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The 70 kDa heat-shock protein (Hsp70) is undoubtedly the most versatile of

all molecular chaperones. Hsp70 is involved in numerous cellular protein

folding processes, accompanying proteins throughout their lifespan from de

novo folding at the ribosome to degradation at the proteasome, surveilling

protein stability and functionality. Several properties of this ATP-dependent

chaperone constitute the molecular basis for this versatility. With its substrate

binding domain (SBD), Hsp70 transiently interacts with a short degenerative

linear sequence motif found practically in all proteins and, in addition, with

more folded protein conformers. Binding to polypeptides is tightly regulated

by ATP binding and hydrolysis in the nucleotide binding domain, which is

coupled to the SBD by an intricate allosteric mechanism. Hsp70 is regulated

by a host of J-cochaperones, which act as targeting factors by regulating the

ATPase activity of Hsp70 in synergism with the substrates themselves, and

by several families of nucleotide exchange factors. In this review, I focus on

the allosteric mechanism, which allows Hsp70s to interact with substrates

with ultrahigh affinity through a non-equilibrium mode of action and sum-

marize what mutagenesis and structural studies have taught us about the

pathways and mechanics of interdomain communication.

This article is part of a discussion meeting issue ‘Allostery and molecular

machines’.
1. Hsp70: versatility of functions
The ATP-dependent 70 kDa heat-shock protein (Hsp70) chaperones are appar-

ently universal and highly adaptable tools (figure 1a), being involved in a

wide variety of cellular protein folding processes ranging from de novo folding

to disaggregation and even disassembly of amyloid fibres, from protein trans-

location through membranous pores to protein degradation [4–6]. One reason

for this versatility is certainly the ability of Hsp70s to bind short degenerative

motifs within their substrate polypeptides, consisting of a core of five residues

enriched in hydrophobic amino acids, flanked by positively charged residues

[7]. Such sequence motifs are found on average every 30–40 residues in virtually

all proteins. Interaction with such short motifs eliminates any size limitations for

chaperone substrates. A second reason for the versatility of Hsp70 chaperones

is their cooperation with J-proteins and nucleotide exchange factors, with

additional cochaperones and with other chaperone systems [8]. J-proteins are

modular multi-domain proteins characterized by the 75-residue J-domain, with

which they interact with Hsp70s and stimulate their very low ATPase activity.

J-proteins either bind to Hsp70 substrates themselves or are located within the

cell where Hsp70 substrates appear, and target Hsp70s to their substrates. In

the course of evolution, the number of J-proteins multiplied substantially from

six in E. coli to 53 in humans [9] to 102 in Arabidopsis thaliana (determined by

WU-Blast on the Arabidopsis thaliana genome database https://www.arabidop-

sis.org/). Hsp70s interact with four structurally unrelated families of

nucleotide exchange factors: the GrpE proteins, the family of Bag proteins, the

HspBP1 proteins and the Hsp110 s [10]. Bag-proteins are also multi-domain pro-

teins, linking Hsp70s to diverse functions. Hsp70s in eukaryotic cells also interact
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Figure 1. Versatility of Hsp70s and functional cycle. (a) Hsp70s are able to interact with a wide variety of protein conformers, from completely unfolded poly-
peptides to native proteins and even amorphous protein aggregates and amyloid fibrils (modified from Schlecht et al. [1]). (b) Hsp70 chaperone cycle. Hsp70s exist
in two conformational states, the ATP-bound state with low affinity for substrates but high substrate association and dissociation rates and the ADP-bound state with
higher affinity for substrates but low substrate association and dissociation rates. J-domain proteins (JDP) regulate substrate binding by stimulating Hsp70’s very low
ATPase activity in synergism with substrates, and nucleotide exchange factors (NEF) regulate residence time of substrates on Hsp70s because nucleotide exchange
is rate limiting for substrate release. (c) (i) Structure of the high-affinity ADP-bound conformation (PDB ID 2KHO; [2]) and (ii) the low-affinity ATP-bound
conformation (PDB ID 4B9Q; [3]) of E. coli DnaK.
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with an anti-nucleotide exchange factor Hip [11], with

