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Allostery in the Hsp70 Chaperone Proteins
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Matthias P. Mayer, Jason E. Gestwicki, and Atta Ahmad

Abstract Heat shock 70-kDa (Hsp70) chaperones are essential to in vivo protein

folding, protein transport, and protein re-folding. They carry out these activities

using repeated cycles of binding and release of client proteins. This process is under

allosteric control of nucleotide binding and hydrolysis. X-ray crystallography,

NMR spectroscopy, and other biophysical techniques have contributed much to

the understanding of the allosteric mechanism linking these activities and the effect

of co-chaperones on this mechanism. In this chapter these findings are critically

reviewed. Studies on the allosteric mechanisms of Hsp70 have gained enhanced

urgency, as recent studies have implicated this chaperone as a potential drug target
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in diseases such as Alzheimer’s and cancer. Recent approaches to combat these

diseases through interference with the Hsp70 allosteric mechanism are discussed.

Keywords Dynamics � DnaJ � DnaK � Interactions � Structure

Contents

1 General Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

2 Hsp70 Overall Architecture and ATP Hydrolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

3 The Hsp70 Functional Cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4 Allostery and Structures of Hsp70 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5 Global Characteristics of the Allosteric Change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6 The Key Role of the NBD-SBD Linker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

7 Allosteric Changes in the NBD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

8 Allosteric Changes in the SBD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

9 Where Does the SBD Interact with the NBD in the ATP State? . . . . . . . . . . . . . . . . . . . . . . . . 122

10 Relevance of Hsp70 Allostery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

11 The Role of the NEFs in Allostery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

12 The Role of DnaJ in Allostery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

13 Hsp70-Allosteric Effectors as Drugs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

14 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

1 General Introduction

Heat shock 70-kDa proteins, Hsp70s, were first identified in bacteria as being over-

expressed in response to cellular stress such as elevated temperatures, nutrient

deprivation, heavy metals, oxidative stress, and viral infections [1]. Hsp70s rescue

proteins that have been partially denatured, misfolded, and/or have become

aggregated by these conditions. Hsp70s can unfold these clients in a complicated

process fueled by ATP hydrolysis under allosteric control [2]. The unfolded clients

are then free to refold properly. In addition to their roles in the stress response,

Hsp70s are also expressed in normal, unstressed cells, where they act as

chaperones, catalyzing the overall folding yield of newly expressed proteins by

unfolding off-pathway intermediates [3, 4].

Hsp70s occur in all domains of life: archaea, eubacteria, and eukaryotes. In the

eukaryotes, (specialized) Hsp70s are found in the cytosol, nucleus, mitochondria,

chloroplasts, and endoplasmic reticulum. Hsp70s have been shown to be the most

conserved proteins found in all organisms [5]. In archaea and eubacteria Hsp70 is

referred to as DnaK. In yeasts they are called SSA, in mammals including humans

they are referred to as HSPA. The latter are enumerated in Table 1. Most species

encode for at least three Hsp70s.

In stressed human cells, the 13 Hsp70 isoforms account for 2% of all protein

mass [6]. In addition to Hsp70’s role in protein re-folding, Hsp70s direct irrevers-

ibly denatured proteins to degradation by the ubiquitin-proteasome system [7] or by

the lysosomal proteolysis system [8]. Hsp70s are assisted by co-chaperones called

J-proteins (Hsp40) [9] and nucleotide exchange factors (NEF) [10]. Apart from
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their function in protein (re)folding, the Hsp70 proteins also mediate uncoating of

clathrin-coated vesicles [11], trafficking of nuclear hormone receptors [12], and

antigen presentation by MHCs [13]. Because of these varied roles, Hsp70 is

considered a core mediator of protein homeostasis.

Hsp70s have been implicated in numerous diseases. For example, Hsp70s are

upregulated in tumors [14], and they are required for the survival of these cells

[15–17]. Enhanced expression of Hsp70 in tumor cells is likely caused by conditions

which mimic stress [18, 19]. Hsp70s are thought to play at least three roles in cancer.

First, they are thought to attempt to neutralize the conformational changes in mutant

proteins [20, 21] which are common in tumorigenic cells. Second, Hsp70s are found

to inhibit specifically cell death pathways [19, 22–26]. Third, mitochondrial Hsp70

can directly inactivate p53 tumor suppressor protein [27, 28]. Hsp70s are also

involved in several CNS disorders. Diseases such as Alzheimer’s, Pick’s disease,

progressive supranuclear palsy, corticobasal degeneration, and argyrophilic grain

disease are characterized by the aberrant accumulation of hyperphosphorylated tau,

called tau-tangles [29]. Hsp70s participate in the clearance of tau-tangles through a

mechanism that is currently not well understood. Because of these emerging roles of

Hsp70s in multiple diseases, there is renewed interest in understanding the

mechanisms of this chaperone, with the goal of creating new medicines that best

exploit the complex mechanisms of allostery in the Hsp70 system.

2 Hsp70 Overall Architecture and ATP Hydrolysis

Because Hsp70s are extremely well conserved proteins (53% identity, 68% homo-

logy between the Hsp70 of E. coli and Hsc70 of humans), the conclusions of studies

using an Hsp70 from one organism are often considered to approximate the

behavior of the others. Thus, we primarily discuss the properties and allosterics

Table 1 Homology for the hydrophobic NBD-SBD linker for the human HSPA (HSPA8 count) as

compared to Hsp110 of S. cervicea (bottom)

Systematic name Old name 390 391 392 393 394 395 396 397 398

HspA1A Hsp70 1A/1B D L L L L D V A P

HspA1L Hsp70 1-like D L L L L D V A P

Hspa2 Hsp70 2 D L L L L D V T P

HSPA5 Grp78, Bip D L V L L D V C P

HSPA6 Hsp70 6 D L L L L D V A P

HSPA8 Hsc70 D L L L L D V T P

HSPA9 Mt-Hsp70, mortalin D V L L L D V T P

HSP12A Hsp70 12A A V I K V R R S P

HSPA12b Hsp70 12B G V V R V R R S P

HSPA13 Hsp70 13 A L E I P N K H L

HSPA14 Hsp70 14 D S L M I E C S A

395 396 397 398 399 400 401 402 403

HSP110 SSB-1 E D I H P Y S V S
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of the Hsp70s in the context of the E. coli ortholog, called DnaK, because it is one

of the best studied. Further, in this review we will often use the names DnaK and

Hsp70 interchangeably.

DnaK contains three domains (see Fig. 1). The N-terminal 45-kDa Nucleotide

BindingDomain (NBD) is formally divided into four subdomains: IA (1–37, 112–184,

363–383), IB (38–111), IIA (185–227, 310–362) and IIB (228–309), all in DnaK

E. coli numbering. IA-IB and IIA-IIB form the two arms of a V-shaped structure [30,

31]. Nucleotide is bound at the center of the V-shaped cleft and is coordinated by

residues derived from all four subdomains. The distribution is skewed: the adenosine

and deoxy-ribose moieties are wedged into the interface of subdomains IIA and IIB.

The a-phosphate and b-phosphate interact mostly with residues from subdomain IIA,

whereas the g-phosphate and the ATP-coordinated Mg2+ ion are mostly in contact

with residues of subdomain IA. Only one residue from subdomain IB is involved in

interaction with nucleotide. It is Lys70 which is absolutely essential for catalysis

(Lys71 Hsc70 for which the definitive mutagenesis experiment was carried out [32]).

The lysine e-amino group is likely involved in the activation of thewatermolecule that

carries out the nucleophilic attack on the gamma phosphate [32]. Mutations of other

residues involved in nucleotide or Mg2+ binding affect kcat and/or KM, but no single

mutation completely abolishes hydrolysis [33]. Hence there is no single residue acting

as the sole general base catalyst. Even the nature of the monovalent ions that help

coordinate the g-phosphate in the active site is important: ATP hydrolysis is five times

slower in NaCl than in KCl [34].

The NBD is connected via a linker to the Substrate Binding Domain (SBD). The

linker is 10–12 residues in length and is highly conserved, showing a characteristic

D/E-V/I/L-L-L-D-V-*-P hydrophobic sequence [35]. The SBD is a b-basket of
13 kDa, which is made up of two antiparallel b-sheets of four strands each [36]. The
substrate-binding pocket is located between the two b sheets, is highly hydropho-

bic, and displays a high affinity for hydrophobic residues such as Leu [37]. A short

linker connects the SBD to the 15-kDa alpha-helical LID which shields the

substrate-binding pocket [37]. Beyond the LID is a tail region of varying length

(approximately 50 residues) and sequence. In E. coli DnaK this tail is disordered

and dynamic [38]. Recent work indicates that it may act as a disordered tether

linked to a weak substrate-binding motif which enhances chaperone function by

Fig. 1 Hsp70 domain architecture in DnaK E. coli count
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transiently interacting with folding clients [39]. In human Hsp70s the very

C-terminus of the tail region contains sequences that are important for the interac-

tion with the CHIP [12], a ubiquitin ligase, or for ER targeting [40].

3 The Hsp70 Functional Cycle

Misfolded proteins (substrates) display stretches of exposed hydrophobic amino

acids. The most quoted [41], but not universal [42], view is that co-chaperones of the

DnaJ class (Hsp40) are the first to recognize and bind to such substrates, and escort

them to the Hsp70 protein. In the DnaK–DnaJ–substrate complex, the substrate is

transferred to the hydrophobic cleft located on the Hsp70 SBD. The cleft is solvent-

accessible in the ATP state of the chaperone. By combined action of DnaJ and bound

substrate, the Hsp70 hydrolyzes ATP. This leads to a large-scale conformational

change in which the substrate becomes more tightly bound. EM-structural analysis

of an Hsp70 bound to a full-length protein client confirms that the binding takes

place through the SBD [43]. Nucleotide exchange factors (NEF; GrpE in the case of

E. coli) help the Hsp70 to acquire ATP, reversing the conformational change, and

reducing the affinity of the Hsp70 for the substrate, after which it is released. This

cycle constitutes the so-called “holdase” and release function of the Hsp70 (see

Fig. 2). This function is utilized to transport un/mis-folded proteins between

organelles or to protect the un/mis-folded proteins from aggregation until more

favorable folding conditions exist [44].

In addition to the holdase function, the Hsp70’s main function is to help in the

protein (re)folding process. Hsp70s such as DnaK, in the presence of DnaJ, GrpE,

and ATP, can refold heat-denatured luciferase [45], polymerase [46], and

resolubilize protein aggregates [47]. In fact, in the eukaryotic cytosol, Hsp70s are

the predominant protein (re)folding machine, handling more substrates (20% of the

proteome) [48] than the eukaryotic GroEL analog TRiC (7% of the proteome) [49].

Protein refolding must involve an active unfolding step of the substrate [4, 50, 51].

Possible mechanisms are (1) that Brownian motion of the chaperone loosens the

bound misfolded protein, in a process called entropic pulling [52], (2) that

misfolded proteins are inherently unstable and will transiently expose additional

hydrophobic sequences which are trapped by additional DnaJ and/or DnaK, leading

to progressive unfolding in a multi-molecular complex, (3) a combination of (1) and

(2) [47], and (4) that the closure of the Hsp70 lid upon binding to the client is a

molecular wedge to alter the conformation of the bound substrate [43]. Unfolded

protein is subsequently released by action of the NEF, after which it can spontane-

ously refold. Especially in the refolding function (Hsp70 as “foldase” actually,

better, “un-foldase”) timing and kinetics must be critical to success.
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4 Allostery and Structures of Hsp70

Hsp70s are allosteric proteins in which ATP binding at the NBD causes substrate

release at the SBD, and in which substrate binding causes hydrolysis of ATP, and in

which hydrolysis of ATP enhances substrate binding. In the ADP state substrate

binding is tight, while in the ATP state, the substrate binding affinity is reduced by

one to two orders of magnitude [53–55] (depending on substrate and species; see

Table 2). As the distance between the nucleotide binding cleft and substrate binding

cleft is more than 50 Å, the clefts must communicate indirectly by allostery.

