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Summary

The allosteric mechanism of Hsp70 molecular chaperones enables ATP binding to the N-terminal
nucleotide-binding domain (NBD) to alter substrate affinity to the C-terminal substrate-binding
domain (SBD), and substrate binding to enhance ATP hydrolysis. Cycling between ATP-bound
and ADP-/substrate-bound states requires Hsp70s to visit a state with high ATPase activity and
fast on/off kinetics of substrate binding. We have trapped this “allosterically active’ state for the £.
coliHsp70, DnaK, and identified how interactions between the NBD, the B-subdomain of the
SBD, the SBD a-helical lid, and the conserved hydrophobic interdomain linker enable allosteric
signal transmission between ligand-binding sites. Allostery in Hsp70s results from an energetic
tug-of-war between domain conformations and formation of two orthogonal interfaces (between
the NBD and SBD, and between the helical lid and the SBD). The resulting energetic tension
underlies Hsp70 functional properties and enables them to be modulated by ligands and co-
chaperones and ‘tuned’ through evolution.

INTRODUCTION

The 70-kDa heat-shock proteins (Hsp70s) are ubiquitous molecular chaperones that mediate
a broad array of critical cellular functions integral to protein homeostasis (Calloni et al.,
2012; Hartl et al., 2011; Mayer and Bukau, 2005; Mayer et al., 2001). Allosteric signals in
Hsp70s initiate from ligand binding events—nucleotide and substrate—and are further
modulated by co-chaperones (Figure 1A). Upon binding of ATP to the N-terminal 45-kDa
actin-like nucleotide-binding domain (NBD), the affinity of the C-terminal 30-kDa
substrate-binding domain (SBD) for substrates decreases by up to two orders of magnitude
as compared to its affinity in the absence of nucleotide or when the NBD is bound to ADP
(Figure S1A). In turn, substrate binding to the SBD stimulates the ATPase activity of the
NBD (Figure S1B). These allosteric changes are reversible, and the resulting cycle of
substrate binding/release, nucleotide hydrolysis, and nucleotide exchange repeats with a
timing that is regulated by the availability and affinity of substrates, ATP/ADP balance, and
co-chaperone interactions.
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The structural origin of allosteric signal transmission within and between Hsp70s domains
remains poorly understood. In ADP-bound DnaK, the Escherichia coli Hsp70, which is the
best studied Hsp70 from a biophysical perspective, the NBD and SBD are largely
independent and behave as ‘beads on a string’ (Bertelsen et al., 2009; Swain et al., 2007),
retaining the structures they adopt as isolated domains (Flaherty et al., 1990; Zhu et al.,
1996) (Figure 1B). Upon ATP binding, the two domains rearrange to an intimately packed
and dramatically reorganized domain-docked structure (Mapa et al., 2010; Marcinowski et
al., 2011; Swain et al., 2007; Wilbanks et al., 1995). While the atomic structure of an ATP-
bound domain-docked Hsp70 has not yet been reported, the recently described structure of
an Hsp70 homolog, yeast Hsp110, Ssel, bound to ATP (Liu and Hendrickson, 2007) has
provided a good model for the domain-docked ATP-bound conformation of an Hsp70
(Figure 1C). The domain rearrangements of ATP-bound DnaK deduced from a homology
model based on the structure of ATP-bound Hsp110 are consistent with observed ATP-
induced conformational changes (Buchberger et al., 1995; Mapa et al., 2010; Rist et al.,
2006; Wilbanks et al., 1995), with the effects of several known mutations (Liu and
Hendrickson, 2007), and with a recent analysis of residue co-evolution (Smock et al., 2010).
The structural models for the ADP- and ATP-bound states implicate very large rigid body
re-orientations and altered arrangements of the NBD, SBD and a-helical lid subdomains
(Figure 1B and C), with relatively small changes in internal subdomain structures in the
ATP-induced Hsp70 allosteric conformational change (Figure S1C).

Understanding how ligands mediate the Hsp70 allosteric structural rearrangement demands
deeper insight into the mechanism of this conformational transition. Specifically, there must
be at least one intermediate state visited between the two ‘end point’ states, undocked (ADP-
and substrate-bound) and docked (ATP-bound with no substrate), in the allosteric cycle of
an Hsp70 (Figure 1A). Substrate binding enhances the rate of ATP hydrolysis by the NBD;
hence, both substrate and ATP must bind to the intermediate, allosterically active state.
Moreover, this intermediate is a tipping point between two ‘end point’ states: On the one
hand, ATP binding results in fast substrate unbinding and stabilizes the docked (substrate-
unbound) state. On the other hand, substrate binding significantly enhances ATP hydrolysis,
which then leads to the ADP—substrate bound (undocked) state. Provocatively, the presence
of the SBD is not required for the NBD to adopt a conformation with stimulated ATPase
activity. Indeed, binding of the highly conserved hydrophobic interdomain linker to the cleft
beneath the crossing helices in an isolated NBD is necessary and sufficient for ATPase
activation (Swain et al., 2007; Vogel et al., 2006).

How then does substrate binding lead to the population of an allosterically active
conformation? And reciprocally, how does ATP-induced domain docking control substrate
affinity? In this study, we address these questions through the use of a mutated DnaK that is
impaired in ATP hydrolysis such that we can create a stable ATP-/substrate-bound DnaK
sample. To elucidate the interdomain allosteric mechanism of DnaK we employed NMR
spectroscopy as an extremely powerful tool to characterize the relationship between protein
allostery and function (Manley and Loria, 2012; Tzeng and Kalodimos, 2011). The
information we have obtained has allowed us to “dissect’ allostery in DnaK and define the
roles of different allosteric units—viz., the NBD, the p-subdomain of the SBD or -SBD,
and the a-helical lid of the SBD (Figure 1). The tensions and balances among these
allosteric units underlie the Hsp70 allosteric cycle and give rise to ‘tunability’ in the Hsp70
system. Our results, gleaned from study of DnaK, have implications for sequence and
function relationships in other Hsp70s and shed light on how co-chaperones may modulate
the Hsp70 allosteric cycle.
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RESULTS

