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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 Hspll0 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, 1B, 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 Hsp110 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
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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 L 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 SBDf-
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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