PO4

PROTEASOME

Hsp70 (DnaK) 

Hsp40 (DnaJ) 

NEF (GrpE) 

ATP

ATP

ATP

ATP

ADP

ADP

ADP

ADP

ADP

Fig. 2 The Hsp70 functional cycle as an unfoldase. DnaK NBD is in red, SBD is in blue, LID is in

dark green. DnaJ J-domain is in yellow, DnaJ SBD is in cyan, DnaJ GF-region is in pink. Substrate
(client) is in green. NEF is in gray. The oligomeric complex with several Hsp70s and Hsp40s is

unproven. Successful cycles result in unfolded protein that can spontaneously refold. Unsuccessful

cycles result in protein degradation by the proteasome
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Our discussion here will focus mostly on allosterics as observed in DnaK, the

Hsp70 of bacteria E. coli. This is because much of the early Hsp70 work was carried

out for DnaK and also because the majority of the recent structural information on

allostery has been collected on DnaK. We are, as of this writing, not aware of any

structural/kinetic/thermodynamic findings that are fundamentally different for the

mammalian Hsp70s. The latter differ from DnaK E. coli mostly in the utilization of

different co-chaperones.

The difference in the affinity for substrate in the case of DnaK-ATP and DnaK-

ADP corresponds to a free energy of allostery of only 2 kcal/mol (see Table 2)

[53–55]. This is less energy than is contained in a typical H-bond. However, the

substrate off-rate is different by three orders of magnitude between the ADP and

ATP state, which corresponds to a respectable change of 4–5 kcal/mol in the free-

energy of the dissociation activation barrier.

DnaK’s allostery can be measured in a number of ways. In vitro assays include

stimulation of ATP-hydrolysis upon substrate binding [56], which can be monitored

by detecting the release of ortho-phosphate by g32P radio-isotope assays [57],

colorimetric assays [58], or 31P NMR spectroscopy [59]. In addition, substrate

binding at the SBD may be monitored by change in the emission maximum of the

intrinsic fluorescence of Trp102 of DnaK [60], which is located in the subdomain

IB of the NBD [61]. The fluorescence change can hence be used to monitor

allosteric communication. Furthermore, the quintessential substrate release upon

ATP binding can be monitored by a decrease in the fluorescence anisotropy of

fluoroscein-labeled substrate peptides [62]. Nucleotide and substrate binding result

in global changes in the DnaK molecule. The linker between NBD and SBD is more

easily cleaved in the ADP state than in the ATP state [61]. Also, amide proton

exchange in the SBD is different in ADP and ATP states [63]. Finally, extensive

chemical shift changes of the NMR lines of the NBD occur when peptide becomes

bound to the SBD [64], and, conversely, the NMR spectrum of the SBD changes

upon ADP/ATP exchange in the NBD [65].

In vivo assays of Hsp70 functionality include evaluation of capability of cells

to survive heat shock [66], and, for DnaK in particular, its ability to stimulate

lambda-phage growth in E. coli [67]. A stringent test is the refolding of mutated

or heat-denatured luciferase, which will only occur in the presence of ATP and

co-chaperones of the DnaJ and NEF class [45]. Recently, suspicions that all of these

functional/biophysical assays may not perfectly correlate with each other have been

put forth [68, 69].

Much about allosteric mechanisms of proteins can usually be learned from the

comparison of the structures of different allosteric states of the proteins. The

classical example is the comparison of the crystal structures of oxyhemoglobin

and deoxyhemoglobin. The conformational differences seen provided strong clues

about the allosteric mechanism, which was eventually verified with biochemical and

genetic experiments. A similar structural analysis has been a longstanding goal in the

Hsp70 field. While structures for isolated NBDs [37, 70–72], SBDs [37, 73, 74], and

LID [37, 75] were published almost two decades ago, structural biology techniques

have only recently captured a few constructs that contain both NBD and SBD
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[38, 64, 76, 77]. For the Hsp70s, at least four allosteric states should be compared:

NBD(ATP)-SBD(apo), NBD(ATP)-SBD(sub), NBD(ADP)-SBD(sub), and NBD

(ADP)-SBD(apo). In addition, one can add NBD(apo)-SBD(apo) and NBD(apo)-

SBD(sub). However, nucleotide-free NBD can exist only transiently during the

ADP ! ATP exchange and should not be considered to be a physiologically

relevant state. Nevertheless, biochemical evidence suggests that its properties are

not unlike the ADP-bound state [61]. ATP hydrolysis in the NBD(ATP)-SBD(sub)

state is relatively rapid (0.05–0.5 s�1) [56]. Consequently, the lifetime of this state is

too short for structural studies. This leaves three other relevant states to be studied.

The NBD(ADP)-SBD(sub) state is completely stable in the absence of NEFs and so

is the NBD(ADP)-SBD(apo) state. The NBD(ATP)-SBD(apo) state is stable enough

for most biophysical experiments (ATP hydrolysis rate is 5 � 10�4 s�1) [56], but

not for NMR or X-ray structure determination.

In addition to these fundamental considerations, there are technical problems.

The Hsp70s tend to aggregate in both ADP and ATP states, especially when the

SBD cleft is unoccupied, and the NBD-SBD linker is very susceptible to proteolytic

cleavage. These properties hamper both NMR and X-ray studies. Hsp70s are

“large” for NMR, precluding high-resolution structure determinations to be made

(except for the isolated SBD [73, 78]). As multi-domain proteins of dynamical

nature, Hsp70s also are a challenge for X-ray crystallography, both in crystalliza-

tion and in the effect of packing on the relative (sub)domain positions in the crystal.

Because of these technical issues, only one of the four allosterically relevant

structures is available to date: it is the NBD(ADP)-SBD(sub) state, determined in

solution from a combined analysis of X-ray structural data of the subdomains, with

NMR residual dipolar couplings which delineate the relative domain orientations.

The structure was obtained for wt-DnaK in the presence of ADP, phosphate, and the

peptide NRLLLTG (KD ¼ 5 mM) [38]. In this structure, the LID domain is docked

to the SBD, but the SBD-LID unit moves rather unrestricted with respect to the

NBD [38] as can be seen from the NMR intensity data presented in Fig. 3. Using
15N NMR relaxation data, it was established that the dynamics of the SBD is

consistent with motion in a cone of 70� opening angle with respect to the NBD,

and that the time scale of the motion is shorter than 1 ns. The study substantiated

earlier NMR studies that noted that the NBD and SBD behave as independent units

in the ADP state [65, 79]. So the NMR data from two groups show that there is no

stable communication between NBD and SBD in the ADP state. Hence, one expects

that the two domains must interact in the ATP state.

By itself this is an interesting finding: conventional understanding is that allo-

stery involves (at least) two well-defined states, in which the interaction free energy

between the allosterically-coupled units differs. Possibly this outlook may be

derived from the fact that virtually all structural studies of allosteric systems have

been studied by crystallography, a method which can only characterize well-

defined states. Possibly, allostery involving dynamic, “non-communicating” states

is widespread, but has gone undetected. Alternatively, we observe here a primitive

form of allostery. It must be simpler evolutionarily to develop interface
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complementarity in only one instead of two allosteric states. Hsp70s, which are

some of the most ancient proteins [5], may have conserved this mechanism.

The following other two-domain structures are available, but neither of these

contains wild-type proteins.

First, an NMR solution conformation is available for a truncated construct of the

DnaK of Thermos thermophilus, in the ADP state, but without bound substrate [64].

This protein, an NBD(ADP)-SBD(apo) state construct, is missing the complete alpha-

helical LID domain. It does not show relative domain motions. Its overall domain

alignment is within experimental uncertainty, identical to that of wt-DnaK-E. coli
NBD(ADP)-SBD(sub).Whether the lack of inter-domainmotion is caused by the lack

of the LID, the lack of substrate, or the fact that the experimental data were recorded at

55 �C, a temperature well below the temperature of optimal activity ofT. thermophilus
(65–80 �C), is currently unknown.

Second, a crystal structure of a two-domain construct of bovine Hsc70 truncated

at residue 554 was reported [76]. The C-terminus binds to the substrate-binding

cleft. In this construct, NBD and SBD were found to interact. However, the

mutations E213A and D214A, which were essential to the crystallization process,

are found to be on the interface between NBD and SBD (see Fig. 4). It is likely that

these aggressive mutations are the cause of the observed hydrophobic packing

between NBD and SBD. We believe that the crystal structure for this Hsc70

triple-mutant [76] is artifactual.

Third, a crystal structure of DnaK(1–509) from Geobacillus kaustophilus bound
in the ADP state was reported [77]. The construct is missing the alpha-helical LID

domain. The crystal contains dimers, in which the SBD of one monomer binds to

the NBD-SBD linker of the other monomer. While this is not likely to be a

physiologically relevant state, the structure does show that the NBD and SBD are

significantly separated from each other, in agreement with NMR solution structure

of wt-DnaK in the ADP state [38].

Fourth, a crystal structure of SSE1, an Hsp110 from S. cerevisiae, has appeared
[80]. Hsp110s are homologous toHsp70s, and bindATP stablywithout hydrolyzing it.

Despite the fact that the Hsp110 crystal structure is a dimer mediated by LID–LID

interactions, the NBD-SBD interface may be representative of the Hsp70 ATP state.

Fig. 3 (a) The relative orientation of the SBD (left) and NBD (right) for DnaK(1–605) in the ADP –
NRLLLTG state in solution [38]. NBD domain IA: yellow, IB: blue, IIA: green, IIB: red, linker:
white, beta domain: cyan, LID-helix-A:magenta, LID-helix-B: pink, Lid: orange. Residues rendered
in space fill are important for the NBD-SBD allosteric communication as determined bymutagenesis

studies from several other workers as discussed in the text. (b) Dynamical properties of the ADP-

NRLLLTG state of the DnaK backbone as determined from cross-peak intensity ofHNCONMRdata

[38]. High intensity indicates high mobility, low intensity indicates low mobility. Colors: NBD: red,
Linker: black, SBD: green, LID: blue. (c) Dynamical properties of the ATP-APO state of the DnaK

(1–605)(T199A/V436F) backbone as determined from cross-peak intensity of HNCO NMR data.

High intensity indicates high mobility, low intensity indicates low mobility. Colors: NBD: red,
Linker: black, SBD: green, LID: blue (Bertelsen and Zuiderweg, unpublished)
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It is depicted in Fig. 5. The structure shows a docked NBD and SBD, in agreement

with the expectation for the ATP state ofHsp70. The linker is engaged as an additional

strand of the two-stranded beta sheet in NBD subdomain IIA. This docking would

explain the extensive solution NMR chemical shift changes uponATP/ADP exchange

Fig. 4 A crystal structure of human Hsc70 D(555–646) E213A/D214A [76]. (a) Left, overall
docking. Green: SBD, cyan: SBD-beta; blue LID; black NBD-SBD linker. A213 and A214 are

yellow. (b) Right, docking of the NBD (ribbon) on the SBD/LID/Linker (surface). The linker is at

the bottom. Color coding: green: apolar, red: negative, blue: positive, white: polar, mud-green:
Thr + Tyr. The mutations A213 and A214 on the NBD are in pink and interact directly with a

hydrophobic SBD surface

Fig. 5 A crystal structure of Hsp110 of S. cervisea [80] Orientation and color coding is as in

Fig. 3a. (NBD domain IA: yellow, IB: blue, IIA: green, IIB: red, linker: white, beta domain: cyan,
LID-helix-A: magenta, LID-helix-B: pink, Lid: orange)
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seen for residues in these strands [64, 65, 81, 82]. The LID inHsp110 has moved away

from the SBD and is docked against subdomain IB. This docking would explain the

fact that the fluorescence of Trp102 in subdomain IB of DnaK is affected by the ATP-

ADP conformational change, but not in the absence of the LID [61]. Despite all these

expected features, there is still doubt as to the validity of Hsp110 as a model for the

Hsp70ATP-apo state. In particular, the lack of homology for the linker (see Table 1) is

of great concern. The linker plays a key role in the allosteric function of the Hsp70s

(see below). The linker sequence VLLLD, strongly conserved between Hsp70

members, is DIHPY in Hsp110. On the one hand, the differences in linker are quite

to be expected as they would explain why Hsp110 is locked in the ATP state; on the

other hand, one questions whether the observed docking in Hsp110 can be representa-

tive of the presumed docking in the Hsp70s since the differences in physico-chemical

properties of the linker residues are so large.

