence of ATP (Hohfeld et al.,
1995; Li et al., 2013). The crystal structure of the core complex
of Hip with Hsp70-ADP revealed that the binding interfaces of
Hip and NEFs overlap, resulting in mutually exclusive binding
(Li et al., 2013). The binding affinity of NEFs — with the excep-
tion of Bag2 — is however ~100 times higher, and stable binding
of Hip thus requires additional interactions. Simultaneous inter-
actions with two Hsp70 molecules attached to a slow-folding sub-
strate or an aggregate would boost affinity toward the Hip dimer
through avidity. Hip might also directly recognize specific sub-
strates such as the Hsp90-client protein glucocorticoid receptor
via its DP domains (Nelson et al., 2004). Interaction of Hsp70-
substrate complexes with Hip might thus enable slow cycling and
limit futile energy expenditure by Hsp70 on ill-fated substrate
proteins and downstream chaperone clients. Concomitantly, Hip
binding might also prolong the time window for proteasomal tar-
geting, consistent with increased disposal of mutant androgen
receptor upon Hip overexpression (Wang et al., 2013).

Involvement of NEFs in Protein Folding and
Import

In the model organism S. cerevisiae, Sselp is by far the most abun-
dant cytosolic NEEF, followed by its inducible isoform Sse2p and
the HspBP1 ortholog Feslp. Together they constitute about 1/10
of the total concentration of cellular Hsp70 (Ghaemmaghami
et al., 2003; Kulak et al., 2014). The Bag protein Snllp is only
present at low concentration and probably highly specialized
(Verghese and Morano, 2012). Sselp collaborates with ribosome-
bound and cytosolic Hsp70 isoforms in folding and processing
a large proportion of newly made proteins (Yam et al., 2005).
Deletion of SSEI causes a growth defect, which is only partially
rescued by Feslp overexpression (Raviol et al., 2006). Overex-
pression of Sselp impairs growth as well, suggesting that Sselp
competes with ATP binding to Hsp70 under these conditions
(Liu et al.,, 1999). Well-balanced concentration ratios between
Hsp70 and NEFs seem essential for proper protein folding. Sselp,
Sse2p, and Feslp are upregulated together with Hsp70 under heat
stress. Deletion of FESI causes a massive heat shock response in
the absence of thermal stress (Gowda et al., 2013; Abrams et al.,
2014), a folding defect of the reporter protein firefly luciferase
(FLuc) (Shomura et al., 2005) and a thermosensitivity phenotype
(Ahner et al., 2005). Besides their function in de novo protein
folding, Sselp and Feslp also contribute in distributing sub-
strates to downstream chaperones Hsp90 and TRiC and to clear
misfolded species (Goeckeler et al., 2002; Mcclellan et al., 2005;
Gowda et al., 2013).

The diversity of eukaryotic NEFs might enable adaptation
of the Hsp70 cycling rate to the folding needs of specific sub-
strate proteins. Consistent with this hypothesis, comparative
in vitro studies with mammalian homologs showed that certain
Hsp70/JDP/NEF combinations work much better in FLuc folding
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than others and some not at all (Tzankov et al., 2008; Rauch
and Gestwicki, 2014). How specific combinations select suitable
clients is unknown. NEF diversity might also allow differential
distribution of substrates to downstream chaperones via adaptor
proteins like HOP (Knapp et al., 2014). Functional redundancy
of mammalian NEFs is, however, considerable. While knockout
of the Hsp110 isoform Hsp105 causes no obvious defect (Naka-
mura et al., 2008), individual deletions of HspBP1 and Apg-2,
another Hsp110 isoform, severely affect spermatogenesis (Held
et al,, 2011; Rogon et al., 2014). Only simultaneous knockout of
Apg-1 and Apg-2 is lethal (Mohamed et al., 2014).

The ER-lumenal NEFs Sill and Grpl70 contribute substan-
tially to protein folding in the secretory pathway (Behnke et al.,
2015). In addition they function together with BiP and the pore-
associated JDP Sec63 in protein import, possibly by prevent-
ing substrate backsliding through BiP binding and release cycles
(Zimmermann et al., 2011). Deletions of the respective NEF
homologs in yeast, Sillp and Lhslp, activate the Unfolded Pro-
tein Response and cause import defects (Tyson and Stirling,
2000). Both Sill and Grp170 are upregulated under ER stress.
In mice, knockout of Grp170 is lethal (Kitao et al., 2004). Muta-
tions that inactivate Sill cause Marinesco-Sjégren syndrome in
humans (Anttonen et al., 2005; Senderek et al., 2005) and the
Woozy phenotype in mice (Zhao et al., 2005), respectively, con-
ditions characterized by neurodegeneration and myopathy, likely
because persistent ER stress induces apoptosis.

Role in Protein Quality Control

The folding of Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR) may serve as a paradigm for the role of
NEFs in protein quality control involving proteasomal degrada-
tion. CFTR, a transmembrane protein, has inefficiently folding
cytoplasmic domains, which may explain why a large propor-
tion undergoes CHIP-mediated degradation before reaching the
epithelial membrane (Meacham et al., 2001). Hsp105 appears to
have a prominent role in CFTR folding at the ER and later at
the epithelial membrane, employing its holdase activity (Saxena
etal., 2012). Binding of HspBP1 to Hsc70 stimulates CFTR matu-
ration (Alberti et al., 2004), whereas Bagl collaborates with CHIP
in CFTR degradation (Demand et al., 2001).