Methyl NMR Reveals Three Distinct Hsp70 Conformational Ensembles: Two End-Point
States and an Intermediate

To explore ligand-induced allosteric transitions for the full-length 70-kDa DnaK, we
employed methyl transverse relaxation optimized spectroscopy (methyl-TROSY)
(Tugarinov et al., 2003), which is a powerful and sensitive method to probe protein
conformations of large proteins with atomic resolution (Ruschak and Kay, 2010; Tugarinov
and Kay, 2005). Consistent with previous results based on TH-1°N HSQC spectra (Swain et
al., 2007), isoleucine methyl-TROSY spectra show few chemical shift changes between a
two-domain DnaK construct, either apo (nucleotide-free) or ADP-bound, and isolated NBD
and SBD (Figure 2A and S2C). These data support the conclusion that both nucleotide-free
and ADP-bound DnaK lack significant interdomain interactions and behave as ‘beads on a
string” that are connected by a solvent-exposed, highly flexible interdomain linker.

To ‘trap’ DnaK in the ATP-bound state, we incorporated the T199A mutation, which blocks
ATP hydrolysis and thus stabilizes the ATP-bound state without disruption of ATP-induced
conformational changes (McCarty and Walker, 1991). Large chemical shift changes are
observed between ATP-bound DnaK-T199A (which we will refer to as DnaK) and its
isolated domains in corresponding ligand-bound states (Figure 2B), consistent with
widespread conformational rearrangements in both domains upon ATP binding as expected
based on the Hsp110-based homology structure (Figure 1C). The perturbed chemical shifts
may result from direct interactions between domains or/and indirect long-range
conformational changes. Strikingly, substrate binding to ATP-bound DnaK results in
additional conformational changes (Figure 2C), which we discuss in detail below and which
we conclude are critical to the allosteric function of DnaK.

Our methyl-TROSY NMR data on the different DnaK ligand-bound states reveal that this
protein samples at least three conformations during its allosteric cycle (Figure 1A); these
arise from distinct domain arrangements: the ADP-bound domain-undocked conformation,
(Figure 2A), the ATP-bound domain-docked conformation (Figure 2B), and the
conformational ensemble populated in the present of ATP and substrate (Figure 2C). We
performed detailed characterization of the ATP-bound states—both the domain-docked and
the conformational ensemble created in the presence of both ATP and substrate—to gain
deeper insight into how transitions between them affect Hsp70 functions (ATP hydrolysis
and substrate binding) and how nucleotide and substrate binding control these
conformational transitions.

The ATP-bound, Domain-Docked State of DnaK

To validate the Hsp110-based homology model of ATP-bound DnaK we compared peak
positions in HNCO spectra of the isolated NBD and two-domain DnaK constructs (Figures
3A and S3A). Figure 3A demonstrates that the NBD residues suffering significant changes
in local environment between the ATP-bound NBD [DnaK(1-392)] and two-domain
[DnaK(1-552)] constructs, as indicated either by chemical shift changes and/or altered ps-
ms dynamics, are fully consistent with the NBD-SBD interfaces in the Hsp110-based model
of ATP-bound DnaK.

A pairwise chemical shift comparison between ATP-bound DnaK(1-552) and DnaK(1-507)
constructs, the latter of which is truncated so as to lack the a-helical lid sequence, revealed
perturbations to the NBD interface upon interaction with the a-helical lid (Figures 3B,
significant perturbations shown in green, and S3A) in full agreement with the Hsp110-based
homology model of ATP-bound DnaK.

Cell. Author manuscript; available in PMC 2013 December 07.
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To obtain a more detailed description of the interfaces formed in the ATP-bound state
without causing long-range changes we created ‘soft” mutations of residues involved in the
NBD-SBD and NBD-a-helical lid interfaces (Figure 3C). These mutations lead to local
perturbations around the mutation site but do not perturb protein conformation (Figure S3B
and C). Consequently, chemical shift perturbations in the NBD upon “soft” mutations in the
SBD or a-helical lid (Figure S3B and D) provide direct information about NBD—3-SBD or
NBD-a-helical lid contacts in the ATP-bound states. The observed effects of several ‘soft’
mutations are completely consistent with the predicted packing of the interdomain interfaces
based on the Hsp110-based model (Figure 3C).

The observation of random-coil-like chemical shifts (Figure S3E) and high peak intensities
(Figure S3F) for residues 520-546 of helix B of the a-helical lid in ATP-bound
DnaK(1-552) argues that this region is mobile and significantly destabilized, in contrast to
the Hsp110 structure. These results argue that upon ATP-binding the a-helical bundle
detaches from the p-SBD and forms only transient contacts with the NBD. Our conclusion is
consistent with hydrogen exchange mass spectrometry results which showed that the
proximal part of helical lid helix B (segment 512-532), but not the helical bundle, became
unstructured upon ATP binding (Rist et al., 2006). To further check that lack of interaction
of helix B with the NBD is real and not a truncation artifact arising from the absence of the
a-helical bundle, we compared chemical shifts of the NBD and B-SBD in ATP-bound full-
length DnaK and DnaK(1-605) (both with the full helical lid, the latter missing only the
disordered C-terminal segment) and DnaK(1-552) (missing the helical bundle), and saw no
significant differences (see Supplemental Experimental Procedures). The picture that
emerges is that ATP binding is accompanied by a partial unfolding of the proximal part of
helix B of the helical lid, mobility of the lid around this flexible site, loss of interaction with
the B-SBD, and no new stable interactions with the NBD.