A recent NMR contribution from the Gierasch group [83] is weighing in on this

discussion. They observe chemical shift changes in the two-stranded beta sheet in

NBD subdomain IIA between DnaK NBD constructs with and without the linker,

but only in the ATP state. While no actual structure determination was carried out,

these results were interpreted to reflect that, only in the ATP state, the linker may

form an additional strand of the two-stranded beta sheet in NBD subdomain IIA.

Hence, this study supports the claim that the crystal structure of SSE1 [80] may

indeed be a model for the ATP state of the Hsp70 chaperones.

Nevertheless, as of this writing, this leaves us with only one reliable structure for

a full-length and authentic Hsp70: it is the solution structure of wt-DnaK in the

NBD(ADP)-SBD(sub)state in which no communication between NBD and SBD

takes place [38, 65]. Hence all understanding of the allosteric mechanism for

Hsp70s has to be derived from either structural studies of the individual domains

and their changes upon ligand binding or biochemical/biophysical studies of the

full-length proteins without direct structural insights.

Fortunately, many such studies are available, and will be reviewed below.

5 Global Characteristics of the Allosteric Change

The g-OH of Hsc70 active-site residue T13 (T11 in DnaK E. coli numbering) forms

a hydrogen bond with an oxygen of the ATP g-phosphate. This hydrogen bond is

one of the few direct links between the nucleotide and NBD subdomain IA (see

above). Mutation of T13 to valine did not affect the efficiency of ATP hydrolysis,

but completely abrogated the allosteric communication between NBD and SBD

[84]. The mutation T13S was allosterically active [84] and structural studies

revealed that its g-OH took the position of the g-OH of Thr. These findings

underscore the importance of this single hydrogen bond for the allosteric mecha-

nism. Possibly it is the key linkage signaling the nucleotide state to subdomain IA,

which, in turn, propagates the signal to the SBD (see below). However, the
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mechanism is probably more complicated: mutation of Hsc70 residue K71 (K70 in

E. coli numbering), the only ATP-contact residue derived from subdomain IB (and

essential for ATP hydrolysis [32]) also abrogating the ATP-induced conformational

change (as determined by SAXS) [32]. Hsc70 point-mutations E175S, D199S, and

D206S also bind ATP and also impair the ability of ATP to induce a conformational

change [32] (E171, D194, and D201 in E. coli numbering). All of these residues

are involved in coordinating Na+ or K+ ions, which in turn neutralize the ATP

g-phosphate. The mutation E543K on the LID can “rescue” the ATP-induced

transition for E175S/E543K, D199S/E543K, and D206S/E543K. E543 (D540

E. coli) forms a salt-bridge with R469 (R467 E. coli), stabilizing the LID-closed,

ADP state. It is likely that the E543K mutation destabilizes the ADP state,

facilitating the ATP-induction of the LID-open state. Hence, it is likely that the

mutations E175S, D199S, and D206S attenuate, but do not eliminate, allosteric

communication. The g-OH of T204 (T199 E. coli) was initially thought to be a

candidate for the nucleophile attacking the ATP. However, its mutation to Ala

yielded a protein that could still turn over ATP (albeit less efficiently), and in which

allostery was intact [85]. The same mutation in E. coli (T199A) had the same

phenotype [61, 86]. A rather rigorous mutation in the DnaK substrate binding cleft,

V436F, retained significant substrate binding capability, and retained allostery [61,

87, 88].

Some representative mutations of surface residues that yield Hsp70 constructs

that still can hydrolyze ATP and bind substrate, but which lack allosteric coupling,

are Y145A, N147A, and D148A [86]; P143G and R151A [89]; K155D and R167D

[35]. Mutagenesis of most residues of the NBD-SBD linker leads to loss of

allosteric communication [35, 90]. On the SBD, mutations K414I [62] and P419A

[91, 92] eliminate allostery. N415G and D326V attenuate allostery [93]. All

mentioned positions are listed in DnaK E. coli numbering and are shown in

Fig. 3. The NBD surface mutations all occur in subdomain IA facing the SBD in

the solution structure except for D326V on subdomain IIB, rendered in a different

shade of green in Fig. 3. The SBDmutations occur on the solvent exposed loops that

face the NBD in the solution structure of the ADP state. These areas are potentially

in contact in the ATP state. Recent work showed that these areas have been subject

to co-evolutionary mutagenesis [93], further bolstering the observation that they

could be in contact in the ATP allosteric state.

SAXS experiments showed considerable changes in overall molecular shape

between the ATP and ADP allosteric states of Hsc70 [94, 95]. The ADP state is

extended and monomeric, while the ATP state has a more globular shape. However,

the SAXS experiments on the ATP state should be critically viewed, considering

that this state has a strong tendency to aggregate at the concentrations needed for

SAXS.

Both hydrogen exchange and limited proteolytic digestion studies of DnaK show

that ATP binding stabilizes the NBD, while simultaneously destabilizing most of

the SBD [61, 63].

Gierasch and coworkers observed that the TROSY NMR spectra of the isolated

NBD and isolated SBD superimposed well on the TROSYNMR spectrum for DnaK

in the ADP state, but not for DnaK in the ATP state [65, 79]. This data suggested that
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NBD and SBD do not interact in the ADP state, but do interact in the ATP state. The

former observation was fully confirmed in the solution structure of DnaK in the ADP

state (see Fig. 3). In this figure the intensities of the HNCO cross peaks are plotted as

well [38]. Larger peaks indicate greatermobility of the associated amino acid residues.

Clearly, the SBD and LID domains have equal mobilities, while the NBD domain has

a different mobility. NBD-SBD domain docking in the ATP state is confirmed with

NMR mobility data on a DnaK construct in the ATP state as shown in Fig. 3c. This

figure also shows that part, but not all, of the LID is undocked in the ATP state.

Extensive domain dynamics has also been observed in FRET studies of the yeast

Scc1 DnaK homolog [96]. Fluorophores attached to NBD position 341 (318 in

DnaK E. coli count) and SBD position 448 (425) are closer to each other in the

presence of ATP than in the presence of ADP. The distance distribution is much

wider for the ADP state than the ATP state, in agreement with the relative mobility

of the NBD and SBD in that state. Fluorophores attached to SBD position 448 (425)

and LID position 590 (564) are closer to each other in the presence of ADP than in

the presence of ATP, showing that the LID undocks in the latter state. Again, the

distance distribution is wider for the ADP state than the ATP state, suggesting that

the LID can also undock in the ADP state.

As deduced from the following observations, the determinants for the allosteric

communication appear to be solely embedded in the NDB and the beta domain of

the SBD and the NBD-SBD linker. The LID domain, which certainly has to move

away from the beta domain to allow substrate binding and release, does not directly

drive the allostery. Mutant DnaK in which the complete LID was deleted (1–507)

showed wild-type activity in the ATP-hydrolysis and ligand fluorescence assays

(see Fig. 6) [74]. When the severely truncated DnaK(1–507) was expressed in a

DnaK-deficient strain, it still supported significant bacteriophage growth [74]. It is

unknown, but unlikely, that this construct is also functional in protein refolding,

given the pivotal role of the LID in regulating the kinetics of substrate binding and

release [97–104].

Other workers have also shown that other “lidless” constructs retain considerable

allostery [97, 98, 101–104]. It seems prudent to conclude that the conformational

changes of the LID domain are a result rather than a cause of the Hsp70 allostery.

However, comparisons of the kinetics of ligand binding and hydrolysis between

wild-type and constructs lacking the LID showed that the LID domain affects the

kinetics of substrate binding and release in a dramatic fashion [97, 98, 101–104].

Fine control of substrate binding and release kinetics must be essential to the protein

refolding machinery – maybe even more so than thermodynamics (see below).

6 The Key Role of the NBD-SBD Linker

The ten-residue linker between NBD and SBD is mostly hydrophobic and strongly

conserved between Hsp70s (see Table 1). This linker is more exposed in the ADP

than in the ATP state according to proteolysis assays [105] and hydrogen exchange
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experiments [63]. This is fully confirmed with the NMR dynamics data in Fig. 3: in

the ADP state the linker is very mobile, while the linker in the ADP state is docked.

Combined with the knowledge that mutations in the linker are detrimental to the

allosteric coupling [90, 106], these results imply a significant role for the linker in

allosteric signal transduction between the NBD and SBD.

Mayer and co-workers were the first to observe that the ATP-hydrolysis rate by

the isolated NBD of DnaK(2–393) was 41-fold faster than that of DnaK(2–385)

[35]. The difference between these constructs lies in the presence or absence of the

linker sequence 386VKDVLLLD393. As such, the mere presence of the linker in this

truncated construct mimicked, partially, the hallmark allosteric stimulatory effect

of substrate binding in the context of the wild-type protein. The mutation D393A

abolished the enhancement. This demonstrated that the linker itself is necessary and

sufficient for allosteric control of the NBD. Together with the observations that

mutations of the hydrophobic residues interfere with allostery [90, 106], and with

the observation that mutation of D388 did not interfere with allostery [35], the

essential part of the linker is demarcated as 389VLLLD393.

The effect of the presence of linker on the ATP hydrolysis rate was indepen-

dently observed by Gierasch and co-workers, who found that DnaK(1–392) was a

13-fold more efficient enzyme than DnaK(1–388) [65]. These workers used NMR

investigations to characterize the differences between the NBD constructs. The

domains in the ADP state revealed major chemical shift differences for about 50

residues between DnaK(1–392) and DnaK(1–388). In addition, the four C-terminal

residues of DnaK(1–388) were seen to be mobile. Significantly, the C-terminus of
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Fig. 6 In vitro studies of DnaK(1–507) allosteric function. (a) ATP-induced release of peptide

F-APPY in DnaK(1–507) measured by fluorescence anisotropy. The first bar represents the

anisotropy value for peptide bound to 1.1 mM DnaK(1–507). The second bar represents the

anisotropy value 5 min after addition of 0.44 mM ATP. The third and fourth bars represent

the values for wt-DnaK under comparable conditions, and the last bar indicates the anisotropy

value of free peptide. Error bars reflect the standard deviation from a mean of three measurements.

(b) Peptide stimulation of ATPase activity of DnaK(1–507) (P) and wt-DnaK (m). As DnaK

(1–507) is titrated with the peptide NRLLLTG, the ATPase activity is stimulated in a manner

similar to that of wt-DnaK. The hydrolysis rate is reported as moles of ATP hydrolyzed per minute

per mole of DnaK(1–507) or wt-DnaK. The error bar on the first point reflects the standard

deviation from a mean of three measurements and is valid for both assays. From [74]
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DnaK(1–392) was not mobile, indicating that the linker is docked in this construct.