The alternative to proteasomal degradation is disposal of
faulty proteins by the lysosome via autophagy. This route seems
especially important for muscle structure maintenance, which
requires the adaptor function of Bag3 (Arndt et al., 2010; Ulbricht
et al., 2013). Bag3 deletion in mice results in severe myopathy
(Homma et al., 2006). Similar phenotypes were reported for dele-
tions of the probable Drosophila melanogaster and C. elegans
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The role of molecular chaperones in
clathrin mediated vesicular
trafficking

Rui Sousa and Eileen M. Lafer*

Department of Biochemistry and Center for Biomedical Neuroscience, University of Texas Health Science Center at
San Antonio, San Antonio, TX, USA

The discovery that the 70kD “uncoating ATPase,” which removes clathrin coats from
vesicles after endocytosis, is the constitutively expressed Hsc70 chaperone was a
surprise. Subsequent work, however, revealed that uncoating is an archetypal Hsp70
reaction: the cochaperone auxilin, which contains a clathrin binding domain and an
Hsc70 binding J domain, recruits Hsc70«ATP to the coat and, concomitant with ATP
hydrolysis, transfers it to a hydrophobic Hsc70-binding element found on a flexible tail
at the C-terminus of the clathrin heavy chain. Release of clathrin in association with
Hsc70«ADP follows, and the subsequent, persistent association of clathrin with Hsc70 is
important to prevent aberrant clathrin polymerization. Thus, the two canonical functions
of Hsp70—dissociation of existing protein complexes or aggregates, and binding
to a protein to inhibit its inappropriate aggregation—are recapitulated in uncoating.
Association of clathrin with Hsc70 in vivo is regulated by Hsp110, an Hsp70 NEF
that is itself a member of the Hsp70 family. How Hsp110 activity is itself regulated
to make Hsc70-free clathrin available for endocytosis is unclear, though at synapses
it's possible that the influx of calcium that accompanies depolarization activates the
Catt/calmodulin dependent calcineurin phosphatase which then dephosphorylates
and activates Hsp110 to stimulate ADP/ATP exchange and release clathrin from
Hsc70+ADP:clathrin complexes.

Keywords: clathrin, endocytosis, chaperone, NEF, Hsp70, Hsc70, Hsp110, auxilin

The Uncoating ATPase

In 1984 the Rothman lab reported identification of an “uncoating ATPase” (Braell et al., 1984;
Schlossman et al., 1984), an abundant 70 kD protein required to uncoat the clathrin coated vesicles
that are the transient products of clathrin-mediated endocytosis at plasma membranes and clathrin-
mediated intracellular traffic involving Golgi, endosomes, and lysosomes (Figure 1). The ATPase
activity of the 70 kD protein was reported to be stimulated by clathrin and, by stabilizing coats with
low pH or high Mg™ ™ concentrations so that uncoating was blocked, it could be shown that clathrin
binding by the uncoating enzyme (and stimulation of its ATPase activity) preceded the uncoating
step. They showed further that the uncoating enzyme dissociated the coats into clathrin triskelia
and remained associated with the triskelia after uncoating, thereby sequestering and blocking the

Abbreviations: Hsc70, constitutive heat-shock protein 70; Hsp70, heat-shock protein 70; NEF, nucleotide exchange factor;
Hsp110, heat-shock protein 110 (aka Hsp105, Hsp105a, Hsp1058).
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FIGURE 1 | The synaptic vesicle cycle and the roles of Hsc70, Auxilin,
and Hsp110. The cycle begins with synaptic vesicle fusion and release of
neurotransmitter. Assembly/adaptor proteins then bind to the synaptic vesicle
membrane proteins and phosphoinositides, and recruit clathrin; leading to
membrane invagination and subsequent vesicle scission by dynamin (green
spheres), followed by binding of auxilin, which recruits Hsc70*ATP (orange
spheres) to the vesicle coat. The boxed region of the coated vesicle is
expanded to show how Hsc70 binds to the flexible C-terminal tails that emerge
from the helical tripod that is positioned under each vertex of the clathrin coat.
Hsc70-driven disassembly (uncoating) of the coat follows, resulting in stable
Hsc70*ADP:Clathrin complexes. Hsp110 binding then induces ADP to ATP
exchange and dissociation of the Hsp110:Hsc70:Clathrin complex.

reassembly of the triskelia into coats. Shortly thereafter,
Ungewickell reported in 1985 that the uncoating ATPase
appeared to be a member of the Hsp70 stress-protein family
(Ungewickell, 1985).

Subsequent work by the Ungewickell group led to
identification of another protein, dubbed auxilin, that associated
with and promoted the assembly of clathrin coats (Ahle and
Ungewickell, 1990). Auxilin was shown to be identical to a
protein identified by the Eisenberg lab to be required for the
Hsc70 mediated disassembly of clathrin coats (Prasad et al,
1993). Auxilin was shown to be a J cochaperone which—like
DnaJ, the founding member of the ] cochaperone family—
contains a ] domain which binds Hsc70xATP (Schroder et al.,
1995; Ungewickell et al., 1995; Holstein et al., 1996). The presence
of both J- and clathrin-binding domains in auxilin provides
the mechanism by which Hsc70 is recruited to the clathrin
coat to subsequently drive its disassembly, with auxilin acting
catalytically as each auxilin molecule is able to recruit multiple
Hsc70 molecules to the coated vesicle (Barouch et al., 1997). The
Eisenberg group showed further that uncoating followed burst
kinetics: addition of limiting amounts of Hsc70 to clathrin coats
resulted in an initial, rapid burst of uncoating, followed by a
slow steady-state rate (Barouch et al., 1994). These kinetics were
attributed to Hsc70«ADP becoming stably associated with the
released triskelia, so that it only becomes available to carry out
further rounds of uncoating upon the slow release of ADP. ADP
release then allows ATP to bind and stimulate release of Hsc70
from the clathrin.

Auxilin homologs were subsequently identified in several
species including yeast, C. elegans, and mammals (Gall et al.,
2000; Umeda et al., 2000; Greener et al., 2001). Mammalian forms
include the neuronal-specific auxilin 1 and the ubiquitously
expressed auxilin 2 (also called cyclin G-associated protein
kinase, or GAK) (Ahle and Ungewickell, 1990; Ungewickell et al.,
1995; Kanaoka et al., 1997; Kimura et al., 1997; Greener et al.,
2000; Umeda et al., 2000). While the amino acid sequences
of auxilins are somewhat divergent between species, they all
contain both clathrin binding and J domains (Gall et al., 2000;
Greener et al., 2000, 2001; Pishvaee et al., 2000; Lemmon, 2001).
Interestingly however, structural studies of auxilin led to the
discovery that the structural diversity amongst ] domains is
greater than was initially anticipated: the ~100 amino acid
auxilin ] domain is, by comparison to the canonical ~70 residue
domain exemplified by DnaJ, extended by insertion of a long but
structured loop which contributes to the interface with Hsc70
(Jiang et al., 2003). The roles of J-domain structural diversity in
the specificity and regulation of Hsp70 function are still poorly
understood (Hennessy et al., 2005).