Intriguingly, chemical-shift differences between the ATP-bound two-domain protein,
DnaK(1-552), and either the NBD [DnaK(1-392)] or SBD [DnaK(387-552)] are greater than
0.2, 1 and 0.5 ppm for HN, 15N, and 13CO atoms, respectively, and include residues distant
from the interdomain interfaces, which is not consistent with solely rigid-body
rearrangements of the NBD, B-SBD and a-helical bundle, as predicted from the Hsp110-
based homology model. In particular, significant perturbations are observed at the
nucleotide-binding site of the NBD (Figure S3A), and dramatic, widespread changes are
observed throughout the B-SBD (Figures S3G and H). Such changes cannot be explained by
local effects of interdomain docking or a-helical lid removal (Figure S31) and point to
extensive conformational changes everywhere in the B-SBD, including in the substrate-
binding site.

Thus, our experimental data for ATP-bound DnaK argue that the Hsp110 homology model
correctly describes relative arrangements of the NBD, p-SBD and a-helical bundle and
define the NBD—B-SBD and NBD-a-helical lid interfaces in the docked conformation, but
fails to capture long-range conformational changes inside Hsp70 domains. Intriguingly, the
two ‘end-point’ Hsp70 conformations, domain-undocked (ADP-bound) and domain-docked
(ATP-bound), have orthogonal patterns of interactions between the NBD, $-SBD and a.-
helical lid including: a-helical lid interaction with the B-SBD in the undocked state (red in
Figure 3D), and NBD—-SBD interaction in the docked state (blue in Figure 3D). These
orthogonal interfaces can be expected to compete energetically when factors such as ligand
binding differentially stabilize them (see below).
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Binding of Substrate to ATP-bound DnaK Leads to Domain Dissociation with Interdomain
Linker Binding: the Allosterically Active State

The key allosteric functions of an Hsp70 machine require that the binding of one ligand
(ATP or substrate) influence the interaction of the chaperone with the other ligand (Figures
1A and S1A, B) and hence require the presence of both ligands. Our methyl TROSY data on
the ATP/substrate-bound state of DnaK (Figure 2C) show that it is more similar to undocked
(ADP-bound) DnaK than to the ATP-bound state, indicating that substrate binding induces
domain undocking. Note in particular the lack of significant chemical shift perturbations in
the SBD resonances relative to those of the substrate-bound isolated SBD (green in Figure
2C), including residues located on the interdomain interface. However, importantly, there
are small but significant chemical shift differences between NBD resonances of the full-
length ATP-/substrate-bound DnaK and those of the isolated NBD (in the ATP-bound state)
(see arrows in Figure 2C). It is instructive to compare the NBD in ATP/substrate-bound
DnaK to previously characterized ATP-bound conformations of isolated NBDs that retain
the conserved hydrophobic interdomain linker (DnaK(1-392)) or not (DnaK(1-388))
(Zhuravleva and Gierasch, 2011) (Figure 4A). Resonances from the NBD of ATP/substrate-
bound DnaK fall between those of DnaK(1-392) and DnaK(1-388). Based on our previous
results, the chemical shift differences between these two constructs are a result of
conformational changes in the NBD attributable to binding of the interdomain linker. To
directly test the involvement of the linker in ATP/substrate-bound DnaK, we carried out
chemical shift perturbation analysis of ATPyS-bound DnaK(1-552) [which populates a
conformational ensemble similar to that populated by ATP-/substrate-bound full-length
DnaK (see below)] using a ‘soft’ mutation of one of the conserved hydrophobic residues in
the linker (L390V). The resulting pattern of chemical shift changes revealed that the linker
in ATP/substrate-bound DnaK interacts with the B-strand of subdomain I1B (Figure 4B and
Figure S4A)—the same linker-binding site that was previously found for the isolated NBD
(Zhuravleva and Gierasch, 2011). Additionally, we mutated three consecutive conserved
hydrophobic linker residues (389VLL391 to 389DDD391) to explore in greater depth the role
of the linker in shifting the conformation of the undocked (ADP-bound) state of DnaK to its
ATP/substrate-bound DnaK from. This mutation abolished the similarity of shifts for ATP/
substrate-bound DnaK NBD resonances to those of ATP-bound DnaK(1-392), and the peaks
now overlay on those of ATP-bound DnaK(1-388) (Figure 4C), indicating complete linker
unbinding.

Based on these results, we conclude that the interdomain linker binds to the NBD in ATP/
substrate-bound DnakK, while the SBD has undocked from the NBD. However, several lines
of evidence make it clear that both the linker-bound and linker-unbound conformations are
significantly populated in ATP/substrate-bound DnaK. First, intensities of the unbound
linker resonances are reduced in ATP/substrate-bound DnaK relative to apo-DnaK (domain-
undocked, linker-unbound), but the resonances remain, arguing that the linker is unbound in
a fraction of the population and bound in the rest (Figures S4B and C). Second, the NBD
chemical shifts in ATP/substrate-bound DnakK, lie midway between the linker-unbound
(DnaK(1-388)) and linker-bound (DnaK(1-392)) conformations (Figure 4A), which argues
for a dynamic equilibrium between states with bound and unbound linker. Third, dynamic
equilibration between linker-bound and linker-unbound states is also consistent with the
observed overall decrease in peak intensities (more than 3-fold for most residues as
compared with the apo, domain-undocked state) and line broadening in amide spectra of
ATP/substrate-bound DnaK (Figure S2D).

The simultaneous action of ATP, which stabilizes linker-binding to the NBD and domain
docking, and substrate, which favors domain undocking and stabilizes the B-SBD-a-helical
lid interaction, subjects DnaK to two opposing driving forces. The result is an ensemble of
fluctuating, interconverting domain-undocked conformations, with a fraction linker-bound
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and a fraction linker-unbound, in equilibrium with the domain-docked state (Figure 4D).
The properties of this ensemble account for the allosteric functions of DnaK: enhanced NBD
ATPase activity upon substrate binding, and rapid substrate association/dissociation upon
ATP binding. ATPase activation upon substrate binding is explained by the action of linker
binding on the NBD in the absence of domain docking, which is sufficient to activate NBD
ATPase activity to an extent comparable to activation by substrate binding (Swain et al.,
2007; Vogel et al., 2006).