Using selective labeling experiments, it was possible to show that L177 and I373 in

the IA-IIA hydrophobic cleft undergo large chemical shift changes between the two

constructs. The sidechain of L177 is part of the surface of the IA-IIA hydrophobic

cleft. I373 is completely buried but packed against L177. It was suggested that the

shifts of these residues indicate that the linker binds in this cleft. Recent work

strongly suggests that DnaK residues 215–220, which form the edge strand of the

beta sheet in subdomain IIA, interact with the NBD-SBD linker in the ATP state but

not in the ADP state [83]. There is some indication that the linker forms an extra

strand of the beta sheet. Very likely this interaction is crucial to the propagation of

the allosteric signal from the NBD to the SBD [80].

Mayer and coworkers set out to identify the electrostatic partner for linker

residue D393 on the NBD surface [35]. Mutagenesis of likely candidate residues

R151, K155, and R167 in the IA-IIA cleft showed those to be important for the

regulation of allostery in the context of the full molecule. However, charge reversal

mutations of these residues in the context of DnaK(2–393) exacerbated the ATP

hydrolysis enhancement effect instead of abolishing it. So, it is unlikely that D393

interacts with these positive residues in DnaK(2–393). This leaves one with the

suspicion that the interaction of the linker in the context of the isolated NBD could

be different to that in the full protein. In this context it is interesting to note that

crystal structures of linker-extended Hsc70 NBD constructs did not show electron

density for the linker, and their three-dimensional structures were identical to those

of constructs without the linker [107].

7 Allosteric Changes in the NBD

The linker interacts differently with the NBD in the ATP state compared to in the

ADP state [35, 65, 83] . Hence, one expects differences for the structures of the

NBD in these different states. Remarkably, only very small differences were

observed between the conformation of the (isolated) NBD by X-ray crystallography

in the presence of a variety of nucleotide analogs (see Fig. 7), making it difficult to

explain why the linker docks in one state but not the other. However, NMR spectra

showed distinct differences in chemical shifts between the ADP and ATP states in

Hsc70 [81] and in DnaK [82, 108], especially in the groove between NBD

subdomains IA and IIA. This strongly suggests that conformational changes also

occur in solution for the isolated NBD (Fig. 7).

Since these conformational changes are not observed in the crystal, the energy

difference between them is likely to be small, which is in agreement with the overall

characteristics of the Hsp70s as described at the outset. The solution-detected

differences reveal much of the workings of the Hsp70 allosteric machine. With

the modern NMR method of residual dipolar couplings, relative domain orientation

can be determined in solution, even though detailed changes and translations cannot

[109]. Using these methods it was possible to detect up to 9� rotation between the
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different subdomains for the isolated NBD of DnaK T. thermophilus (TTh) when
comparing the ADP and AMPPNP states [82]. In particular, the hydrophobic cleft

between subdomains IA and IIA is different between the AMPPNP state and the

ADP state. The structure calculations suggest that the groove is narrow and deep in

the ATP state and broad and shallow in the ADP state (see Fig. 8). However, the

calculations are based on rotations of entire subdomains without translational

information, and the accuracy of the presented structural models is very limited.

Fig. 8 The SBD’s view of the IA/IIA interface of DnaK-TTh. (a) Left: in the ADP state. (b) Right:
in the AMPPNP state [82]. Color coding: hydrophobics, green; positive, blue; negative, red; polar,
white. The C-terminus (residue 372) is magenta. Residue L174 (L177 in DnaK E. coli) in yellow,
residue R148 (R151 in E. coli) in cyan, residue A152 (K155 in E. coli) sand, residue R164 (R167

in E. coli) in teal

Fig. 7 (a) Superposition of five crystal structures for bovine Hsc70 NBD: wt-APO (2QW9.pdb),

wt-ADP.PO4 (3HSC.pdb and 2QWL.pdb), wt-ADP.VO4 (2QWM.pdb) and K71M-ATP (1KAX.

pdb). The N-terminus is in red, the C-terminus is in yellow. (b) 15N-1H chemical shift differences

between the ATP and ADP.Pi conformation of Hsc-70-NBD. Orange: significant shift, green: no
shift, gray: not known. (c) 15N-1H chemical shift differences between the AMPPNP and ADP.Pi

conformation of TTh-NBD. Red: large shifts; orange: medium shifts; yellow: small shifts; green:
no shift; gray: not known. ADP is in light blue, PO4

3� in dark blue
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Nevertheless, the rotation of subdomain IIA relatively to subdomain IA is real (with

97% significance), which will obviously affect the details of the groove between the

subdomains. Figure 8 also shows the locations of the different relevant residues

discussed in the previous paragraph.

The NMR data show that the nucleotide-binding cleft is “closed” in the ATP

state and is “open” in the ADP state. These studies suggest that the crystal structures

of the isolated NBD all correspond to the “closed” ATP state, irrespective of the

bound ligand.

Different orientations of the NBD subdomains have also been observed, by

crystallography, for NBDs complexed with different nucleotide exchange factors

[71, 110–113]. These studies show that subdomain rotations are also possible in the

crystal. Similar changes have been seen for actin and hexokinase, which show

considerable structural homology with the Hsp70 NBD [31]. The nucleotide bind-

ing cleft is more open in the Hsp70-NEF-complexes. The open state of Hsc70 with

an NEF in the crystal resembles the ADP state of DnaK TTh without an NEF in

solution [82]. This would suggest that the NEF captures and stabilizes the more

open ADP state.

What local changes could allow these global rotations? The sugar-ribose moiety

and alpha-phosphate of ATP is exclusively in contact with subdomains IIA and IIB.

Only the beta and gamma phosphates contact subdomain IA (hydrogen bonds with

Thr14 NH and Thr13 NH, respectively), and form the only link between lobes II

and I (from inspection of the structure of Hsc70-K71M, with bound ATP). Break-

age of the gamma-phosphate, as has occurred in the ADP state of the protein, may

therefore weaken the link between the lobes, allowing for (dynamic) rearrangement

of the relative positions of these lobes. In this way, the state of the deeply buried

nucleotide can be signaled to the surface of the NBD by (dynamic) subdomain

rotations. The rotations are probably responsible for the change in access to the

hydrophobic cleft between IA and IIA as was described above.

Mayer and co-workers have discovered an interesting mutation R151K in DnaK,

which abolishes all allosteric communication [63, 89]. R151K is located in

subdomain IA and its sidechain is partially exposed to the groove between

subdomains IA and IIA. In the Hsc70 crystal structure the guanidinium group of

the homologous R151 is within hydrogen bond distance of the carbonyl oxygen of

P143. P143, in turn, stabilizes E175, which protrudes into the nucleotide-binding

pocket (see Fig. 9). The authors hypothesize that the NBD nucleotide state affects

this network reversely, possibly by a proline cis-trans isomerization and a more

extensive conformational change in segments 139–163 and 165–177, which flank

the IA-IIA cleft. This change then leads to a change in the linker docking. Substrate

binding hypothetically reverts all of these conformational changes, in particular in

Pro143 (cis-trans isomerization) and E171, thereby bringing the catalytic K70 with

its coordinated water molecule into the ideal position for ATP gamma-phosphate

cleavage.

Whether this hypothetical mechanism actually contributes to nucleotide-cleft

signaling awaits investigation of the mutant R151K by structural analysis.
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8 Allosteric Changes in the SBD

The SBD has been extensively investigated (see Fig. 10). Its topology is unique in

the PDB [36]. A crystal structure of an SBD-LID construct of DnaK showed that the

substrate-binding cleft is lined with hydrophobic residues to which a hydrophobic

substrate (NRLLLTG) binds [37]. The cleft shows one particularly deep pocket that

accommodates the sidechain of Leu4 of the substrate. The backbone of the substrate

is stabilized by H-bonds to the main chain of the SDB. The SBD is a rather “flat”

molecule, with the binding cleft spanning the short axis. The cleft just about covers

the seven-residue substrate; hence it is believed that an Hsp70 can in principle bind

to stretches of seven exposed residues in un- or misfolded proteins.

In the substrate-bound form, the LID is closed. LID helices A and B (the rising

and horizontal helices in Fig. 10) are stabilized by a combination of hydrophobic

and charge interactions, while the part that covers the cleft has exclusively

charge–charge interactions [37, 115]. Recent NMR data [38] confirms that, in

solution and with NBD present, the complete LID domain is docked to the beta

basket in the ADP state and when substrate is present (also see Fig. 3b). Figure 3c

shows that the latter section of the lid un-docks when the ligand is absent with the

NBD the ATP state. This result confirms, with direct data, the long-standing belief

that the lid must come off the cleft for binding or release of substrate protein.

Interestingly, the NMR dynamics data in Fig. 3c suggest that the release does not

engage the entire LID, and confirms an early hypothesis based on slight structural

differences at exactly this hinge point between different molecules in the crystallo-

graphic unit cell [37]. However, it disagrees with our earlier hypotheses that the

entire LID can come off, which was based on observations of displacements of the

entire helix with respect to the beta domain for different SBD constructs [73, 78].

Muga and co-workers [115] found that mutations at the N-terminus of the horizontal

helix destabilize the ADP but not the ATP state, also suggesting that the entire helix

comes off in the ATP state. Other data also suggest that the entire helix B can come

off: for DnaK it is well known thatW102 fluorescence changes upon binding of ATP

[100, 116]. The change is compatible with a reduction in solvent exposure of this

residue, which is located in NBD subdomain IB. This change in fluorescence is lost

Fig. 9 (a) Left: the hypothetical “proline switch” in Hsc70 ADP.Pi. (b) Right: the hypothetical

“proline switch” in DnaK-E. coli without nucleotide. Following [89]
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upon removal of the entire LID as in truncation DnaK(1–507) [99, 117]. Nevertheless,

allosteric communication, as judged by peptide-release stimulation by ATP and ATP

hydrolysis stimulation by peptide, is still fully functional in DnaK(1–507) [74, 117].

This suggested that, in the ATP-apo state, the LID may directly collide with NBD

subdomain IB. It is of interest to note that the crystal structure of Hsp110, potentially a

model for Hsp70 in the ATP state, shows direct contact between the LID helix and

subdomain IA [80]. Muga and co-workers [117] also found that the W102 fluores-

cence change remains in DnaK(1–537), suggesting that N-terminus of helix B, must

come off to allow changing interaction with subdomain IA.

The following results may shed light on this conundrum. Using EPR spinlabels

and cysteine cross linking, Mayer et al. [68] show that the LID can hinge at residue

515 (between helix A and B) and also at residue 530 (in helix B, close to the binding

cleft, see in Fig. 3c) but that these different modes depend on the nature of the

substrate offered: binding/release of entire proteins requires the first mode.

Fig. 10 (a) Comparison of E. coli DnaK(389–605)-NRLLLTG (yellow [37]) with DnaK

(393–507)-NRLLLTG (blue [114]), with nomenclature following [37]. (b) Comparison of DnaK

(393–507)-NRLLLTG (blue [114]) with DnaK(393–507).apo (red [74]) (c) DnaK(389–605)-

NRLLLTG. The ligand is in blue. Residue 552 is in green. L542Y, L543E on the LID are in

sticks. K414, N415 and P419 are in space fill, T417 and I418 are in dots. (d) The N-terminal “face”

of DnaK(389–605)-NRLLLTG. Phobics are in green, positives in blue, negatives in red, polars
white. The structure protruding at 3 o’clock is the residual NBD-SBD linker, with Asp393 (red)
close to the SBD core
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Gierasch and co-workers [79] used NMR to study the DnaK(387–552, L542Y,

L543E), a construct containing both beta basket and helices A and B of the LID.