A series of genetic and acute perturbation studies
subsequently extended these biochemical studies in vivo
(Pishvaee et al., 2000; Greener et al., 2001; Morgan et al., 2001;
Newmyer and Schmid, 2001; Lee et al., 2005, 2006; Massol
et al., 2006; Yim et al., 2010) and demonstrated that, despite the
initial surprise at attributing the specialized function of vesicle
uncoating to the generalist Hsc70 chaperone, vesicle uncoating
both in vitro and in vivo follows what we would now describe
as a canonical Hsp70 mechanism (Sousa, 2014) in which a ]
cochaperone binds Hsp70*ATP and delivers it to a substrate
protein concomitant with ATP hydrolysis, formation of a stable
Hsp70«ADP:protein substrate complex and release of the J
cochaperone:Hsp70 interaction. More recent studies have shown
that recapitulation of this canonical mechanism extends even
to the structural details of the clathrin:Hsc70 interaction. The
Hsc70 binding site on the clathrin heavy chain has been mapped
to a typical Hsc70 binding sequence (“QLMLT”) which is present
in an extended, flexible tail that emerges from the C-termini of
each of the three helices that associate in each triskelion to form
a helical tripod on the inner surface of each vertex of the clathrin
coat (Figure 1) (Fotin et al., 2004; Rapoport et al., 2008; Xing
et al., 2010).

Models for Hsc70 Mediated Clathrin Coat
Disassembly

While the process of auxilin-mediated Hsc70 recruitment to
the clathrin coat is now well understood, the mechanism by
which Hsc70, once delivered to the coat, drives its disassembly
is less clear and somewhat controversial. The Smith group has
proposed a sequential disassembly mechanism in which auxilin
first recruits an Hsc70 molecule to each of the three clathrin
heavy chains that comprise each triskelion in a coat structure
(Rothnie et al.,, 2011). Only after 3 Hsc70s have been loaded is
the triskelion released from the coat assembly. In contrast, the
Kirchhausen group has obtained evidence for a mechanism in
which coat disassembly can be initiated with a substoichiometric
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number of Hsc70s, with as few as 1 Hsc70s for every ~6 clathrin
heavy chains being sufficient to initiate uncoating (Bocking et al.,
2011). Moreover, this number itself is variable: clathrin coats
become more stable at lower pH and it was seen that, under
such conditions, more Hsc70s had to bind to initiate disassembly.
Conversely, coats destabilized by higher pH or mutations that
disrupted clathrin:clathrin interactions required fewer Hsc70s to
bind before disassembly was observed (Bocking et al., 2014). The
mechanism proposed by the Kirchhausen group also differed
from that of the Smith group in being non-sequential: coat
disassembly was observed to begin when a certain number of
Hsc70s (determined by pH and ionic conditions which modulate
coat stability) had bound the coat, but Hsc70s continued to
be recruited to the coat and further accelerated its disassembly
even after disassembly had begun (Bocking et al., 2011). Though
the Kirchhausen group developed their mechanism based on
single-molecule experiments, while the Smith lab used data from
ensemble experiments which can obscure mechanistic details,
the latter group’s conclusion are more consistent with early data
(Schmid and Rothman, 1985) indicating a 1:1 stoichiometric
association of Hsc70 with clathrin heavy chain during uncoating.
However, it appears likely that the Kirchhausen group is correct
in their conclusions that coats can be disassembled with fewer
than stoichiometric numbers of Hsc70s bound. The observation
of stoichiometric binding may well be a consequence of the fact
that, at high Hsc70 concentrations, auxilin recruits the chaperone
to the coats faster than the coats themselves disassemble (Bocking
et al., 2011). As a consequence, at high Hsc70 concentrations
the end state of the disassembly reaction is triskelia with Hsc70s
bound 1:1 to clathrin heavy chain (3 Hsc70s per triskelion), but
experiments carried out at lower Hsc70 concentrations reveal
that coats can be disassembled with substoichiometric numbers
of Hsc70.

Based on their structural studies of Hsc70s bound to clathrin
coats, the Harrison and Kirchhausen groups proposed further
that the bound Hsc70s drive disassembly by a “Brownian/Steric
Wedge” mechanism. They suggested that, even in the absence of
Hsc70, coats are always experiencing spontaneous fluctuations
that loosen interactions between triskelia, but that such
fluctuations never accumulate to a point that leads to coat
disassembly (Xing et al., 2010). However, when Hsc70s are
bound to the C-terminal tails under each coat vertex, they
sterically block reversal of these loosening fluctuations, which
then accumulate to a point where they result in coat disassembly.
A different model, based on the excluded volume/entropic
pulling mechanism proposed by De Los Rios and Goloubinoft
(De Los Rios et al., 2006; Goloubinoff and De Los Rios, 2007)
to explain how Hsp70s move proteins through channels or
dissociate protein aggregates, has also been advanced. This model
suggests that it is not the ability of Hsc70s to act as a passive, steric
wedge that causes disassembly, but the fact that they are bound
under each coat vertex by association with flexible polypeptide
tethers. Such flexible tethering allows the Hsc70s to generate a
disassembling force through intermolecular collisions with the
walls of the coat (Lafer et al., 2014). In contrast to the “steric
wedge” model, this might be described as a “wrecking ball”
model for coat disassembly. Determination of which of these
mechanistic models is correct awaits further experimentation.

Control of Hsc70:Clathrin Chaperoning by
Hsp110

The highly specialized uncoating reaction may provide insight
into the mechanism of the more general proteostatic functions
of the Hsp70 chaperones. Indeed, Hsc70 plays at least two roles
in uncoating that may be considered analogous to its functions
in supporting native protein folding. First, the disassembly of the
clathrin coat may be considered analogous to reactions in which
Hsp70s dissociate aggregates of misfolded proteins (Goloubinoff
et al., 1999; Diamant et al., 2000; Ben-Zvi and Goloubinoff,
2001; Ben-Zvi et al., 2004; Shorter, 2011; Rampelt et al., 2012).
Second, once disassembled, Hsc70 remains associated with
triskelia (Schuermann et al., 2008) and inhibits their aberrant
polymerization; i.e., Hsc70 not only disassembles coats, it also
chaperones triskelia (Figure 1) via a mechanism that may be
considered analogous to that by which Hsp70s sequester and
inhibit aggregation of misfolded proteins (Mogk et al., 1999).
Indeed, just as mutations in Hsp70 can accelerate accumulation
of protein aggregates in vivo (Hesterkamp and Bukau, 1998),
mutations in Hsc70 lead to aberrant clathrin polymerization and
defects in endocytosis (Newmyer and Schmid, 2001).