A ‘Tug-of-War’ Between Two Orthogonal Interfaces Explains Modulation of Hsp70
Allosteric Activity by Ligands, Mutations, and Evolutionary Variation

The two orthogonal interdomain sets of interactions in DnaK, the NBD—-SBD interface,
and the B-SBD-a-helical lid interface, emerge as ‘tunable’ elements that shape the allosteric
landscape. Understanding the competitive energetic linkage of these interfaces provides a
framework to explain several previous observations. For example, mutations that destabilize
the NBD—B-SBD interface or stabilize the B-SBD-a-helical lid interface will decouple
ATPase activation and substrate binding. Such interface variants will have significantly
enhanced basal ATPase activity, and substrate binding will result in a minimal increase in
the ATPase rate. As a specific example, the allosterically defective mutation K4141 was
identified in our lab (Montgomery et al., 1999); this residue substitution destabilizes the
NBD-B-SBD interface as expected from the Hsp110 based model for the ATP-bound DnaK
conformation, resulting in significant domain disengagement even without substrate,
consistent with its red-shifted W102 fluorescence. Because of the weakening of the NBD—§-
SBD interface, DnaK molecules harboring the K414l mutation (Figure 5A) populate the
allosterically active, undocked, linker-bound DnaK conformation (Figure 5B, middle),
which explains their enhanced basal ATPase activity. As would be predicted by this analysis
of opposing energetic balances, perturbations of the NBD—B-SBD interface can also result in
an opposite effect: The L390V mutation (Figure 5A) significantly stabilizes the docked state
even in the presence of substrate (Figure 5C).

The nucleotide analogue ATP-yS does not mediate the same allosteric activities as the native
ligand ATP (Theyssen et al., 1996). We now understand that ATP-yS cannot shift the NBD
fully to the conformation that forms a stable NBD—3-SBD interface (Figure 5B, bottom).
Thus, ATP+yS fails to stabilize the domain-docked conformation and results in significant
domain disengagement. Remarkably, ATP+yS binding does not perturb linker interaction
with the NBD, but rather results in small changes to the interdomain interface (Zhuravleva
and Gierasch, 2011) that perturb domain docking.

Modulating the strength of interactions between the p-SBD and the a-helical lid should also
remodel the allosteric landscape in a way that is explained by the dueling interfaces. We
compared amide-TROSY spectra of full-length DnaK and its C-terminally truncated
construct DnaK(1-552), which lacks the helical bundle of the a-helical lid (Figure 5A) and
as a result, has substantially less stable secondary structure in helix B (Swain et al., 2006),
leading to a weaker B-SBD-a-helical lid interaction. In the absence of substrate, this C-
terminal truncation does not affect the docked, ATP-bound state, reflected in the similar
basal ATPase activities of the full-length DnaK and DnaK(1-552) (Swain et al., 2006). But
these truncated variants display a reduction in the degree to which the substrate shifts the
equilibrium toward the domain-undocked ensemble (Figure 5D). This interpretation fully
explains why DnaK(1-552) displays a reduced substrate-activated ATPase rate (about two-
times lower than that of full-length DnaK) (Swain et al., 2006).

Given the functional significance of the NBD—-SBD and p-SBD-a-helical lid interfaces,
we anticipated high conservation of residues located on these interfaces and indeed found
this to be true. The residues interacting across these interfaces are identical in 80 and 70%
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for the NBD—B-SBD and B-SBD-a-helical lid interfaces, respectively (Figure 6A) in a set
of Hsp70s (see Experimental Procedure). In addition, statistical coupling analysis to reveal
conservation of correlated variations found several linkages between these interfaces
(Smock et al., 2010).

Despite their high conservation, Hsp70s display some amino acid substitutions on the
interdomain interfaces (Figure 6B). To explore whether evolutionarily-selected substitutions
on the NBD-B-SBD interfaces affect Hsp70 conformational equilibrium and consequently
functional properties, we tested several DnaK(1-552) variants based on known amino acid
variations on the interdomain interfaces: L4541, D481N, and L4841 (Figure 6B and C).
While £. coliDnaK can tolerate these mutations /n vivo (Figure S5A), these amino acid
substitutions significantly affect the DnaK conformational ensemble by changing the degree
to which substrate in the presence of ATP shifts the equilibrium between domain-docked
and domain-undocked conformations (Figure 6D-E, Figure S5F-H, and Table S1). Upon
substrate binding the tension and balances between the NBD, p-SBD, and a-helical lid
couplings result in a highly tunable Hsp70 conformational ensemble, for which even minor
changes on the interdomain interfaces [such as the L390V, L4541, D481N, and L484I
substitutions (Figure 6C)] significantly affect the conformational equilibrium and,
consequently, function, since stabilization of the docked conformation results in decrease of
substrate affinity and ATPase activity (Figure 6F and G). In turn, substrate-binding affinity
affords another tunable energetic contribution, as higher affinity substrates shift the
equilibrium towards the allosterically active state (Figure S5C,F and G).

DISCUSSION

This study has revealed new insights into the fundamental mechanism of allostery of a
paradigmatic Hsp70, DnaK (Figure 7 and Figure S6). We find that the Hsp70 allosteric
landscape comprises three distinct protein conformations (Figure 7A): undocked (ADP-
bound) and docked (ATP-bound) ‘end-point’ states, and a previously unidentified
intermediate, the allosterically active, domain-dissociated linker-bound conformation that is
partially populated in the presence of ATP and substrate. Each conformation is characterized
by different arrangements of Hsp70 allosteric structural elements (NBD, B-SBD, a-helical
lid), while two flexible regions—the interdomain linker and helix B of the helical lid—provide
adjustable coupling connections between these units and create tunable interfaces between
the structural elements (Figure 7B). This ‘Lego®’-like architecture creates a set of
thermodynamic linkages that provide an explanation for the fundamental mystery of Hsp70
allostery: how events at each of the two domains can influence the other domain.