The mutations were made to avoid self-binding of the truncated lid [78] (see

Fig. 10c). Changes in chemical shifts of DnaK(387–552, L542Y, L543E) upon

titration of NRLLLTG were small, and localized around the substrate cleft. The

pattern of hydrogen exchange protection with and without bound substrate were

largely the same, although the overall stability of the domain was slightly enhanced

by the substrate. Analysis of NOEs and hydrogen bonding confirmed that DnaK

(387–552, L542Y, L543E) showed very little and certainly no widespread confor-

mational change upon ligand binding. These studies present a question: if no

changes occur in the SBD structure upon substrate binding, how does substrate

binding get transmitted to the NBD?

The above results are at variance with the results of an earlier NMR investiga-

tion, in which DnaK(393–507), containing only the beta basket, was investigated

[74]. As stated above, lidless DnaK(1–507) is functional protein in vitro and, at

least partially, in vivo. Hence, one expects that the basket alone should display

allosteric effects. The properties of substrate-bound and substrate free basket

differed greatly. In the presence of substrate, the basket was rigid (confirmed with
15N relaxation measurements; L. Wang and E. Zuiderweg, unpublished), and the

solution structure was identical to the corresponding region of the crystal structure

of substrate-bound DnaK(389–605) [114] (Fig. 10a). In contrast, unliganded basket

is a dynamic molecule which fluctuates between different conformations on

the milli/microsecond time scale [74]. All resonances for loops 3, 4, 5, and 6

(see Fig. 10a for nomenclature) were broadened away beyond detection, suggesting

a dynamical collapse, or melting, of part of the substrate binding cleft. Less, but still

significant, broadening was observed for Q424, V425, F426, and S427, which in the

liganded structure form the latter half of beta strand 3. It was concluded that the

latter part of this strand is dynamically disordered in the apo state. Broadening was

also observed for the amide protons T417 and I418 in loop 2,3 which are quite

remote from the cleft, and which “face” the NBD in the structure in Fig. 3. Hence,

the NMR data show a conformational/dynamical linkage between events in the

substrate binding cleft and loop 2,3.
15N relaxation studies on the basket showed that the rotational correlation time

of the domain decreases from 12 to 7 ns upon binding of NRLLLTG (L. Wang and

E. Zuiderweg, unpublished). Such a change in rotational correlation time is com-

patible with a change from dimer to monomer. Dilution experiments suggest that

Kdimer < 1 mM. Ligand-linked monomerization could explain why the substrate

NRLLLTG binds with considerably lower apparent affinity (600 mM) [74] than to

wild-type protein (5 mM) [37], even though the structure of the bound complex is

similar to the wt structure (Fig. 10). Isotope-edited NOE experiments on mixed
15N-14N labeled protein preparations showed NOEs between the 15N and 14N

labeled proteins, confirming the existence of a dimer for the APO state of the

basket (S. Stevens and E. Zuiderweg, unpublished). Significantly, the inter-

monomer NOEs suggested that dimerization was not mediated by the substrate-

binding pocket. In contrast, a few inter-monomer NOEs to residues in the
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hydrophobic “face” of the SBD shown in Fig. 10d and at the beta sheet at the

“bottom” were observed, suggesting that the dimerization interaction may take

place at these locations. Despite this unnatural (?) dimerization of the isolated beta

basket, the fact remains that substrate binding/release causes major changes in its

properties. This is in line with expectations for an allosteric protein. Apparently, a

protein–protein interaction interface is only exposed in the apo state but not in the

substrate-bound state. This is quite reminiscent of the fact that the SBD interacts

with NBD in the apo state but not in the substrate-bound state. It is tempting to

speculate that the unnatural dimerization of the isolated SBD without LID fortu-

itously mimics the interaction of the SBD with the NBD. However, if such is true,

why was this unnatural dimerization not seen for the beta domain extended with

helices A and B [79]?

Perhaps the combined results point to the following mechanism. (1) In the SBD

apo-state, there exists a patch which is poised for protein–protein interactions.

(2) Without NBD and LID, the patch interacts to form unnatural homo-dimers.

(3) Without NBD but with LID, the patch is covered by the LID. (4) With LID and

with NBD, the NBD displaces the LID from the patch because NBD has a high

affinity for that patch (or NBD-SBD linker; see below).

This hypothesis would suggest that the internal substrate-binding allostery of

isolated SBD is different from the internal substrate-binding allostery of the SBD in

presence of NBD. The following supports such a view. While the isolated DnaK

(387–552, L542Y, L543E) showed little difference in hydrogen exchange rates

between apo and substrate-bound states [79], widespread changes in amide proton

protection were seen upon ADP/ATP exchange for the SBD in the two-domain

construct DnaK(1–552, L542Y, L543E) [65]. In particular, Thr 420 and V436 are

more exposed in the ATP state, whereas H422 is protected in that state.

These findings correspond closely to those of Mayer and co-workers [118] who

mapped the differences in amide proton exchange of DnaK(T199A) between ADP

and ATP state using proteolysis and mass spectrometry. ATP hydrolysis in DnaK

(T199A) is greatly reduced, but allosteric communication with the SBD is

maintained. Figure 11 shows that the SBD is dramatically destabilized in the

ATP/apo state, just as was found for the isolated beta basket without substrate

[74]. Noteworthy is that stretch 413–437 and the edge strand of the lower beta sheet

become more exposed in the ATP state. The former area contains the mutation sites

K414I [62] and P419A [91, 92] and N415G [93] which abolish or attenuate

allosteric communications. Regretfully the resolution is not high enough to distin-

guish the loop from the strand. Substrate binding significantly reduced amide

proton exchange in the beta domain, especially on the longer time scale. Regret-

fully, again, the resolution is too low to disclose whether global rigidification or just

local rigidification around the peptide binding cleft occurs.

New amide proton exchange experiments [118] for wt-DnaK in the ATP-APO

state show a gradient of deprotection towards loops 3,4 and 5,6 closely

corresponding to the melting of the substrate-binding cleft in the isolated beta

basket in the APO state [74].
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Taken together, there is sufficient evidence from several sources to suggest that

widespread conformational/dynamical change takes place in the SBD upon ligand

binding and/or ATP/ADP binding. The results obtained for the construct containing

both beta basket and helices A and B of the LID, which did not show such changes

[79], appear surprising in this context, but do help in underlining the subtleties of

NBD/beta/LID/linker/substrate interactions, and the need for further investigations.

9 Where Does the SBD Interact with the NBD in the ATP State?

As discussed above, we do not believe that any valid Hsp70 structures in which

NBD and SBD dock have yet been described. In the previous section we

hypothesized that a hydrophobic “face” of the SBD, may interact with the NBD

in the NBD(ATP)-SBD(Apo) state.

There have been suggestions that the hydrophobic linker may interact with a

hydrophobic patch that “faces” the NBD as seen in Fig. 10b [37, 78]. In this way,

the NBD and SBD never interact directly – interaction is mediated by the linker

from both sides. Presence of a hydrophobic site in the corresponding SBD area has

been confirmed: NMR signals for L392, L397, and A413 disappeared while V394,

T395, L484, and L507 weakened in the NMR spectrum of DnaK(386–561) due to

interaction with a hydrophobic peptide labeled with paramagnetic label [78].

Significantly, L392 is part of the linker, while A413 is next to the mutation sites

K414I [62] and N415G [93] that affect allostery. It was also noted that LID helix

A is docked to the same hydrophobic patch [78]. Perhaps the NBD-SBD linker can

displace the LID in the ATP form.

Fig. 11 Differences in

amide-proton exchange for

E. coli DnaK in the ATP and

ADP state. Positive numbers

indicate less protection in the

ATP state. From [63]
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The precise mechanism by which the substrate binding is signaled to the loop

that contains K414?, P419A and N415G is unknown. Perhaps the intrinsic flexibil-

ity of this loop as seen in substrate-free SBD [63, 74] allows a captured fit [119] of

the NBD-SBD linker, while the rigidification of the entire domain upon ligand

binding is sufficient to interfere with this process. This mechanism would be related

to allostery by dynamic change alone, predicted by Cooper and Dryden [120], and

experimentally confirmed by NMR studies for several systems [121–126].

On the other hand, there are also indications that beta strands 3, 6, 7, and 8 of the

SBD are involved in contact: residues in these strands show dramatic chemical shift

changes between the NBD(ADP)-SBD(apo) state and the NBD(ADP)-SBD(sub)

state of TTh DnaK(1–501) [64] (see Fig. 12a). Similarly, chemical shifts in these

strands were identified when comparing the NMR spectrum of DnaK(1–605) in the

NBD(ADP)-SBD(sub) state with that of DnaK(1–605) T99A V436F in the NBD

(ATP)-SBD(apo) states (Fig. 12b).

Surprisingly, no changes were observed in either of these cases for the residues

in the Loop 2,3 facing the NBD, which contains all the mutation sites mentioned.

Clearly, more work is still needed to understand fully the complete allosteric

pathway in the SBD of the Hsp70s.

Fig. 12 Chemical shifts changes and two-domain allostery. (a) Chemical shift changes between

the ADP-apo and ADP-NRLLLTG state in DnaK T. Thermophilus (1–501) From [64].

(b) Chemical shift changes between ADP-apo DnaK E. coli (1–605) and ATP-apo DnaK E. coli
(1–605) (T199A/V436F) (Bertelsen and Zuiderweg, unpublished)

Table 3 Sequence homology of Hsp110 S. cerv. vs Hsc70 H. sapiens

Identity (%) Homology (%) Identity (%) Homology (%)

IA 35 61

IB 30 55 Linker 12 32

IIA 44 76 Beta 10 20

IIB 42 67 LID 16 31

NBD 35 60 ALL 25 44
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10 Relevance of Hsp70 Allostery

Structural and dynamical properties for the two “end-point” allosteric states are

listed in Table 4. Some, but not all aspects of this table can be represented in a

cartoon as shown in Fig. 13. It is truly amazing that so many differences exist, while

the free energy of allostery is only a few kcal/mol as judged from the difference in

substrate binding energy between these states (Table 2). The real conundrum,

however, is that the corresponding small difference in substrate binding constants

(~2 mM for the ATP state and 70 nM for the ADP state; see Table 1) can only

discriminate between ligands in the concentration range of 200 nM: ten times more

concentrated substrates would remain bound even to the ATP state, while ten times

less concentrated substrates would not even bind to the ADP state. Such a concen-

tration limitation seems awkward for a molecular machine that needs to refold a

variety of proteins over a wide concentration range.

Maybe one should look at this differently. Classically, the argument is that the

free energy of ATP hydrolysis is needed to unfold the misfolded proteins; in this

view, little of the ATP hydrolysis energy remains to effect conformational changes

in the Hsp70 themselves. However, ATP’s free energy may not be (directly) needed

for the unfolding task: the gain in hydrophobic interaction between substrate and

SBD should at least partially compensate for the loss of energy associated with the

loss of aggregation. In turn, the loss of the interaction energy upon release of the

substrate is at least partially regained in the hydrophobic docking of NBD and SBD

in the ATP state. In this view, considerable fractions of the 7–14 kcal/mol of ATP

hydrolysis energy (depending on conditions) may be used to break the NBD-SBD

interface and be the cause of the major conformational changes seen. In this view,

substrate binding to the ADP state does not need to be tighter than substrate binding

to the ATP state. This hypothesis also explains how substrate could efficiently bind

to the low-affinity open ATP state at the start of the chaperone cycle, while it is

efficiently released from this same state at the end of the cycle. Indeed, all that is

needed is that the chaperone is brought into contact with the substrate (with help of

DnaJ, see below) and retains its substrate long enough to allow unfolding by

Brownian motion, referred to as “entropic pulling” [52], with the possible assis-

tance of multiple copies of DnaK or DnaJ (transiently) binding to the same target

(see Fig. 2 and [127] and see below). Opening of the substrate binding cleft at the

end of the cycle is then sufficient to let the unfolded protein diffuse away. In this

sense, the “thermodynamic” allostery would play only a minor role in the functional

cycle. One may quantify this as a mixed thermodynamic/kinetic mechanism as

follows. Substrate binding occurs with the high association rates of the DnaK-ATP

state and dissociates with the slow dissociation rate of the ADP state. Such a non-
equilibrium KD is in the order of 1 nM (kon(DnaK-ATP) ~ 1 � 106 M�1 s�1,

koff(DnaK-ADP) ~ 0.001 s�1; see Table 1). This “affinity” is high enough to bind

even low-abundant proteins. Upon nucleotide exchange the KD reverts to that of the

ATP state, i.e., it increases 1,000-fold. Potentially, NEFs can even compete for the

bound substrate (see below), further reducing effective substrate affinity. Viewed in

this mixed thermodynamic/kinetic way, the Hsp70s could successfully operate on

substrates in a concentration range between 1 and 1,000 nM.