Hop/Sti1, which connects Hsp70 to the Hsp90 chaperone

system, and with the ubiquitin E3 ligase Chip [12,13], which

links Hsp70 to the proteasome degradation system. In

addition, Hsp70s cooperate in particular with Hsp90s in matu-

ration and regulation of stability and activity of many native

proteins [14], and with small Hsps and Hsp100 proteins in

solubilization of amorphous protein aggregates [15]. A third

reason for the versatility of Hsp70s is their intricate allosteric

mechanism, which allows them to outrun competing folding

reactions like aggregation and which will be the major topic

of this review.
2. Evidence of allostery in Hsp70s
The first evidence for allostery in Hsp70s came from the

observation that peptide substrates stimulate the weak

ATPase activity of Hsp70s and that ATP binding decreased

their affinity for substrates [16]. In addition to peptides,

J-proteins were found to stimulate the ATPase activity [17]
by acting in synergism with protein substrates [18–20]. The

ATP-induced decrease in substrate affinity is due to approxi-

mately 100-fold increased peptide association rates and

approximately 1000-fold increased peptide dissociation rates

[21]. These changes in substrate affinity are accompanied by

structural changes that are detected by partial proteolysis,

tryptophan fluorescence, small angle X-ray scattering (SAXS),

NMR and hydrogen exchange mass spectrometry. Upon tryp-

tic digestion of the nucleotide-free and ADP-bound Hsp70, a

prominent 44 kDa band appears, corresponding to the nucleo-

tide binding domain (NBD), that is less pronounced when

ATP-bound Hsp70 is digested [22–24]. Many Hsp70s have a

single tryptophan in the NBD that reacts to ATP binding

with a decrease in intensity and a blue shift of the emission

maximum [24–27]. This change in tryptophan fluorescence is

curiously not observed in the isolated NBD, but only if large

parts of the SBD are present and therefore reports on confor-

mational changes in the SBD [28,29]. SAXS measurements

demonstrated that Hsp70s become more compact upon ATP

binding as the radius of gyration decreases [30]. NMR and

hydrogen exchange mass spectrometry also detect signatures
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of these conformational changes [31,32]. Based on these data

and the structures of the individual domains [33,34], a func-

tional cycle for Hsp70s was formulated (figure 1b): Hsp70

binds substrates in the ATP-bound state, which is character-

ized by high substrate association and dissociation rates but

low affinity. ATP hydrolysis is very low in most Hsp70s

with turnover numbers of 1 ATP per 20–30 min, but is

stimulated in synergism by substrates and J-proteins, leading

to the trapping of the substrate, because the ADP-bound state

has low substrate exchange rates but higher affinity. Nucleo-

tide exchange allows rebinding of ATP, and thus promotes

substrate release. The non-equilibrium situation of this

chaperone cycle leads to ultrahigh affinity [35].

A full understanding of all of the above-mentioned obser-

vations, however, only became possible with a structural

model for full-length Hsp70 in the ATP-bound open confor-

mation that was first hinted at by the structure of the

homologous Hsp110 protein [36], before crystal structures of

Hsp70 s finally revealed a detailed picture [3,37–40].
0170183
3. Hsp70 structure
NBD and the SBD were first crystalized in isolation [33,34] and

also studied by NMR [41–44]. The N-terminal 45 kDa NBD

consists of four subdomains (IA, IB, IIA, IIB) organized in

two lobes (I and II) with a deep cleft between them, at the

bottom of which ATP binds coordinated by residues from all

four subdomains (figure 1c(i)). The 25 kDa SBD is built up

of two subdomains, a b-sandwich subdomain (SBDb) and

an a-helical subdomain (SBDa). SBDb is composed of two

twisted, four-stranded b-sheets (strands 1, 2, 4, 5 and 3, 6, 7,

8) with upward protruding loops and the substrate binding

cleft between strands 1 and 2 and strands 3 and 4. Between

strands 3 and 4 is a deep hydrophobic pocket, tailored for a

single large hydrophobic amino acid side chain. The substrate

is further enclosed by two concentric pairs of loops forming a

hydrophobic arch over the backbone of the co-crystallized pep-

tide and contacting the peptide backbone via hydrogen bonds.