Allostery in Hsp70s is achieved because binding of nucleotide and substrate ligands are
thermodynamically linked so as to control the conformations of individual domains. In order
for this allosteric machine to function, each separate domain must possess the capacity to
sample (at least) two distinct conformations (Figure 7B): The result of linkages between
domains is a novel state endowed with the properties required for active allostery (Csermely
et al., 2010; del Sol et al., 2009; Smock and Gierasch, 2009): the ability to ‘breathe’ and
sample multiple local conformations, including one with a catalytically active array of
nucleotide ligands, and one with an un-lidded, disturbed substrate-binding site, which should
have fast and reversible substrate binding/release. In the allosteric cycle of an Hsp70
depicted in Figure 7C, this state corresponds to the obligatory intermediate between the two
end-point ADP- and ATP-bound states. For the isolated NBD, the binding of ATP perturbs
the intradomain conformation so as to favor linker-binding and high ATPase activity
(Bhattacharya et al., 2009; Revington et al., 2004; Zhuravleva and Gierasch, 2011). In full-
length DnaK this ATP-induced linker binding transmits a signal to the SBD via stabilizing
interactions between the NBD and SBD. Note that only minor changes in reorientations of
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NBD subdomains drastically affect ATPase activity of the protein (Zhuravleva and
Gierasch, 2011), which explains how interactions between the linker and the NBD (in the
allosterically active, domain-undocked conformation) and between the NBD and the SBD
(in the docked conformation) significantly affect ATPase activity. Binding of substrate is
coupled to these NBD conformational changes because of its direct stabilizing effect on the
B-SBD-a-helical lid interface, and indirect destabilizing effect on the NBD-B-SBD
interface. For the SBD, only one of its conformations has been described at atomic
resolution. However, our results clearly demonstrate that domain docking stabilizes a very
different un-lidded B-SBD conformation that we know has a markedly reduced capacity to
bind substrates.

The delicate balance among conformational states created by thermodynamic coupling of
opposing energetic contributions leads to exquisite “tunability’ of the Hsp70 system (Figure
S7E). Each ‘end-point’ Hsp70 state is stabilized by only one major intrinsic interaction
(Figure 7B): either the B-SBD-a.-helical lid interaction in the undocked state (in the
presence of ADP and substrate) or the NBD—p-SBD interaction in the docked (ATP-bound)
state, while both interactions contribute to the allosterically active (ATP- and substrate-
bound) conformation. Consequently, even minor perturbations of these interfaces result in
redistributions in the Hsp70 conformational ensemble, and (through resulting ATPase
activity and substrate affinity) define kinetics and thermodynamics of the Hsp70 allosteric
cycle. Thus, the conformational distribution underlying the Hsp70 allosteric cycle can be
readily shifted by either internal (sequence changes) or external factors (binding to co-
chaperones, other chaperones, and different substrates).

The energetic tug-of-war in Hsp70s between intradomain interactions and interdomain
interfaces provides an explanation for a number of previous observations, including the
observation of a marked decrease in substrate affinity upon perturbation of the p-SBD-a-
helical lid interaction (Fernandez-Saiz et al., 2006; Moro et al., 2004) and the fact that
ATPase stimulation is proportional to substrate affinity (Mayer et al., 2000). Alterations in
substrate binding affinity or kinetics clearly alter the allosteric reaction propensities. As a
result, the behavior of the Hsp70 can be tuned to individual substrates, depending on their
folding and aggregation properties, or on the physiological situation. DnaK is a “hub’ among
chaperone networks, and forms complexes with at least 700 substrates (Calloni et al., 2012):
Its tunability enables it to perform its allosteric cycle differently, depending on these
extrinsic factors. Moreover, binding to a large substrate will significantly destabilize the
interaction between the p-SBD and the a-helical lid (Schlecht et al., 2011), providing yet
another way to affect the Hsp70 ensemble and result in substrate-dependent modulation of
Hsp70 function.

Co-chaperones serve as extrinsic contributors to the allosteric balancing act in Hsp70s. We
speculate that co-chaperone effects on Hsp70s will be clarified in terms of the balance of
intra- and interdomain interactions. For example, shifting of the equilibrium between the
linker-bound and linker-unbound conformations likely underlies the ability of the DnaJ-class
of co-chaperone to enhance Hsp70 ATPase activities (Jiang et al., 2007). A recently
discovered dynamic interface between DnaJ and DnaK (the segment 206-221 of the NBD)
(Ahmad et al., 2011) overlaps with the NBD-SBD interdomain interfaces and provides
another means to regulate Hsp70 ATPase activity.

The ‘tunability” of the Hsp70 system offers an explanation for the striking functional
diversity in the Hsp70 family (Kampinga and Craig, 2010; Sharma and Masison, 2011).
Evolutionary tuning can occur via sequence changes at the key coupling interfaces. As
illustrated above (Figure 6), even single conservative amino acid changes shift the
equilibrium among docked, undocked (linker-unbound) and allosterically active (linker-
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bound) states and thus ‘tune’ conformational distributions to adjust kinetics and
thermodynamic of the allosteric cycle to specific substrates, environment and function in
different Hsp70 members. It will be of great interest to further explore the impact of
sequence variations in these key interfaces among the Hsp70 family.

Taken together, our results provide new insights into the mechanism of Hsp70 allostery that
explain many previous experimental observations, elucidate the basis of the striking
functional diversity within the Hsp70 family, and reveal ‘tunable’ allosteric segments in
Hsp70, which comprise potential binding sites for Hsp70 co-chaperones. The new insights
into ‘tunability’ also provide a basis for design of small allosteric modulators of Hsp70
function, which are shown to have the great potential for therapeutic targeting of the Hsp70
system (Chang et al., 2011; Rousaki et al., 2011). Our data on Hsp70s also have implications
more broadly, as allostery in other systems is likely to exploit analogous ligand-modulated
changes in thermodynamic linkages between protein domains and allosteric interfaces. From
an evolutionary standpoint, it is clear from the Hsp70 system that linking conformational
equilibria within domains via interdomain interfaces is a blueprint to create allosteric
signaling in multidomain protein systems. Indeed, recent work from the Ranganathan lab
has illustrated successful creation of allosteric signaling by combining otherwise non-
allosteric proteins (Halabi et al., 2009). We believe that the same mechanistic principles
harnessed in the two-domain Hsp70s can also be extended as a general allosteric mechanism
for another multidomain protein systems and for protein complexes with coupled allosteric
functions.