124 E.R.P. Zuiderweg et al.



T
a
b
le

4
S
u
m
m
ar
y
o
f
al
lo
st
er
ic

ch
an
g
es

N
u
cl
eo
ti
d
e

b
in
d
in
g
cl
ef
t

IA
-I
IA

cl
ef
t

N
B
D
d
y
n
am

ic
s

L
in
k
er

S
B
D

S
B
D
d
y
n
am

ic
s

L
ID

N
B
D
(A

T
P
)-
S
B
D
(a
p
o
)

C
lo
se
d

O
p
en

R
ig
id

D
o
ck
ed

D
o
ck
ed

M
il
li
se
co
n
d
/

m
ic
ro
se
co
n
d

ti
m
e
sc
al
ea

R
el
ea
se
d

N
B
D
(A

D
P
)-
S
B
D
(s
u
b
)

O
p
en

C
lo
se
d

S
ec
o
n
d
/d
ec
is
ec
o
n
d

ti
m
e
sc
al
eb

M
o
b
il
e

N
o
t
d
o
ck
ed

R
ig
id

D
o
ck
ed

a
E
x
te
n
si
v
e
N
M
R
li
n
e
b
ro
ad
en
in
g
o
b
se
rv
ed

b
M
u
lt
ip
le

N
M
R
p
ea
k
s
in

sl
o
w
ex
ch
an
g
e
o
b
se
rv
ed

Allostery in the Hsp70 Chaperone Proteins 125



The kinetics of the Hsp70 chaperone system is complex. It involves substrate on-

off processes, nucleotide on-off processes, lid opening and closing, ATP hydrolysis,

and conformational changes. In addition, co-factors such as DnaJ and GrpE bind

and release and affect the rates mentioned above. It is not the purpose of this chapter

to review the large body of literature on this subject. We note that Witt and

coworkers [97, 101, 128–131], Christen and co-workers [132–135], and Bukau

and co-workers [56, 61, 136] have contributed much to this field.

11 The Role of the NEFs in Allostery

Nucleotide exchange factors enhance the exchange of ADP for ATP up to 1,000-

fold [133, 137]. At the present time, four very different NEFs have been

co-crystallized with Hsp70 NBDs: GrpE [71], BAG-1 [110], BAG-2 [138],

ATP

Fig. 13 Cartoon representation of the allosteric changes between the ADP.sub state (top) and
ATP-apo state (bottom). Color coding is (as in Fig. 1): NBD subdomain IA, yellow; IB, blue; IIA,
green; IIB, red; linker, gray; beta domain, cyan; LID-helix-A, magenta; Lid, orange. Relative
domain orientations of NBD, SBD and LID in the top cartoon are representative of reality (see

Fig. 1). The relative domain orientations of those domains in the bottom cartoon are based on the

hypotheses reviewed herein. Also see Table 4

126 E.R.P. Zuiderweg et al.



Hsp110 [80, 139] (see Fig. 14). A partial structure is available for exchange factor

HSPBP [111, 140]. While the binding interfaces between the factors and the Hsp70

are vastly different, all Hsp70 NBDs in the different complexes have in common

that the nucleotide binding cleft is opened wider than in isolated Hsp70 NBD

crystal structures. These observations clearly account for enhanced access and

egress of the nucleotide. Initially the NEFs were thought to open actively the

NBD cleft in an induced-fit mechanism [71, 110]. However, in light of the wide

variety of NEFs which all achieve the same effect, it is more reasonable to assume

that NEFS capture (transient) opening fluctuations of the NBD. This is in line with

the recent solution NMR data that show that the nucleotide binding cleft in the

isolated NBD in the ADP state is considerably more widely open than in the ATP

state [82]. Such a “captured fit” would also provide a mechanism for GrpE to

interact exclusively with the (dynamic) ADP-like state, and not with the static

closed ATP state; the latter would be a wasteful and undesirable interaction.

The bacterial NEF, GrpE, has a remarkable structure. It is a hammer-like dimer,

which (also in solution [141]) interacts with a monomeric Hsp70. The interaction of

the NBD occurs mostly by the head of the hammer. Upon inspection of the crystal

structure of the complex, the authors suggested [71] that the shaft might interact

with the SBD (which was absent in the complex). Interestingly, the simple exercise

of superposing the common NBD in the crystal structure of DnaK(NBD)-GrpE [71]

with the solution structure of wt-DnaK in the ADP-sub form [38] places the end of

Fig. 14 NBD-NEF complexes. The NBDs were superposed and all colored blue. GrpE (1DKG) in

red; Hsp110 (3C7N) inmagenta, BAG-1 (1HX1) in green; BAG-2 (3CQX) in yellow. The NBD of

Hsc70 without NEF (3HSC) is shown in cyan
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the GRPE shaft in immediate vicinity of the SBD cleft (see Fig. 15a). GrpE residues

1–37, which would extend even further towards the SBD cleft, are not visible in

the crystal. It is intriguing that a hydrophobic sequence 17Ile-Ile-Met19 exists in

this otherwise hydrophilic area of GrpE. We speculate that these residues may

be responsible for the demonstrated competition of the GrpE N-terminus with

substrate [142]. Indeed, the affinity of Hsp70 for substrate in the ATP state is

actually not that much lower than that in the ADP state (see Table 2) and assistance

to remove substrate from the ATP state is likely necessary.

Our lab has collected chemical shift evidence showing interaction of the GrpE

shaft with the SBD for a two-domain construct of DnaK T. thermophilus and the

N-terminus of GrpE T. thermophilus (S. Deep and E.R.P. Zuiderweg, unpublished;

see Fig. 15b). Folding/unfolding transitions in the GrpE N-terminus have been

shown to act as a thermostat for the DnaK activity [141]. This hypothesis does not

seem valid for eukaryotes. BAG proteins, the NEFs of Hsc70, do have extended,

likely unfolded areas at the N-terminus, but, according to the crystal structure of the

Hsc70–BAG1 domain complex, this area would not be in the vicinity of the SBD.

12 The Role of DnaJ in Allostery

The human genome codes for 50 J-proteins are subdivided into three classes:

DnaJA, DnaJB, and DnaJC (see Table 5). The J-proteins are also referred to as

Hsp40. Like Hsp70s, DnaJs also bind to stretches of exposed hydrophobic residues

in client proteins. DnaJ E. coli [143] and DnaK E. coli [144] substrate specificities
are similar, and both prefer hydrophobic sequences. However, DnaJ can also bind to

synthetic D-amino acid peptides [145]. This strongly suggests that DnaJ does not

make hydrogen bonds in the peptide backbone of its client, but instead interacts

Fig. 15 Hypothetical GrpE-DnaK complexes. (a) Model of a functional E. coli DnaK-GrpE
complex based on the structures of DnaK ADP.NRLLTG (2KHO) and DnaK-NBD + GrpE

40–197 (1DKG.pdb) in which the NBDs were superposed. GrpE is in red. The GrpE N-terminus

(residue 40) is at the left. (b) Chemical shifts occurring on DnaK T. Thermophilus (1–501) upon
addition of GrpE T. Thermophilus. Model composed as in Fig. 15a (Deep and Zuiderweg,

unpublished)
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mainly with hydrophobic sidechains and is more forgiving in the substrate’s local

structure.

The most commonly [45] but not universally [42] held view is that DnaJ

apportions the clients to DnaK which is in the ATP-apo state with an open SBD.

After or during the process of client transfer, DnaK hydrolyzes ATP and assumes

the ADP-(sub) state. However, the chaperone activity of DnaK in luciferase

refolding was maximal at a DnaJ concentration 100-fold lower [45, 46] than the

typical KD for DnaJ substrate interaction (around 1 mM, see above). Moreover, it

had been discovered that the maximum enhancement of DnaK ATPase activity by

DnaJ occurs at a different molecular to that for optimal refolding [117]. These facts

suggest a more “catalytic” and transient role for DnaJ once DnaK has acquired

client (see below).

The four human type A J-proteins show strong homology to E. coli DnaJ,
and show a complex domain topology (see Table 5 and Fig. 17). They contain an

N-terminal J-domain, a glycine/phenylalanine-rich region, a Zn-finger domain,

a substrate binding domain, a copy of a substrate binding domain, and a variable

C-terminal domain. The N-terminal 73-residue J-domain is the most conserved, and

its structure has been determined for several homologs in the context of truncation

mutants (1–70 to 1–108) [100, 129, 130]. The structure is essentially an anti-

parallel two-helix bundle with two small adjacent helical elements. (see Fig. 16).

The J-domain alone is sufficient to stimulate ATPase activity of Hsp70 [125]. There

is a conserved HPD sequence located in a flexible loop connecting the main helices

II and III. Mutations in the HPD motif and in positively charged residues of helix II

of the J domain abolish functional interactions with partner Hsp70s [126, 150]. This

identified the J-domain as the domain that recognizes DnaK. Indeed, it was found

by NMR that J(1–75) interacts with wt-DnaK in the ADP state and also with the

isolated DnaK NBD [151]. The KD for this interaction was around 10 mM. This KD

value may seem to be too weak to be of physiological relevance. However, as will

be outlined below, DnaJ is a “poly-dentate” ligand for DnaK to which the J-domain

interaction is only one of the determinants. Helix II of DnaJ is most involved in the

interaction with DnaK [151]. This helix contains several conserved Lys and Arg

residues, which are sensitive to mutation [126, 150]. It has therefore been suggested

that the interaction between the J-domain and DnaK is electrostatic in nature [151].

Only small perturbations were found for the NMR chemical shifts of the HPD loop

[151]. Recent studies of our group confirmed these findings – there are no changes

for the NMR chemical shifts of the HPD loop [152]. These results are surprising in

the light of the mutational sensitivity of these residues [126, 150]. Mutations in the

HPD loop do not affect the interaction with the ADP state, but do strongly diminish

the affinity of the J-domain for ATP state of DnaK [153]. At present it is not known

if the HPD loop is directly involved in the interaction with DnaK, or if it stabilizes

the interaction-competent J-domain conformation.

A crystal structure is available for YDJ1(110–337) [147], a DNAJA protein.

It shows two highly homologous beta domains. Substrate is bound in a hydrophobic

surface cleft of the first beta domain. The Zn-Cys domain is seen to be an insert in

the first beta domain (see Fig. 17a).
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The Gly/Phe-rich region (residues 75–110) connects the J-domain with the

C-terminal domains. A NMR solution investigation of DnaJ(1–108) [154] showed

that the GF-region was dynamic and disordered. The role of the Gly/Phe-rich region

is likely to allow flexibility in relative position and orientation of the J-recognition

domain and DnaJ’s substrate binding domain. The flexibility would increase the

probability of substrate transfer to the DnaK SBD (or simultaneous substrate

binding) while the J-domain binds to the DnaK NBD.