The conclusion that Hsc70 not only disassembles clathrin
coats, but also sequesters depolymerized clathrin implies that this
chaperoning activity must be regulated so that clathrin can be
released and made available as required for endocytosis. The most
likely candidates for such regulators are the Hsp70 nucleotide
exchange factors (NEFs), which control the association of Hsp70s
with their protein substrates by stimulating the release of ADP
from the Hsp70 (Packschies et al., 1997). This allows ATP to bind,
which stimulates release of the substrate from the otherwise very
stable Hsp70*ADP:protein substrate complex (Mccarty et al.,
1995; Takeda and Mckay, 1996; Theyssen et al., 1996). In vitro,
NEFs have been shown to release Hsc70 from triskelia and to
accelerate the slow steady-state rate of uncoating that follows
addition of limiting amounts of Hsc70 to reactions with clathrin
coats and ATP (Schuermann et al., 2008), consistent with the
Eisenberg group’s conclusion that these burst kinetics reflect
formation of stable Hsc70*ADP:clathrin complexes (Barouch
et al, 1994). In vitro, both the Bagl and Hspll0 NEFs
could accelerate steady-state uncoating and Hsc70:clathrin
dissociation, leaving it unclear which of these NEFs regulates
clathrin:Hsc70 association in vivo. Recent experiments indicate
that the relevant in vivo NEF is likely to be Hsp110, a protein that
is itself a member of the Hsp70 family and the most abundant
Hsp70 NEF in vertebrate brain (Morgan et al, 2013). Acute
inhibition of Hsp110 at lamprey giant reticulospinal synapses
was shown to inhibit endocytosis (specifically, synaptic vesicle
recycling), presumably because inhibition of Hsp110 blocked its
ability to stimulate nucleotide exchange and thereby blocked
release of clathrin from Hsc70 (Morgan et al., 2013).

The question of how Hsc70:clathrin association is controlled
so as to coordinate clathrin availability with endocytic activity
may therefore reduce, at least in part, to the question of how
Hsp110 activity is regulated. Currently, answers to this question
must remain largely speculative, but one possible mechanism
involves the dephosphin hypothesis (Cousin and Robinson,
2001) that has been developed to explain how the depolarization
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induced calcium influx that occurs at nerve terminals during
synaptic transmission stimulates endocytosis. This hypothesis
proposes that a coordinated wave of dephosphorylation of a
number of proteins required for endocytosis (the “dephosphins”
dynamin I, amphiphysins I and II, synaptojanin, epsin, eps15 and
AP180) (Cousin et al., 2001) is driven by Ca™™ activation of the
calcium/calmodulin dependent protein phophatase calcineurin.
Dephosphorylation of these proteins is proposed to stimulate
their activity and thereby drive endocytosis.

Could such a mechanism regulate availability of Hsc70-free
clathrin for endocytosis? Hsp110 is known to be phosphorylated,
primarily at serine residues, both in vivo and in vitro (Ishihara
et al., 2000). Evidence suggests that the relevant in vivo kinase(s)
may be casein kinase II (CKII) or a kinase that has CKII-like
specificity. In vitro, CKII phosphorylates mouse Hsp110 at S509,
and this residue is also phosphorylated in vivo (Ishihara et al.,
2003). Phosphorylation at S509 relieves the inhibitory effect of
Hsp110 on Hsp70-mediated luciferase refolding in vitro, and
an Hsp110 S509A mutant suppresses Hsp70-mediated luciferase
refolding in vivo.

These observations require further comment as Hspl10 is
usually observed, and is expected to, stimulate, rather than
inhibit, Hsp70 functions. However, the net effect of stimulation
of Hsp70 nucleotide exchange by Hspl1l0 is to shorten the
lifetime of the Hsp70:protein substrate complex. If we consider
an Hsp70-mediated reaction, such as refolding of misfolded
proteins, it is easy to imagine that there will be an optimal lifetime
for this complex that balances the reduction in second order
processes like aggregation due to sequestration of misfolded
proteins with Hsp70, and the rate of first order processes like
refolding, which require that the misfolded protein be released
from the Hsp70. Indeed, it is observed that when Hspll0 is
titrated into Hsp70-mediated protein refolding reactions, there
is an Hsp110 concentration that drives maximal refolding, and
that Hsp110 concentrations in excess of this can slow refolding
(Dragovic et al., 2006; Tzankov et al., 2008; Rampelt et al.,
2012).

Since, in the experiments described above, phosphorylation of
Hsp110 was observed to relieve inhibition of Hsp70-mediated
luciferase refolding, this indicates that these experiments were
carried out under conditions where Hsp110 was inducing Hsp70
nucleotide exchange and protein substrate release to a degree that
inhibited protein refolding. This implies that phosphorylation
of Hspl10 reduces its ability to act as an Hsp70 NEF and
suggests the following mechanism for how Ca™*/calmodulin
activation of the calcineurin phosphatase causes Hsc70 to release
clathrin and make it available for endocytosis: in a resting
synapse, clathrin may be mostly sequestered by Hsc70, which
is in excess of clathrin (Morgan et al., 2013). Hsp110 will be
phosphorylated (the brain has been shown to be exceptionally
rich in the phosphorylated form of Hsp110 Ishihara et al., 2000),
and its NEF activity will be correspondingly repressed. Upon
depolarization, the influx of Ca™™ into the pre-synaptic terminal
will activate calmodulin and calcineurin, leading to a wave
of dephosphorylation of multiple proteins, including Hsp110.
Dephosphorylation of Hsp110 will stimulate its NEF activity and
ultimately lead to increased release of clathrin from Hsc70, thus

FIGURE 2 | Alternative splicing and phosphorylation of the acidic
insertion loop may regulate Hsp110 activity. (A) Ribbon model of human
Hsp110 based on the crystal structure of yeast Hsp110 (pbd 3C7N
Schuermann et al., 2008) with nucleotide binding domain in blue, the
B-sandwich and a-helical portions of the protein binding domain in,
respectively, cyan and orange, and the acidic insertion loop in green with the
element that is removed by alternative splicing in magenta and the
phosphorylated S509 side-chain in red. (B) The same model as in A but in
surface representation with positively and negatively charged regions in blue
and red, respectively.

driving the clathrin-mediated endocytic retrieval of the synaptic
vesicle proteins that follows the fusion of the synaptic vesicle
with the plasma membrane and release of neurotransmitter
(Figure 1).