EXPERIMENTAL PROCEDURES

Construct Design and NMR Experiments

We designed three C-terminally truncated constructs each including the T199A mutation
(Figure 1D) including: DnaK(1-507), which comprises the NBD and p-SBD only;
DnaK(1-552), containing the NBD and -SBD plus helices A and B of the a-helical lid; and
DnaK(1-605), including the NBD, p-SBD, and the whole a-helical lid. In the C-terminally
truncated constructs, we incorporated L542Y and L543E mutations to disfavor self-binding
(the helical lid back to the substrate-binding site) and ensure the same allosteric landscape as
in full-length DnaK (Swain et al., 2006). Expression and purification of uniformly and
ligated 2H-,13C- 1°N-labeled and 2H-Methyl-13CHs-labeled samples were performed
according to published methods (Tugarinov et al., 2006; Zhuravleva and Gierasch, 2011).
NMR samples contained 300-500 M (for backbone NMR analysis) or ~50-100 .M (for
methyl NMR) of the protein, 10mM of potassium phosphate (pH 7.0), and, if needed, 5mM
of appropriate nucleotide, 5mM MgCl,, 2mM NR (NRLLLTG) peptide as a substrate
[saturating for all constructs (Figure S5B)]. All NMR spectra in this study were obtained at
26 °C on a 600-MHz Bruker Avance spectrometer using a TXI cryoprobe or 700-MHz
Varian NMR system equipped with a cryogenically cooled triple-resonance probe. Spectra
were processed using NMRpipe (Delaglio et al., 1995) and analyzed using Cara (Keller,
2004). Backbone assignments for the nucleotide-free and ATP-bound states of DnaK(1-388)
and DnaK(1-392) and peptide-bound and -free SBD(387-552) were transferred from
previous assignments (Swain et al., 2006; Zhuravleva and Gierasch, 2011) using transverse
relaxation optimized spectroscopy (TROSY)-modified versions of HNCO and HNCA
experiments (Weigelt, 1998). Methyl assignments of H5 and 13C? of isoleucines were
facilitated using the 3D HMCMCA and HMCMCB experiments (Tugarinov and Kay, 2003).
To assign backbone spectra of ATP-bound DnaK, we applied a ‘divide-and-conquer’
strategy (Gelis et al., 2007; Ruschak and Kay, 2010), in which fragments of a protein are
assigned, followed by the transfer of this assignment to the bigger constructs. The
[1H8,13C%] methyl assignments for non-overlapping NBD peaks were transferred from the
assignments of the isolated NBD. The partial assignments of SBD peaks were obtained
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using single-point mutagenesis. For more details see Supplemental Experimental
Procedures.

Chemical Shift Analysis

To identify the residues that experience large structural or/and dynamic perturbations
between different constructs, we performed a pairwise comparison of chemical shifts. For
each residue we calculated a total chemical shift difference, A8=V(A8y)? + (0.154A8)? +
(0.341A8c0)2, where A8y, Ady, and ASco are THN, 15N, and 13CO chemical shift
differences between two constructs. Chemical shift differences were considered as
significant if any of A8y, A8y, or ASco were twofold larger than the corresponding
chemical-shift errors, i.e., 0.08, 0.8, and 0.5 ppm for HN, 15N, and 13CO atoms,
respectively.

To identify interdomain interfaces we constructed several ‘soft’ single-point p-SBD and a-
helical lid mutations on the interdomain interfaces predicted from the Hsp110-based model:
L390V, L4541, D481N, E511D, and M515I. Residues with backbone chemical-shift
differences, AN > 0.03 ppm or/and A&y > 0.3 ppm (for the L390V, L4541, D481N,
E511D DnaK constructs), or methyl chemical-shift, ASy > 0.01 ppm or/and AS¢ > 0.1 ppm
(for the DnaK(1-552)-M515I) between DnaK(1-552) and a corresponding construct were
considered to be affected by a given mutation.

To obtain estimates of the degree of domain undocking for different DnaK constructs in the
ATP-/substrate-bound state, we used methyl chemical shifts of six NBD isoleucine residues
(140, 169, 188, 1202, 1204, and 1334), which have well-resolved methyl peaks in NMR
spectra of different constructs (Figure 6D). For these calculations, we assumed that for these
residues, the domain-docking/undocking transition is fast on the NMR time scale; and the
observed peak position is therefore a population-weighted average of the chemical shifts of
the domain-docked conformation (ATP-bound DnaK) and domain-undocked ensemble
(ATP-/substrate-bound DnaK). Further details are given in Table S1.

Functional DnaK assays

ATPase and substrate binding anisotropy assays were measured as previously described
[(Chang et al., 2008) and (Montgomery et al., 1999), respectively]. For more details see
Supplemental Experimental Procedures.

Homology Models and Definition of Interdomain Interfaces

We used the Hsp110-based homology model for DnaK developed previously (Smock et al.,
2010) (coordinates are available upon request). For the undocked (PBD ID code 2kho) and
docked (the Hsp110-based homology model) conformations, a residue was defined to reside
on an interdomain interface if any of its atoms were located within 5 A from any atoms
belonging to the other allosteric units (the NBD, B-SBD, a-helical lid, or interdomain
linker). To model the allosterically active (domain-undocked/linker-bound) conformation,
the SBD was removed from the structure and the SBD from the ADP-bound DnaK (PBD ID
code 2kho) was aligned on the p-SBD of the Hsp110-based homology model.