However, why does the G-F domain contain phenylalanines and not serines

or threonines? In addition, why do G-F region mutations of DnaJ residues
90FSDIFGDVFG100 affect DnaJ function [155]? Recently our lab obtained evi-

dence [152] that the G-F domain interacts with DnaK’s SBD substrate binding cleft

in the absence of other substrate. That is, the G-F region is the second site of a DnaJ

poly-dentate interaction. Figure 18 illustrates our way of thinking about the J-K

complex. Because of the multi-dentate interactions many binding modes are possi-

ble, while the individual interaction determinants are not of very high affinity

(1–10 mM).

Gross and co-workers carried out SPR measurements with different DnaK and

DnaJ constructs. The key findings of their first paper in this area [156] are that DnaK

Fig. 16 The solution structure of E. coli DnaJ(2–76) in context of DnaJ(2–108) (1XBL) [148].

The mutationally sensitive [149] residues Y25 (yellow), K26 (red), R26 (magenta), H33 (green),
P34 (blue), D35 (cyan), and F47 (orange) are highlighted
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mutants in the NBD (R167A, N170A, and T173D) and the SBD (G400D and G539D)

individually reduce the wt-DnaJ binding tenfold. Since these mutations occur on both

NBD and SBD, this result also shows that DnaJ is poly-dentate. The key findings of

their other work in this area [157] are that DnaJ does not bind to DnaK(1–403) (NBD)

or to DnaK(386–638) (SBD). Similarly, while DnaJ(1–108) binds almost as well as

wt-DnaJ, DnaJ(1–75) does not bind. In the context of SPR, this indicatesKD > 1 mM.

These results are consistent with the fact that the binding constants of the individual

determinants are indeed around 10 mM. Others have shown bidentate interaction as

well. Laufen et al. [106] showed that DnaJ was inefficient in stimulation of ATP

hydrolysis by a DnaKmutant with defects in substrate binding, suggesting synergistic

action of DnaJ and substrate. Others [158, 159] show that DnaJ(1–70) required either

the GF-rich region or a peptide substrate provided in trans to strongly enhance DnaK’s

Fig. 17 (a) Overlay of a crystal structure of the peptide-binding and dimerization domain of

human HDJ1 [146] in yellow, with that of yeast YDJ1 [147], in cyan. The HDJ1 substrate

(GPTIEEVD) is in red, the YDJ1 substrate (GWLYEIS) is in blue. The CA positions in the

SBD (193–240 and 205–252 for HDJ1 and YDJ1, respectively) were superposed. YDJ1’s Zn

domain is at the left, HDJ1’s dimerization helices are at the right (the latter were deleted in the

crystallization construct of YDJ1). (b) Detail of the hydrophobic cleft of HDJ1, composed of

residues M183, I185, L204, I206, F220, I235, and F237 and ligand GPTIEEVD
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ATPase activity. At high concentrations, DnaJ itself serves as substrate for DnaK in a

process considered to be unphysiological, where it stimulates ATP hydrolysis by

DnaK > 1,000-fold [106].

A major and not yet resolved question in the field is whether DnaJ interacts more

strongly with DnaK in the ADP or in the ATP state. Pierpaoli et al. [160] obtained a

weak KD value of >2 mM for the binding of DnaJ to DnaK.ATP and a strong KD of

0.14 mM for the binding of DnaJ to a preformed 1:1 complex of DnaK and

acrodylan-labeled CLLLSAPRR in the presence of ADP [160]. However, these

results are contradicted by the following studies. Landry and co-workers have made

a fusion of DnaJ (1–78) to CLLLSAPRR [153]. This J-fusion bound much more

tightly to DnaK in the presence of ATP (0.2 nM) than in the absence of nucleotide

(30 nM). A later paper of the same group using the same construct and using NMR

spectroscopy to monitor binding to several DnaK constructs in different nucleotide

states confirmed their earlier observations [161]. SPR experiments by Gross

and co-workers [157] strongly suggest that wt-DnaJ binds tightly to the ATP state

(KD ¼ 70 nM) but does not bind to DnaK in the ADP state (i.e., KD > 1 mM).

A BB C1 C2

D1

D2

E F

G H I

Fig. 18 Hypothetical binding modes between DnaK (red: NBD; blue: SBD), DnaJ (yellow:
J-domain; magenta: G–F; cyan: SBD; brown: dimerization domain and substrate (green) in the

ADP state

Allostery in the Hsp70 Chaperone Proteins 133



Single molecule fluorescence studies show that the yeast J protein Mdj1 is stably

bound to yeast Hsp70 Ssc1 in the ATP state and dissociates upon ATP hydrolysis

[96]. We have recently obtained results using NMR showing that DnaJ(1–70) binds

at least ten times more tightly to DnaK(ATP-apo) than to the DnaK(ADP-sub). The

majority of results thus suggest that DnaJ is poised to dissociate from DnaK once

substrate is delivered.

While it is becoming clear how DnaJ interacts with DnaK, and how substrate

and substrate-binding cleft are involved, it is much less clear which precise

residues on the DnaK NBD interact with the J-domain. The DnaK mutations

YND145,147,148AAA [86], EV217,218AA [86], and R167A [156] on the DnaK NBD

domain weaken J–K interaction. All of these residues are found around the cleft

area between subdomains IA and IIA of the NBD (see Fig. 19). However, mutations

of these residues also affect the allosteric mechanism of DnaK itself, and it is

unclear how the two effects intermingle. The mutant R167A is most interesting.

Suh and co-workers [156] showed by SPR that the R167A mutant on DnaK could

rescue the interaction of DnaJ D35N with DnaK. The effects were not dramatic

(it “rescues” a KD of 300 nM to a KD of 100 nM). The R167H mutant had exactly

the same rescuing capabilities as R167A. Potentially, Arg167 becomes buried in the

complex with DnaJ. Such burial would be unfavorable if it is not compensated by

buried negative charge in its vicinity. Hence, when the compensatory negative

charge (D35) is mutated out, one must also mutate out burial of the positive charge

to regain binding. The smallness of the effect argues for rather weak or remote D35

– R167 interaction. The SPR data strongly suggest that the J-domain interacts with

NBD at a location that is now believed to be also the interaction site between the

SBD and the NBD [38]. The interaction likely helps to establish or stabilize the

DnaK state in which NBD and SBD do not interact.

A co-crystal structure of the NBD of Hsc70 with a J-domain of auxilin has been

advanced [107]. The two proteins were covalently linked through disulfide chemistry

between an Asp-Cys mutant at the equivalent location of Asp35 of DnaJ and an

Fig. 19 The location of residues on E. coli DnaK that affect DnaK–DnaJ interaction as deduced

from mutagenesis experiments (see text)
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Arg-Cysmutant at the equivalent location of R167 inDnaK, as inspired by thework of

Suh et al. [156]. This complex could potentially represent state E in Fig. 18. However,

the complex is in the ADP state, and it is known from other work that the HPD loop is

not involved in DnaJ–DnaK interaction in that state [152, 153]. In addition to

questions about the validity of forcing the structure to a pre-determined pose by

disulfide linking, the structure of this adduct is also rather suspect because crystal

contacts between the J-domain of one “complex” with the NBD of another “complex”

must affect the relative J-K orientations in the adduct (see Fig. 20).

Recently, using solution NMR, we obtained the three-dimensional conformation

for a noncovalent Hsp70-DnaJ complex in the ADP state, loaded with substrate

peptide [152]. The solution structure, which contained NBD, SBD, LID, substrate,

and DnaJ(1–70), is completely different from the crystal structure of the adduct

[107] (see Fig. 21). We establish that the J-domain (residues 1–70) binds with its

positively charged helix II, which contains conserved residues that are critical to the

interaction, as determined by mutagenesis [162], to a negatively charged area,
206EIDEVDGEKTFEVLAT221 in the Hsp70 nucleotide-binding domain. In the

crystal structure [107], this helix is not in the interface. The interface in the crystal

(helix III) is not involved in contact in solution in the ADP state. The solution

complex shows an unusual “tethered” binding mode which is stoichiometric and

saturable, but which has a dynamic interface.

Recently, NMR data were published that suggest that DnaK residues 215–220

interact with the NBD-SBD linker in the ATP state but not in the ADP state [83]. It

is significant that we [152] found that the J domain interacts with DnaK residues

that contain this site, suggesting that its presence interferes with the docking of the

linker, promoting the ADP conformation. This provides the long-awaited structural

evidence for understanding how the J proteins regulate Hsp70 allostery.

Fig. 20 Crystal contacts in the covalent adduct of human Auxilin (DnaJ homolog) and the NBD

human Hsc70 [107]. The NBD and J-domain of the PDB-deposited adduct are in light and dark
green, respectively. ADP is in white. The NBD and J-domain of the neighbor in the crystal are in

red and magenta, respectively. The green” J-domain has a 372-Å2 interface with its disulfide-

linked Hsc70 NBD partner (light green). However, a symmetry-related NBD (red) has a 582 Å2

interface with the same “green” J-domain (using www.ebi.ac.uk/msd-srv/prot_int/pistart.html).

This figure was prepared using the Swiss PDB viewer
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13 Hsp70-Allosteric Effectors as Drugs

Consistent with its key role in protein homeostasis, Hsp70 chaperones have been

implicated in numerous diseases. The various disease pathologies can be associated

with “too much” Hsp70 activity (recycling of a toxic substrate) or with “too little”

activity (failure to act on misfolded substrates). Thus, disease might arise from

disruption of the delicately balanced proteostasis in either direction [163]. We will

describe here just two disease classes, cancer and tauopathies, in which there is “too

much” Hsp70 activity, so that one can conceivably aid in the therapy of these

diseases by inhibiting Hsp70s.

All known tumors express elevated levels of Hsp70s [14]. One hypothesis is that

the physiopathological features of the tumor microenvironment (low glucose, pH,

and oxygen) mimic stress conditions [18, 19]. Alternatively, conformationally

unstable oncoproteins may elicit a stress response [28, 164–167]. In cancer cells,

Hsp70 stabilizes pro-survival factors [15–17] and inhibit cell death pathways [19,

22–26, 168, 169]. In addition, Hsp70 may prevent translocation of the apoptotic

enhancer BAX from the cytosol to the mitochondria [170]. Hsp70 can also stabilize

lysosomal membranes to inhibit the release of cathepsins and other enzymes which

can induce cell death [171]. Hsp70 also plays roles in post-mitochondrial signaling

pathways by antagonizing release of apoptogenic factors, such as cytochrome c and
AIF [170]. Furthermore, Hsp70 can bind to and block the activity of APAF1 to

avert the formation of the apoptosome and subsequent activation of caspase

Fig. 21 The crystal structure

[107] of the covalent adduct

of Auxilin-J-domain (orange)
and the NBD of human Hsc70

(yellow) superposed on the

solution conformation [154]

for the non-covalent complex

of DnaJ-J-domain (white),
DnaK NBD (yellow), NBD-
SBD linker (black) and DnaK

SBD (cyan). On Auxilin, the

HPD loop and its covalent

link to the NBD are in purple
and the positive residues on

helix II are red. On DnaJ, the

HPD loop is green, and the

positive residues on helix II

are blue. Val210, in the center
of the DnaK interface, is in

blue-gray
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enzymes [172]. Finally, Hsp70 also directly participates in oncogenic transforma-

tion [19]. One of the likely responsible mechanisms is the interaction of mitochon-

drial Hsp70 (mt-Hsp70) with mutant and wild-type tumor suppressor proteins, such

as p53 [28, 166, 167, 173–175], and Rb107 [176]. The malignant transformation

has been explained, in part, by the inactivation of p53 tumor suppressor protein by

mt-Hsp70 [27]. In particular, wild-type p53 and mt-Hsp70 co-localize in the

cytoplasm in several human cancers (undifferentiated neuroblastoma, retinoblas-

toma, colorectal and hepatocellular carcinomas, and glioblastoma) [28]. Together

these observations support a model in which Hsp70 expression is anti-apoptotic and

required for cancer cell viability. In addition, high expression of Hsp70 also confers

resistance to chemotherapy, radiation, and hyperthermia therapy in breast cancer

[18, 177]. Together, these observations suggest that Hsp70 is an important, poten-

tial drug target in cancer.