The SBDa is composed of five a-helices (A–E), with helices A

and B being packed tightly to the loops of the SBDb, forming a

lid over the substrate-binding cleft. NMR studies suggested

that in the nucleotide-free and ADP-bound state SBD and

NBD tumble largely independent of each other and are only

tied together by the highly conserved flexible linker [2,31].

In the ATP-bound open conformation, the SBD is disso-

ciated into SBDb and SBDa, and both SBD subdomains are

docked onto two faces of the NBD (figure 1c(ii)). Closer com-

parison of the ADP-bound and ATP-bound structure

revealed three important conformational differences. First,

the two lobes of the NBD are rotated relative to each other

(figure 2a) with the consequence that in the ATP-bound con-

formation the two g-phosphate coordinating residues K70

and E171 are displaced relative to the post-hydrolysis state,

suggesting a mechanism for catalysis (figure 2b see below).

The rotation of the lobes also significantly remodels the sur-

face to which the SBDb is docked in the ATP-bound state

and opens a lower crevice (figure 2c). Second, the interdo-

main linker is inserted into the lower crevice of the NBD.

Third, the SBDb docked onto the NBD has a much more

open substrate-binding cleft, as the substrate enclosing

loops are moved apart, but a more narrow substrate-binding

pocket, as the distance between F426 and I 438, which line the
hydrophobic pocket, is much smaller (figure 2d ). Insertion of

the substrate seems only possible if the two residues are

moved apart. Either substrate binding induces such a confor-

mational change that is then propagated to the NBD or

the SBDb is in a close-open conformational equilibrium

and substrate binding fixes the conformation by inserting a

large hydrophobic residue into the transiently opened

hydrophobic pocket.

The difference between ATP-bound and ADP-bound con-

formation allows the sketching of an allosteric mechanism to

explain ATP-induced substrate release and substrate-triggered

ATP hydrolysis. It seems straightforward to propose that

ATP-induced rotation of the NBD lobes remodels the NBD sur-

face to allow docking of the SBDb and subsequent opening of

the substrate-enclosing loops, accelerating substrate dis-

sociation. The caveat with this simple sequence of events is

that helix A of the SBDa needs to be removed first before the

SBDb can dock onto the NBD. How SBDb-docking and SBDa

dissociation from SBDb is induced is still enigmatic. On the

other side, to elucidate how substrates stimulate the ATPase

activity, we first need to understand the catalytic mechanism

of ATP hydrolysis by Hsp70s. Based on the overlay of the

NBD in the ADP- and ATP-bound states (figure 2b), it was pro-

posed that D201, E171 and T199 are the catalytic residues

guiding a water molecule for the inline attack on the g-phos-

phate and that K70 stabilizes the pentavalent transition state

[3]. In addition, as will be discussed below, the differences

between ATP- and ADP-bound conformation also suggested a

pathway through which substrates trigger ATP hydrolysis [46].
4. Analysis of allostery by mutagenesis
Over the years, genetic screens [23,47–49] and analysis of the

available structures of individual domains and of sequence con-

servation [1,20,46,50–53] revealed amino acid replacements in

Hsp70s, mostly E. coli DnaK, that caused a defect in allostery

(electronic supplementary material, table S1). A first attempt

was performed by Gierasch and colleagues to analyse allostery

more globally by comparing Hsp70s with their non-allosteric

Hsp110 homologues using a statistical coupling analysis of

co-evolving pairs of residues [54]. This analysis yielded appro-

ximately 20% of all residues in NBD (56 residues) and SBD (59

residues) as statistically significantly coupled. Regrettably, only

two residues, one in each domain, were verified to affect allos-

tery when replaced and the chosen residues were in the

interface between NBD and SBDb and suggested to interact

with each other in a homology model. Therefore, whether all

or a majority of the residues found in this approach have an

impact on allostery remains to be shown.