Evolutionary Conservation in the Hsp70 Family

Sequence conservation between different Hsp70 family members was estimated using the
ConSurf Server (http://consurf.tau.ac.il, Glaser et al., 2003); a multiple sequence alignment
was built using CLUSTALW:; the homolog search algorithm used was CS-BLAST, with the
minimal identity for homologs 60%. 150 homologs with the lowest E-values were used for
analysis. Residue varieties for the highly conserved residues 390, 454, 481 and 484 were (L
and V), (M,], and L), (N and D), and (M, I, L, and V), respectively.
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Figure 1. Conformational Insightsinto the Hsp70 Allosteric Cycle

(A) The Hsp70 allosteric cycle.

(B) and (C) Ribbon representation of the structures of the two ‘end-point’ states of DnaK:

the ADP-bound state (PDB ID code 2kho) and the Hsp110-based homology model of the

ATP-bound state (Smock et al., 2010; coordinates available upon request); structural

elements colored as in (D). (See also Figure S1.)

(D) DnaK constructs used for NMR studies.
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Figure 2. NMR Fingerprintsof DnaK Reveal Three Different Ligand-Bound Statesin Its
Allosteric Cycle
The isoleucine region of methyl-TROSY spectra of the two-domain DnaK constructs [black;
DnaK(1-552) for (A, B) and full-length DnaK for (C), see Figure S2 for the full-length
DnaK and ADP-bound state] are overlaid with the spectra of corresponding nucleotide and
substrate-bound states of the individual domains, NBD, DnaK(1-388) (blue) and SBD,
DnaK(387-552) (green): nucleotide-free (A), ATP-bound (B), and ATP-/substrate-bound
(C). On (C), red arrows point to small but significant chemical shift differences between
NBD resonances of the full-length ATP-/substrate-bound DnaK and those of its isolated

NBD.
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Figure 3. Experimental Validation of the Hsp110-based Homology M odel for the ATP-bound
(Domain-Docked) State of DnaK

(A, B) Mapping of the NBD residues significantly affected by interaction with the B-SBD
onto the structure of the Hsp110-based homology model. Residues with significant chemical
shift differences (see text) between DnaK(1-552) and either DnaK(1-392) or DnaK(1-507)
are shown in yellow and green, respectively; residues showing enhanced ps-ms dynamics
upon ATP binding, i.e., whose assignments were obtained for the isolated NBD but not for
DnaK(1-552), are shown in red (see Supplemental Experimental Procedures); the
unassigned residues in either constructs are shown in dark gray, the rest are shown in light
gray (see also Figure S3A).

(C) Ribbon representation of the Hsp110-based homology model showing effects of ‘soft’
mutations on backbone (L4541, D481N, L390V, and E511D) and methyl (M5151) chemical
shifts of ATP-bound (docked) DnaK(1-552). A site of mutation and the residues affected
(see Supplemental Experimental Procedures) are shown as dark and light colored spheres,
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respectively (See also Figure S3B and C); Trp102, which becomes solvent-exposed in the
ATP-bound conformation of DnaK (Buchberger et al., 1995), is shown in orange sticks on
right; NBD residues without backbone assignments are shown in black.

(D) Interfaces between the NBD, B-SBD and a-helical lid are shown mapped onto the two
endpoint Hsp70 states, domain-undocked/linker-unbound (PDB ID code 2kho) and domain-
docked [Hsp110-based homology model (see Experimental Procedures)]: residues at the
interface between the p-SBD and a-helical lid, which is stabilized by substrate binding are
in red, and residues at the interface between the NBD and either the p-SBD or the a-helical
lid, which is stabilized upon cooperative ATP and linker binding, are in blue; residues
participating in both interfaces are in yellow.
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Figure4. The Allosterically Active DnaK intermediate

(A) Ligand-driven changes in the DnaK conformational ensemble: Blow-up of a
representative region of methyl-TROSY spectra of ATP-bound DnaK in the absence of
substrate (gray, the domain-docked state) and with substrate (black, the domain-undocked
ensemble of linker-bound and —unbound conformations), overlaid on spectra of the isolated
NBD, with linker [DnaK(1-392)] (blue, the linker-bound conformation) or without linker
[DnaK(1-388)] (red, the linker-unbound, domain undocked conformation). Similar results
were obtained for wild-type DnaK without the T199A mutation (see Figure S4).

(B) Linker binding site on the NBD: Residues with significant chemical-shift differences
(more than 0.03 and 0.3 ppm for THN and 15N atoms, respectively; shown as yellow
spheres) in the NBD of ATPyS-bound DnaK(1-552) [reflecting the ensemble of two
domain-undocked conformations, linker-bound and linker unbound (see text)] between
DnaK(1-552) and its ‘soft” mutant L390V mapped onto the modeled structure of the
allosterically active conformation [to schematically model this conformation the SBD of
Hsp110-based homology model was replaced by the SBD from the ADP-bound DnaK (PBD
ID code 2kho)] (see also Figure S4).

(C) The isoleucine region of the methyl-TROSY spectrum of the two-domain allosterically
defective 389DDD39! DnaK(1-605) bound to ATP and substrate (black) showing near-
perfect overlap with spectra of the individual, non-linker-bound NBD, DnaK(1-388) (red).
(D) Schematic illustration of two coupled conformational transitions in DnaK: (i) between
the domain-docked conformation and the domain-undocked ensemble [corresponding to a
transition between gray (ATP-bound) and black (ATP-/substrate-bound) peaks on left] and
(ii) between linker-bound and —unbound conformations [corresponding to a transition
between NBD+linker (blue) and NBD only (red) peaks (A); note in full-length DnaK that
this transition is fast on the NMR time scale, and that black peaks on the left correspond to
the dynamic domain-undocked ensemble of these two conformations]. Interdomain
interfaces are colored as in Figure 3D.
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Figure5. The Impact of Competition Between the NBD—$-SBD and B-SBD-a-Helical Lid
Interfaces on the Hsp70 Allosteric L andscape

(A) DnaK sequence modifications that result in perturbations in its conformational ensemble
are mapped onto the modeled structure of the allosterically active conformation (modeled as
for Figure 4): L390V and C-terminal truncations, which favor domain docking, are shown in
magenta, K4141, which favors domain undocking, is shown in green.