In support of these ideas, knockdown of Hsp70 chaperone expression [178, 179]

or inhibition by small molecules [180] is lethal to cancer cell lines. For example,

Hsp70 inhibitors generated by the Wipf and Brodsky groups have anti-proliferative

activity against lung cancer cells [181] and Hsp70 inhibitors synthesized by the

biotechnology company, Vernalis, have potent activity against cancer cells [182].

Moreover, a natural product, epigallocatechin gallate, interacts with Hsp70 [183]

and triggers apoptosis in tumor cells [183]. MKT-077, a cationic rhodacyanine dye

analog, which binds to Hsp70 [184], has activity against CX-1 colon carcinoma

cells (IC50 ~ 7 mM), but has no effect on normal epithelial cells [180]. Mechanistic

studies indicated that MTK-077 inhibits the deleterious interaction of mt-Hsp70

with p53 by binding to the mt-Hsp70 NBD [167, 185]. These studies on MKT-077

generated significant excitement about this compound and it was advanced to phase

I clinical trials [186]. However, MKT-077 was found to be nephrotoxic.

Many neurodegenerative disorders, such as Alzheimer’s and Parkinson’s

diseases, are characterized by abnormal protein misfolding and accumulation

[187–189]. In these disorders, misfolded proteins are not properly cleared by the

chaperone/quality control system and, subsequently, they self-associate into cyto-

toxic oligomers. Diseases such as Alzheimer’s are also characterized, besides beta

plaques, by aberrant accumulation of hyperphosphorylated tau, called tau-tangles

[29, 190–192]. Clearance of tau-tangles is being recognized as therapeutic to

Alzheimer-affected neuronal cells [193]. Hsp70s participate in the clearance of

tau-tangles through a mechanism that is in the process of being uncovered [194].

A key finding pertaining to this mechanism is that inhibitors of Hsp70 lead to a

rapid increase in tau ubiquitination and proteasome-dependent degradation in

tau-overexpressing HeLa cells [195]. Conversely, activators of Hsp70 led to a

decrease proteasome-dependent degradation of tau. Thus, it seems that inhibition

of Hsp70 is a potential target for helping the clearance of tau and a first step towards

a therapy of CNS disorders.

As evident throughout this review, Hsp70s are highly allosteric enzymes that

engage in a number of critical protein–protein interactions. Thus, Hsp70s proteins

must be very druggable [196] because they offer so many opportunities for inter-

ference (Fig. 22). The most obvious sites for designing inhibitors are the primary
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ATP and substrate-binding pockets. Such deep clefts are often associated with

favorable progress in drug discovery campaigns. In fact, both of these binding

sites have been explored [197, 198] and some of the resulting compounds have

promising anti-cancer and anti-bacterial activity. However, these pockets have a

number of features that make them challenging. For example, the nucleotide-

binding cassette of Hsp70s is highly conserved, creating problems in selectivity.

Similarly, the substrate-binding cleft of the Hsp70s is designed to be promiscuous

and capable of binding many hydrophobic sequences; thus, it is expected to be

difficult to generate soluble, selective compounds for that region. Another potential

problem with these strategies is that they would be expected to “lock” Hsp70s into a

specific structure in the ensemble. Namely, competitive ATP-competitive inhibitors

might lock the protein into the ATP-bound form, while substrate-based inhibitors

would favor the substrate-bound form. As discussed in this review, there are many

other states of Hsp70 and these might also be linked to aspects of disease. Thus, one

can also imagine directing Hsp70 function in new ways by targeting its interactions

with DnaJ co-chaperones or nucleotide exchange factors [3]. Hsp70s also interact

with HIP [199], HOP [200], and CHIP [201], and some specialized factors such as

ZIM (for mt-Hsp70) [202]. In theory, competing with these contacts or even

enhancing their recruitment may be another, parallel avenue for modulating the

activity and structure of Hsp70s. The potential advantage of this approach is that the

activity of the Hsp70 complex might be “tuned” to achieve the desired outcomes.

In theory, compounds with activities at allosteric and protein–protein sites might

either directly interfere with co-chaperone interactions or they might recognize

allosteric differences and perturb the allosteric equilibrium between states of

Fig. 22 Potential sites for interference with the Hsp70 chaperone function. Purple: primary sites,

cyan: allosteric sites, blue: co-chaperone interaction sites
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Hsp70. Consistent with this idea, we recently discovered one class of DnaK

inhibitors that functions by directly competing with the J protein interaction [203]

(see Fig. 23a) and another class of compounds, including the flavonoid myricetin,

which bind to a site on DnaK that is >30 Å from the DnaJ binding site to block this

interaction allosterically [204] (Fig. 23b). These studies suggest that Hsp70s, such

as DnaK, do indeed have multiple opportunities for pharmacologic intervention,

including at sites that might not be anticipated from cursory examination of the

structures.

Many of the emerging methods for targeting Hsp70 are likely to take advantage

of the allostery in this target. For example, compounds that can recognize allosteric

differences and perturb the allosteric equilibrium between the states should also

modulate Hsp70s function. To illustrate this idea, we recently discovered that the

anti-cancer compound MKT-077 is an allosteric inhibitor of Hsp70. MKT-077

[184, 206] was originally considered as a potential therapy for the treatment of

breast cancer [207]. Later it was suggested that MKT-077 kills cancer cells by

selectively inhibiting mt-Hsp70 [187]. However, the mechanism of MKT-077

wasn’t clear and its potential binding site of Hsp70s was unknown. Based on the

high homology between mt-Hsp70 and other Hsp70s, we reasoned that MKT-077

may also bind to cytosolic homologs, such as Hsc70 and Hsp70. Consistent with

this idea, MKT-077 binds with an affinity of approximately 10 mM to human Hsc70

NBD (determined by NMR [205]). This value is remarkably close to the IC50 ~ 7

mM for MKT-077 activity against CX-1 colon carcinoma cells [180]. Also consis-

tent with its cytosolic actions, MKT-077 clears tau in a dose-dependent manner in

HeLa cells [205]. This activity may be therapeutically important because other

compounds that reduce tau accumulation through Hsp70s recover cognitive func-

tion in mouse models of Alzheimer’s disease [208].

Fig. 23 The NMR-determined binding sites of recently discovered Hsp70 inhibitors. Left, 115-7C
[203]; middle, myricetin [204]; right, MKT-077 [205]. Note that neither compound binds to an

Hsp70 primary site, hence the compounds affect Hsp70 function by affecting allostery or

co-chaperone interaction
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To help development of more potent MKT-077 derivatives, we investigated

where the compound binds to Hsc70 [205]. The first finding was that MKT-077

binds to the Hsc70 ADP state, but that no binding to the ATP state could be detected

(i.e., KD > 100 mM) (Fig. 24). Thus, we hypothesized that MKT-077 might trap

Hsp70 in the ADP-bound, high-affinity form. This hypothesis was supported by

partial proteolysis findings, which suggested that MKT-077 stabilizes the ADP-

bound conformation of full length Hsp70s. Although the mechanisms linking this

allosteric switch to the degradation of tau is not yet clear, it seems possible that the

long-lived Hsp70-ADP-tau complex becomes a good target for CHIP, an E3

ubiquitin ligase that binds Hsp70s. If so, then this “stalled” complex would favor

the polyubiquitination and degradation of Hsp70-bound tau [201, 209].

How does MKT-077 distinguish between the NBD ADP and ATP state? It turns

out that MKT-077 binds to a pocket that is close, but not identical, to the nucleotide-

binding site (see Fig. 24). According to our earlier studies of the NBD of DnaK

T. Thermophilus, ADP and AMPPNP cause significant changes in NBD subunit

orientations [82], which affects the area where the MKT-077 pocket is located.

However, in that study we did not carry out a high resolution structure determina-

tion. Rather, we suggested that the nucleotide-induced changes were not unlike

those seen between crystal structures of Hsp70 in nucleotide-bound form (a repre-

sentative of the ATP state) and those of Hsc70 bound to nucleotide exchange

factors, (more representative of the ADP state). In Fig. 25 we show the difference

between these crystal structures. Indeed, only in the ADP state is there a pocket

available that can accommodate MKT-077. The pocket is smaller in the ATP state.

Therefore, MKT-077 is an allosteric effector, and acts not unlike 2,3-DPG which

down-regulates hemoglobin oxygen affinity by binding to a non-heme site that is

open in the T-state and closed in the R-state [210]

Subsequently, we modeled the binding of MKT-077 on the conformation of

Hsc70 NBD as seen in a complex containing NEF. The NMR chemical shift

Fig. 24 (a) Chemical shifts seen [205] for the interaction of MKT-077 (cyan) with human Hsc70

in the ADP state. (b) Chemical shifts seen [205] for the interaction of MKT-077 with human Hsc70

in the AMP-PNP state
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perturbations were used to constrain the search box in the AUTODOCK [211]

docking program. AUTODOCK produced four families of binding poses that were

energetically equivalent, but which differed as much as having different rings of

MKT-077 inside or outside the pocket (Fig. 26a). We decided to carry out AMBER

molecular dynamics [212] simulated annealing computations using Hsc70 in

explicit water, starting with representatives of the four different AUTODOCK

families. After equilibrium was reached, we evaluated the AMBER binding energy

using the MM-GB/PBSA protocol [213]. As a result, one particular family of poses

Fig. 25 (a) The MKT-077 binding site [205] (blue) projected on human Hsc70 NBD in the open

state (complexed with NEF; 3C7N.pdb) (b). The MKT-077 binding site (blue) projected on Hsc70
NBD in the closed state (3HSC.pdb)

Fig. 26 The MKT-077 Hsc70 NBD interaction in detail [205]. (a) Collection of poses for the

binding of MKT077 to Hsc70 (3C7N.pdb) obtained from NMR restrained AUTODOCK. Blue:
NMR shifts. (b) Final best binding pose of MKT077 (cyan) on Hsc70 (3C7N.pdb) obtained with

AMBER. Green: no shifts; red: shifts; gray: undecided
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stood out. This pose is shown in Fig. 26b. It forms the basis for our further drug

development endeavors.

Together, these results, while quite preliminary, suggest that Hsp70s may be

targets for cancer and CNS disorders through a variety of direct and allosteric

mechanisms. Hopefully, a larger battery of Hsp70 inhibitors with defined

mechanisms-of-action will become available and these reagents will, in turn,

allow new insights into the roles of Hsp70s in disease.

14 Outlook

The Hsp70/DnaJ/NEF system is complicated and subtle. Different scientific

disciplines uncover seemingly unrelated and sometimes contradictory facts about

the system. Clearly, much more research is required to uncover all aspects of the

Hsp70/DnaJ/NEF system. In addition, the Hsp70s interact with many co-factors

such as HIP, HOP, and CHIP. In most cases not even structures of such complexes

are known, let alone the subtleties of the energetics and dynamics of these

interactions. We hope that support for many more years of Hsp70 research will

be forthcoming. It should be well worth it, given the fact that disregulation of

Hsp70s is involved in diseases that affect much of humanity.
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