How might phosphorylation regulate Hsp110 NEF activity?
Again, any answer must be speculative, but it is striking that
the phosphorylated S509 residue sits within the flexible ~95
residue acidic insertion loop that is positioned near the end of
the B-sandwich segment of the Hsp110 protein binding domain
(Figure 2A). The acidic insertion loop uniquely distinguishes the
Hsp110 proteins from the more distantly related members of the
Hsp70 family. There is some evidence that this loop may regulate
Hspl110: the Hendershot lab observed that deletions in the
insertion loop of ER Hsp110 (Grp170) affect its ability to interact
with protein substrates (Pereira et al., 2014), and it has been
found that the RNA encoding this loop undergoes alternative
splicing (Yasuda et al., 1995). The full-length version of mouse
Hsp110 (also called Hsp105a as Hsp110 has also been designated
Hsp105) is apparently the predominant, constitutively expressed
version of the protein, while the alternatively spliced Hsp1058,
which may be expressed upon heat shock (Hatayama et al., 1994),
is missing 44 residues from the loop (Figure 2A). There is no
information on how this loop might regulate Hsp110 activity, but
the loop’s flexibility and negative charge could allow it to interact
with multiple electropositive regions on the Hsp110 (or Hsp70)
surface (Figure 2B), and phosphorylation might modulate these
ionic interactions. All of these highly speculative mechanisms
await testing by future experimentation.

Summary

Hsc70 disassembly of clathrin coats follows a canonical Hsp70
mechanism in which a J cochaperone binds Hsp70«ATP
and transfers it to a substrate, concomitant with ATP
hydrolysis to form a stable Hsp70*ADP:substrate complex.
After disassembling the coat, Hsc70 remains associated with
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clathrin to prevent its aberrant polymerization. When required
for endocytosis clathrin is released from Hsc70 by a nucleotide
exchange factor, whose activity may be regulated by Cat™
dependent dephosphorylation.
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The human malaria parasite, Plasmodium falciparum, encodes a minimal complement
of six heat shock protein 70s (PfHSP70s), some of which are highly expressed and are
thought to play an important role in the survival and pathology of the parasite. In addition
to canonical features of molecular chaperones, these HSP70s possess properties that
reflect functional adaptation to a parasitic life style, including resistance to thermal insult
during fever periods and host—parasite interactions. The parasite even exports an HSP70
to the host cell where it is likely to be involved in host cell modification. This review
focuses on the features of the PIHSP70s, particularly with respect to their adaptation
to the malaria parasite life cycle.

Keywords: HSP70, HSP40, molecular chaperone, malaria, Plasmodium falciparum

Introduction

Malaria rates amongst one of the major global health challenges facing developing countries, and
over half a million people die from malaria annually, 90% of which are in Africa. Plasmodium
falciparum causes the most lethal form of human malaria, and nearly all malaria deaths result from
infection by this species of Plasmodium (World Health Organisation, 2014).

HSP70 chaperones and their HSP40 co-chaperones are critical to the maintenance of cellular
proteostasis through their role in the folding, refolding, aggregation suppression, translocation,
and degradation of proteins. P. falciparum heat shock protein 70 (PfHSP70) proteins are proposed
to play a major role in parasite development and survival, particularly within the human host
(Shonhai et al., 2007, 2011; Njunge et al., 2013; Pesce and Blatch, 2014). Malaria parasites invade
human hepatocytes and erythrocytes, and have adapted to their intracellular host environment,
particularly to stresses such as the temperature fluctuations associated with febrile episodes.
Part of this adaptation has been to evolve an optimal arsenal of six PfHSP70s (Table 1), half
the number found in humans and other eukaryotic system, including other parasites (Shonhai
et al,, 2011). To nevertheless allow interaction with a large array of potential substrates, it
appears that the parasite has increased its HSP40 co-chaperone complement to 49 homologs
(Botha et al., 2007; Pesce and Blatch, 2014). This suggests that the plasmodial PfHSP70-PfHSP40
chaperone system is an extreme example of HSP70 general chaperone capacity that is highly
specified through its HSP40 chaperone partners. The PfHSP70s have been more extensively
studied than the PfHSP40s, and although progress has been made in recent years, we still
know relatively little about PfHSP70-PfHSP40 partnerships (Pesce and Blatch, 2014). Five of
the PfHSP70s are located, or predicted to be located, within the parasite (PfHsp70-1, PfHsp70-
2, PfHsp70-3, PfHsp70-y, and PfHsp70-z) and one is secreted to the parasitophorous vacuole
(PV) and further exported to the host cell (PfHsp70-x; Table 1; Figure 1). Orthologs of the five
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Plasmodial Hsp70s

TABLE 1 | Accession numbers, localization, and properties of P.
falciparum HSP70 homologs.

PlasmoDB
accession

Protein Localization Properties

PfHsp70-1  PF3D7_0818900 Cytosol, nucleus  Protein folding and protein
aggregation suppression.
C-terminal EEVD
sequence for interaction
with PfHOP and possibly

other partners

PfHsp70-2  PF3D7_0917900 ER BiP, grp. N-terminal signal
sequence and C-terminal
ER retrieval sequence.
Translocation of proteins
into the ER and retrograde
translocation of proteins

for degradation

PfHsp70-3 PF3D7_1134000 Mitochondria? Predicted N-terminal
mitochondrial transit
peptide. Translocation of
proteins into the

mitochondrion?