A global analysis of the phenotypes of amino acid repla-

cement variants of E. coli DnaK that were characterized under

comparable conditions sheds some light on interesting prop-

erties of the allosteric mechanism. Blotting the relative

maximal stimulation of the ATPase activity by the simul-

taneous presence of the J-protein DnaJ and the protein

substrate s32 versus the basal ATPase rate relative to the

ATPase rate of wild-type DnaK uncovers an inverse corre-

lation between synergistic stimulation of the ATPase

activity and basal ATPase rate (figure 3a,b). Notably, variants

that are outside of this inverse correlation (blue triangles close

to the y-axis in figure 3a,b) have replacements in or close to

the catalytic centre (P143A, P143G, E171D and E171Q [51]),
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Figure 2. ATP-induced conformational changes in NBD and SBD. (a) Overlay of the secondary structure representation of the ATP-bound NBD of E. coli DnaK (PDB ID
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resulting in simultaneous reduction of basal and stimulated

ATPase rates. Thus, this comparison suggests that the SBD

represses the ATPase activity until substrate binding releases

this repression. Such a hypothesis seems to be inconsistent
with the fact that the isolated NBD (DnaK(2-385)) has an

ATPase rate similar to the basal rate of full-length wild-type

DnaK. However, the NBD including the interdomain linker

(DnaK(2-393)) has a greatly elevated ATPase rate [31,52],
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suggesting that the linker is important for the stimulation of

ATP hydrolysis and that the SBD prevents this. Of all DnaK

variants in which residues that form direct contacts between

NBD and SBDb are replaced by non-interacting residues, two
have a particular high basal ATPase rate, DnaK-D481A

(increased 80-fold) and DnaK-K414I (increased 25-fold;

figure 3c) [46]. Thus, the contacts between D481 and I168

and R167, and between K414 and D326 are particularly
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important for repressing the basal ATPase activity. The two

residues at opposite ends of the NBD-interacting face of the

SBDb are ideally positioned to form a clamp contacting

both NBD lobes after ATP-induced rotation and arresting of

the NBD in a conformation unable to hydrolyse ATP [46].

Release of at least one of these contacts seems necessary

to trigger ATP hydrolysis. N415 also forms contacts with

D326, in addition to T221, but its contribution to repressing

the ATPase activity seems to be limited as replacing it by

glycine only increases the ATPase activity 1.6-fold [54].

Locating all residues, the replacement of which cause

defects in allosteric regulation, in the structure of the ATP-

bound open conformation of DnaK reveals a network of

interactions that seems to constitute the pathways of allostery

(figure 3d). One pathway starting at the central hydrophobic

residue of the substrate, which is inserted into the hydrophobic

pocket between residues F426 and I438, transmits the signal of

substrate binding to the catalytic centre through interacting

residues V440, L484 and D148. V440 and L484 are displaced

in an overlay between the SBDb of the ATP-bound open

conformation and the substrate-bound SBDb (figure 2d).

Replacing D148, V440 or L484 by alanine causes a complete

loss of signal transmission from the substrate to the NBD as

no stimulation of the ATPase activity by substrates and no

synergistic stimulation by DnaJ and substrate are observed.

By contrast, DnaK-D148A, V440A and L484A replacement

variants have no defect in stimulation of the ATPase activity

by DnaJ alone and no defects in substrate binding per se or

ATP-induced substrate release. Based on these data and on

the fact that SBDb represses ATP hydrolysis through contacts

between D481 and R167/I168 and between K414/N415-

D326/T221, as mentioned above, it was proposed that

substrate binding through V440, L484 and D148 triggers

release of the SBDb from the NBD, allowing the NBD lobes

to rotate back into a position optimal for g-phosphate cleavage.

Such a hypothesis is consistent with a previous NMR study

that found that SBDb is released from the ATP-bound NBD

in the presence of a peptide [55].