(B) Destabilization of the NBD—p-SBD interface results in domain undocking even in the
absence of substrate: Blow-up of the amide-TROSY spectra of DnaK(1-392) (blue,
representing the NBD linker-bound state) and DnaK(1-388) (red, representing the NBD
linker-unbound state) overlaid on the spectra of two-domain DnaK under conditions that
stabilize domain undocking, either upon substrate binding to the ATP-bound DnaK(1-605)
(top panels) or upon perturbation of the NBD—-SBD interface, viz. ATP-bound
DnaK(1-552)K414l (middle panels), or ATPyS-bound DnaK(1-552) (bottom panels).
Resonances shown (Gly6, Tyr193, Gly229, and VV340) report on long-range conformational
changes in the nucleotide-binding site upon linker binding to the NBD (see Supplemental
Experimental Procedures). The spectra of the isolated NBD constructs are with the
corresponding nucleotide bound (ATP, top and middle panels) or ATPyS-bound (bottom
panels).

(C) Stabilization of the NBD—B-SBD interface in DnaK(1-605)L390V or (D) destabilization
of the B-SBD-a-helical lid interaction in DnaK(1-552) favors the domain-docked
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conformation even in the presence of substrate. A representative region of the amide-
TROSY spectra of the ATP-bound state of DnaK(1-552) (magenta; the domain-docked
conformation) and ATP-/substrate-bound DnaK(1-605) (green; the domain-undocked
ensemble of linker-bound and linker-unbound conformations) overlaid with spectra of
DnaK(1-605)L390V (C) and DnaK(1-552) (D), shown in black. Consistent with previous
biochemical studies (Kumar et al., 2011; Swain et al., 2007) neither the L390V mutation on
the NBD—B-SBD interface nor disruption of the B-SBD—a-helical lid interface in
DnaK(1-552) affects the ATP-bound conformation in the absence of substrate.
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Figure 6. Evolutionary Variation at the NBD—--SBD and p-SBD-a-Helical Lid I nterfaces
Modulatesthe Hsp70 Allosteric Landscape

(A-C) Sequence conservation and diversity at the NBD—3-SBD interdomain interface in the
Hsp70 family. (A) Sequence conservation between different Hsp70 family members colored
from blue for fully conserved residues to red for residues with no conservations (see
Experimental Procedures) shown on the structure of ADP-bound DnaK state (PDB ID code
2kho).

(B) Multiple sequence alignment (ClustalW) of DnaKs from E. coli, Bacteroides
thetaiotaomicron VPI-5482 (BT), Bifidobacterium longum NCC2705 (BL), Cyftophaga
hutchinsonii (CH), and Streptomyces coelicolor A3(2) (SC), and four human Hsp70s
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(Hsc70, HspA1, endoplasmic reticulum-BiP, and mitochondrial-MtHsp70). (C) Observed
amino acid substitutions identified in B are shown on the Hsp110-based homology model.
(D) The isoleucine region of methyl-TROSY spectra of ATP-bound full-length DnaK in the
absence of substrate (blue, corresponds to the docked state) and with substrate (red,
corresponds to the domain-undocked ensemble: the interconverting mixture of linker-bound
and linker-unbound conformations) overlaid with ATP-/substrate-bound DnaK(1-552)
(green) and its variants L4541 (light blue; the DnaK(1-552)L4841 shows very similar results,
see Table S1) and D481N (orange). All experiments were performed at saturating substrate
concentrations (2mM of NR peptide) (See also Figure S5).

(E) Histogram showing the degree of substrate-induced domain undocking for individual
constructs, colored as in B and D. For each DnaK variant, the degree of domain undocking
was estimated as described in the Experimental Procedures.

(F and G) Tuning of DnaK functionality. (F) Equilibrium binding of a fluorescently labeled
peptide substrate to DnaK(1-552) (green) and its variants L4541 (cyan) and D481N (orange)
in the presence of ADP (open circles) and ATP (filled circles); Kp values are 5.7£1.0
(60+20), 6.9+1.0 (80£20), and 6.8+1.0 (300+70) M for the ADP-(ATP-)bound state of
DnaK(1-552), DnaK(1-552)-D481N, and DnaK(1-552)-L454l, respectively (see
Supplemental Experimental Procedures). (C) Stimulation of the ATPase activity of wild-
type DnaK (red) and its variants DnaK-L4541 (cyan), DnaK-D481N (orange), and
DnaK(1-552) (green) by 200 .M NR peptide. (See Figure S51 and Supplemental
Experimental Procedures).
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Figure 7. Mechanism of Hsp70 Allostery

(A,B) Schematic illustration of Hsp70 allosteric landscapes showing how the allosterically
active state serves as an intermediate between the two ‘end-point’ states (A) and (B) how
thermodynamic coupling of Hsp70 domains determines the conformations the protein
populates along its allosteric cycle (see also Figures 4D and S6): Binding of ADP and
substrate favors interactions between the p-SBD and a-helical lid (red, in the domain-
undocked conformation), ATP-induced linker binding to the NBD favors NBD-SBD
docking (blue, in the domain-docked conformation). In the presence of both ATP and
substrate, an interdomain energetic ‘tug-of-war’ results in a highly dynamic and tunable
conformational ensemble. The interdomain linker and helix B provide flexible and ligand-
adjustable connections between the NBD, the B-SBD, and the a-helical lid.

(C) Ilustration of the roles of energetic interdomain coupling and ‘tunability” in the
allosteric cycle. The interfaces between the NBD and the p-SBD (blue) and between the p-
SBD and the a-helical lid (red; magenta—residues participate in both interfaces) define the
thermodynamics and kinetics of the allosteric cycle and can be modulated by either intrinsic
(sequence changes) or extrinsic (binding to nucleotide, substrates, co-chaperones) factors.
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