PfHsp70-x  PF3D7_0831700 PV, host cell N-terminal signal
sequence and non-PEXEL
export sequence.
C-terminal EEVN.
Associated with J-dots.
Trafficking of specialized

virulence proteins

PfHsp70-y  PF3D7_1344200 ER? HSP110, likely NEF for
PfHsp70-2. N-terminal
signal sequence and

C-terminal ER retrieval

sequence

PfHsp70-z  PF3D7_0708800 Cytosol? HSP110, likely NEF for
PfHsp70-1. Suppression
of the aggregation of
asparagine repeat-rich

proteins

BiF, immunoglobulin binding protein; ER, endoplasmic reticulum; grp, glucose regulated
protein; Hop, HSP70/HSP90 organizing protein; NEF, nucleotide exchange factor; PEXEL,
Plasmodium export element; PV, parasitophorous vacuole.

parasite-resident PfHSP70s are found in all Plasmodium species,
and very likely play a fundamental role in proteostasis of
the subcellular compartments that they occupy. In contrast,
PfHsp70-x is only found in those Plasmodium species with
highly expanded exportomes (P. falciparum and P. reichenowi),
suggesting a specialized function in protein trafficking or folding
(Kiilzer et al, 2012). This review focuses on the chaperone
properties of the six PfHSP70s, particularly with respect to their
adaptation to the malaria parasite life cycle.

Proteostasis of the Cytoplasm and the
Nucleus: PfHp70-1 and PfHsp70-z

The parasite resident PfHsp70-1 exhibits key features that
suggest that it is uniquely adapted to provide cytoprotection

under stressful conditions such as febrile episodes. In particular,
PfHsp70-1 has a thermostable C-terminal domain that is
proposed to stabilize the overall conformation of the protein
(Misra and Ramachandran, 2009), making it more thermostable
than the human HSP70. Furthermore, it has the properties of
a typical molecular chaperone (Matambo et al,, 2004; Ramya
et al,, 2006) and has been shown using in vitro assays (Shonhai
et al., 2008; Cockburn et al., 2011) and in vivo assays in bacteria
(Shonhai et al., 2005) and yeast (Bell et al., 2011) to be efficient
at suppressing protein aggregation. There are high levels of
this molecular chaperone throughout the erythrocytic stages of
the parasite life cycle (Acharya et al., 2009), with increased
levels at febrile temperatures (Kumar et al.,, 1991; Joshi et al.,
1992; Pesce et al., 2008). The localization of PfHsp70-1 to the
parasite nucleus and cytosol (Table 1; Figure 1; Kumar et al,
1991; Pesce et al., 2008) suggests that it is an agent of proteostasis
within these subcellular compartments. In addition, PfHsp70-1
could be important in keeping certain proteins in an unfolded
translocation-competent state; such as proteins destined for the
mitochondria. There are eight cytoplasmic PfHSP40s (Njunge
etal,, 2013), and there is experimental evidence for an interaction
of PfHsp70-1 with Pfj4 (PF3D7_1211400; Pesce et al., 2008),
PfHsp40 (PF3D7_1437900; Botha et al., 2011), and PFB0595w
(PF3D7_0213100; Njunge et al.,, 2015). The other cytoplasmic
PfHSP40s include proteins predicted to be ribosome-associated,
membrane-associated and involved in diphthamide biosynthesis
(Njunge et al., 2013). Therefore, a range of different unrelated
protein substrates could potentially be delivered to PfHsp70-1
through these cytoplasmic co-chaperones.

PfHsp70-z belongs to the HSP110 family and is likely
to act as a nucleotide exchange factor for PfHsp70-1. The
protein has recently been shown to be essential for parasite
viability, and there is evidence that it is able suppress the
aggregation of asparagine repeat-rich proteins more efliciently
than its eukaryotic orthologs (Muralidharan et al, 2012).
Proteins containing asparagine repeats are prone to aggregation,
and the proteome of the malaria parasite is rich in these
proteins. PfHsp70-z may have evolved to protect the malaria
parasite against the harmful effects of these proteins during
febrile episodes, and this is supported by the recent finding
that, similarly to PfHsp70-1, PfHsp70-z is also a thermostable
molecular chaperone (Zininga et al., 2015). Therefore, PfHsp70-1
and PfHsp70-z together ensure that proteostasis is maintained in
the parasite cytoplasm (Table 1; Figure 1).

Protein Secretion and Degradation:
PfHsp70-2/PfBiP and PfHsp70-y

Proteins bearing a hydrophobic N-terminal signal sequence
are routed via the endoplasmic reticulum (ER) to the PV
(Adisa et al., 2003), unless they possess further targeting signals
(Deponte et al., 2012). The ER-based HSP70, PfHsp70-2 (also
called P. falciparum immunoglobulin binding protein, PfBiP; and
P. falciparum glucose regulated protein, Pfgrp; Kumar et al,
1988, 1991; Kumar and Zheng, 1992) has not been extensively
studied, but is very likely to be involved in protein secretion
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FIGURE 1 | The location and function of the six PfHSP70s in P.
falciparum-infected erythrocytes. PC, parasite cytosol; PPM, parasite
plasma membrane; PV, parasitophorous vacuole; PVM, parasitophorous
vacuolar membrane; RBCC, red blood cell cytosol; EM, external milieu;
N, nucleus; M, mitochondrion; ER, endoplasmic reticulum; MC, Maurer’s
cleft; K, knob; A, apicoplast; Hs70, human HSP70. All other HSP70s are
parasite encoded and labeled as in Table 1. Likely functions at specific
cellular localizations are noted by white roman numerals: (i) general
proteostasis in the nucleus by 70-1; (i) general proteostasis in the parasite
cytosol by 70-1; (iii) involvement of 70-1 as part of a guidance complex
for mitochondrial proteins; (iv) involvement of 70-3 in translocation across
mitochondrial membranes followed by protein folding; (v) potential

involvement of 70-1 in post-translational ER targeting of secretory
proteins; (vi) involvement of 70-2 in protein translocation across PfSec61,
followed by general protein quality control via the unfolded protein
response; (vii) 70-y is likely to function as a NEF for 70-2; (vii) 70-z is
likely to function as a NEF for 70-1 and has been shown to be involved
in stabilization of asparagine-rich proteins; (ix) 70-x may be involved in
maintaining proteins in an unfolded state prior to passage across PTEX in
combination with PfHsp101, and also folding of PV resident proteins; (x)
both 70-x and Hs70 may be involved in translocation through PTEX
followed by protein folding and; (xi) insertion into the Maurer’s clefts,
knobs and erythrocyte plasma membrane. Many of the above processes
are likely to require co-chaperone activity provided by various PfHSP40s.

and degradation processes associated with the ER (Table 1;
Figure 1). Similarly to PfHsp70-1, PfHsp70-2 has been shown
to exhibit chaperone properties. Using in vitro assays PfHsp70-
2 was found to protect alcohol dehydrogenase and glutamate
dehydrogenase from thermally-induced unfolding (Ramya et al.,
2006). PfHsp70-2 and associated co-chaperones (e.g., the
membrane bound PfHSP40, PfSec63/PF3D7_1318800) have been
proposed to be involved in the secretory pathway, working closely
with the translocon machinery (PfSec61 complex; Tuteja, 2007).
Analysis of the components of the PfSec61 complex suggests the
existence of a signal recognition particle-based co-translational
ER translocation mechanism, similar to the mammalian system
(Zimmermann and Blatch, 2009); however, a post-translational
mechanism cannot be excluded. ER proteins misfolded beyond
repair are probably removed by retrograde translocation, possibly
using components of the ER-associated protein degradation
pathway (ERAD), which have previously been identified in the
parasite (Spork et al., 2009). PfHsp70-2 may work together
with an ER-luminal PfHSP40 (e.g., Pfj2/PF3D7_1108700; Botha
et al, 2007; Pesce et al, 2010) in such a quality control
process, similar to the human BiP-ERdj5 system (Hagiwara
and Nagata, 2012). PfHsp70-y, similar to PfHsp70-z, belongs
to the HSP110 family, and is thus likely to function as a
NEF for PfHsp70-2. Although this protein contains a predicted
apicoplast targeting signal, it also contains a C-terminal ER
retrieval sequence which seems to be dominant (Heiny et al.,
2012). Thus, it appears unlikely that this protein is actually

targeted to the apicoplast, but is rathermore likely to be ER
localized.

Import into Organelles: PfHsp70-3

Plasmodium parasites contain both a mitochondrion and a
secondary plastid, referred to as the apicoplast. Protein import to
these compartments is post-translational, and thus proteins must
be kept in an unfolded state prior to membrane translocation.
In other systems, organellar HSP70s provide assistance in
this process. Indeed, P. falciparum is predicted to encode a
mitochondrial HSP70, PfHsp70-3 (Njunge et al., 2013; Table 1;
Figure 1). Although not yet experimentally addressed, it is
likely that cytosolic PfHsp70-1 also contributes to mitochondrial
protein import, possibly as part of a chaperoning guidance
complex which keeps proteins in a translocation competent state
prior to passage across the mitochondrial membranes. Based on
other systems, it is likely that PfHsp90 and Pf14-3-3 are also part
of this complex.

Several studies have suggested that PfHSP70s may also play
a role in transport of proteins to the apicoplast, a secondary
endosymbiotic organelle which is related to chloroplasts (Foth
et al., 2003; Misra and Ramachandran, 2009). However, so far no
evidence has verified the presence of a HSP70 homolog within the
apicoplast. As all other PfHSP70 homologs have been localized
to other cellular compartments, it seems unlikely that PfHSP70s
play a direct role in translocation across apicoplast membranes.
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Nevertheless, the observation that inhibitors of HSP70 cause
a delay in apicoplast protein transport (Ramya et al., 2006)
suggests that possibly PfHsp70-2 (PfBiP) may be involved in
chaperoning client proteins prior to passage across the SELMA
(symbiont-derived ERAD-like machinery) translocon which is
believed to be the gateway to the apicoplast (Hempel et al., 2007;
Spork et al., 2009). This interpretation is supported by studies in
the related apicomplexan, Toxoplasma gondii, which identified
TgBiP as an important trans factor in protein targeting to the
apicoplast (Yung et al., 2003). Although as yet unproven, it has
been suggested that apicoplast targeted HSP60 (cpn60; GroEL)
or HSP100 (ClpC) may have taken over the function of HSP70 in
protein translocation across the multiple apicoplast membranes
(Sato, 2011). If this is true, it represents a fascinating evolutionary
example of a parasite “losing” one chaperone and co-opting
another to take over its function.

Protein Export: PfHsp70-x

P. falciparum is predicted to export over 450 proteins (8% of
the entire proteome) into the human erythrocyte where they are
involved in modifications of the host cell which are essential for
parasite survival (Hiller et al., 2004; Marti et al., 2004; Sargeant
et al., 2006; Maier et al., 2008). The protein export pathway
involves: (i) entry into and transit through the ER; (ii) secretion
into the PV; (iii) translocation across the parasitophorous
vacuolar membrane (PVM) into the erythrocyte; (iv) trafficking
of soluble proteins to their final destination in the cytosol; or
(v) trafficking of membrane proteins in complexes or through
vesicular networks to the Maurers Clefts and to the plasma
membrane of the erythrocyte (Deponte et al., 2012; Figure 1).
Therefore, any exported parasite protein must cross a number
of different membranes in an unfolded translocation-competent
conformation by a process that will very likely require molecular
chaperones at all stages. Two classes of exported proteins have
been identified. One class contains a so-called Plasmodium
export element or host targeting (PEXEL/HT) motif downstream
of an N-terminal ER-type hydrophobic signal sequence. The
PEXEL/HT motif is cleaved in the ER (Chang et al, 2008;
Boddey et al.,, 2010; Russo et al., 2010) and (in a process not
yet understood) directs proteins into an export pathway to the
host cell. Another class of proteins, so called PEXEL Negative
Exported Proteins (PNEPs) do not contain any recognizable
conserved export motif, and indeed often do not contain an
N-terminal ER-type signal sequence (Spielmann and Gilberger,
2010; Heiber et al.,, 2013). A notable member of the PNEPs
is P. falciparum erythrocyte membrane protein 1 (PfEMP1)
which is transported to the host cell plasma membrane, and
that is directly implicated in malaria pathology by a process
called cytoadherance. Despite divergence in the signals mediating
export, the export pathway of PEXEL and PNE proteins appears
to converge at a protein translocon within the PVM, referred
to as PTEX (Plasmodium translocon of exported proteins; de
Koning-Ward et al., 2009; Gruring et al., 2012). Thus, down-
regulation or functional interruption of a PTEX component leads
to a transport block of both PEXEL and PNE proteins (Beck
et al., 2014; Elsworth et al,, 2014). Additionally, inhibition of

protein unfolding also leads to a transport block of both protein
classes in the PV (Gehde et al, 2009; Gruring et al, 2012).
Recently, PfHsp70-x was shown to be localized to both the PV
and host cell cytosol (Table 1; Figure 1). Within the host cell
cytosol, PfHsp70-x could be localized to small punctate structures
known as J-dots (Kiilzer et al., 2012). These structures are motile
within the host cytosol, and have also previously been shown
to contain PIEMP1 (Kiilzer et al., 2010). Thus, the possibility
exists that PfHsp70-x is involved in protein traffic both (a)
across the PV, possibly as an associated factor of the PTEX
translocon, and (b) within the host cell cytosol, possibly as part
of a chaperoning complex to carry proteins to their final sub-
cellular localization. A role for PfHsp70-x within the PV would
make sense, as the PTEX translocon is partially composed of
PfHsp101, a molecular chaperone known (in other systems) to
often functionally associate with HSP70s. Alternatively, in the
PV PfHsp70-x may be involved in keeping exported proteins
unfolded prior to passage across the PVM via PTEX. Once
proteins reach the trans side of the PVM, they need to be
folded and transported to their final destination. PfHsp70-x may
be involved in this process, as may residual human HSP70s.
Additionally, PfHsp70-x may be required to chaperone larger
proteins complexes through the erythrocyte cytosol, and assist in
their insertion into either the Maurer’s clefts, or host cell plasma
membrane. Of note, PfHsp70-x is only encoded by parasite
species which export EMP1-like proteins, suggesting that it may
play a special role in export of this specialized (but highly
important) protein family (Kiilzer et al., 2012).

PfHSP40s

Although this review concentrates on PfHsp70s, it would be
unwise not to comment on the HSP40s. HSP40s function as
co-chaperones for HSP70s and are involved in specificity of
substrate recognition and stimulation of HSP70 ATP hydrolysis
activity. Of all the parasite-resident PfHSP40s, so far only Pfj4
has been captured in a common complex with PfHsp70-1 using
immunoprecipitation assays (Pesce et al., 2008). Interestingly,
there is evidence from gel filtration studies that PfHsp70-1 may
occur in two distinct complexes, one with Pfj4 and another
with PfHsp90 (Pesce et al., 2008). This PfHsp90-PfHsp70-1
complex may include and be functionalized by P. falciparum
HSP70/HSP90 organizing protein (PfHOP) (Gitau et al., 2012).
Amazingly, in addition to exporting PfHsp70-x, P. falciparum
may export almost half (23) of its expanded complement of
49 HSP40s (Sargeant et al., 2006; Botha et al.,, 2007). Although
the exact nature of PfHSP70-PfHSP40 pairings has yet to be
investigated in detail, localization data suggests that at least
two of the exported PfHSP40s colocalize and are found in
a complex with PfHsp70-x and thus may by involved in
regulating PfHsp70-x function (Kiilzer et al., 2012). Several other
exported HSP40s have been implicated in host cell modification,
including biogenesis of knob structures under the surface of
the erythrocyte, insertion of PEEMP1 into these structures and
alteration of erythrocyte stiffness, all features which are likely
to have a direct effect on pathogenicity of parasites in the
human host (Maier et al., 2008). It is however not yet known
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whether these proteins carry out their function mainly in
conjunction with PfHsp70-x, or possibly together with residual
human HSP70 which is found in high concentrations within the
host cell, a fascinating area of research which deserves further
study. A recent publication suggests that exported HSP40s may
be able to functionally associate with both PfHsp70-x and
human HSP70, further increasing the flexibility of the potential
chaperone-cochaperone pairing (Hatherley et al., 2014). So far,
in silico data suggest that P. falciparum has evolved to use a
minimal complement of PfHSP70s, supported by an expanded
HSP40 complement to confer substrate specificity and diversity.
Deciphering the role and functional interactions of the expanded
PfHSP40 complement will allow us a window into understanding
this evolutionary flexibility.

PfHSP70s as Drug Targets

Although counter-intuitive due to the high sequence
conservation amongst members of the HSP70 family from
highly divergent organisms, they may actually be specially
suited as drug targets. Such highly conserved proteins are
often essential for cell survival, a key factor for any potential
drug target. Furthermore, these proteins evolve considerably
slower than non-conserved protein families, leading to less
variation under drug selection pressure, and hence less chance
of the emergence of drug resistance (Edkins and Blatch, 2012).
However, there is sufficient structural and functional variation
among HSP70s of different origins, for them to be specifically
inhibited (Shonhai et al., 2007; Pesce et al., 2010; Shonhai, 2010).
Due to interest in their potential as anti-cancer medication, a
growing number of HSP70 inhibitors are being made available.
Indeed, certain features of HSP70s make them amenable to
functional inhibition (and hence druggable): such as their ability
to bind small molecules that can be readily detected in simple
assays (e.g., ATP); and their association with regulatory factors
(e.g., ATP hydrolysis stimulation by HSP40s) whose inhibition
has detectable functional consequences. A number of different
compound classes have been identified as modulators of HSP70
activity, including ATP mimics, spergualins, pyrimidinones,
and peptides (Zininga and Shonhai, 2014). PfHsp70-1 has also
been found to be modulated by a number of different classes of
small molecules. Pyrimidinones have been shown to significantly
inhibit the ATPase activity of PfHsp70-1 as well as the in vitro
growth of the malaria parasite (Chiang et al., 2009). Further
studies on these pyrimidinones have shown that they are able to
modulate both the basal and HSP40-stimulated in vitro ATPase
activities of PfHsp70-1 (Botha et al, 2011). PfHsp70-1 and
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