A second pathway transmits the signal from the ATP

binding pocket to the SBD causing the substantial confor-

mational rearrangements. Replacement of the g-phosphate,

Mg2þ and Kþ-coordinating residues T11, K70, E171, D194

and D201 cause defects in allostery, in addition to defects

in catalysis (electronic supplementary material, table S1)

[23,51,56,57]. By contrast, replacement of T199, which also

greatly reduces ATP hydrolysis activity, at least in DnaK

and BiP, does not compromise allostery [56]. Thus, the resi-

dues T11, K70, E171, D194 and D201 sense g-phosphate of

ATP and induce conformational changes. The residues T11,

K70 and E171 belong to NBD subdomain IA and D194 and

D201 to IIA. When ATP binds T11, K70 and E171 have to

move by 2.5, 2.1 and 1.7 Å, respectively, when compared

with the ADP.Pi structure to be able to form hydrogen

bonds with the g-phosphate (figure 2c). This movement is

transmitted from K70 to P143, known to be a critical switch

in the NBD that determines the high-energy barrier for

hydrolysis [51]. Replacement of P143 by alanine or glycine

reduces the basal ATPase activity and abrogates allostery.

P143 forms a stacking interaction with F146, which also

forms van der Waals contacts to K70 (figure 3d). The F146A

replacement reduces the ATP-induced peptide dissociation

rates to 6% of the rates of DnaKwt, indicating that this residue

is important for coupling ATP-sensing to opening of the
substrate-binding cavity. Interestingly, F146 is not essential

for signal transduction in the reverse direction, because the

ATPase activity of DnaK-F146A is stimulated by substrate

and DnaJ in synergism [46]. Another residue essential for

signal transmission to the SBD is R151, which forms hydro-

gen bonds to the backbone carbonyls of A144, F146 and

N147, thereby stabilizing the P143-A144-Y145-F146-N147-

D148-loop, and to the side chain carbonyl of N170, which

together with E171, P172 and T173 forms another constrained

loop. In addition, R151 forms a hydrogen bond across the

NBD-SBDb-interface to the backbone carbonyl of D481.

Thus, R151 is a central hub to sense ATP-induced displace-

ments of K70 (through P143 and F146) and of E171 (through

N170) and to sense the incoming signal from the substrate

through D148, and may be instrumental for severing the

D481-R167/I168 contact. Replacement of R151 by alanine

and even lysine completely abrogates allostery in both direc-

tions [32,51]. The N170-E171-P172-T173-loop is further

stabilized by H-bonds between N170/ND1 and T173/OG1

to D393, a residue of the universally conserved linker connect-

ing NBD with SBD. The D393A replacement also abrogates

allostery in both directions, suggesting that insertion of the

linker into the lower crevice of the NBD is necessary to stabil-

ize the NBD in the lobe-rotated conformation that allows

SBDb docking. The contacts between D393 and N170 and

T173 also seem to be important for stimulation of the

ATPase activity as an NBD fragment including the linker

until D393 (DnaK(2-393)) has a 40-fold increased ATPase rate

when compared with full-length wild-type DnaK [52],

whereas the variant excluding D393 (DnaK(2-392)) has a 13-

fold increased basal ATPase rate [31]. In addition to D393,

the hydrophobic residues V389 and L391 contribute to

the ability of the linker to stimulate the ATPase activity in

this construct as DnaK(2-393)-V389A,L390A,L391A,L392A

has no increased ATPase activity when compared with the

linker-less NBD [52]. Of the four hydrophobic residues of the

linker, only V389 and L391 are important for allostery [53].

Taken together, ATP binding leads to a displacement of

T11, K70 and E171, which is transmitted through P143,

F146 and R151 to stabilize the NBD lobes in the rotated con-

formation, allowing linker insertion into the lower crevice

and SBDb docking onto the NBD. The docked SBDb is stabil-

ized mainly by D481-R167/I168 and by K414/N145-D326/

T221 contacts and represses the ATPase activity. Release of

the SBDb from the NBD is triggered by substrate through

I438, V440, L484, D148 and R151, allowing at least partial

back-rotation of the NBD lobes into a position optimal for

g-phosphate cleavage.

5. Outlook
Although mutant analysis has provided many insights into

the allosteric network of Hsp70s, a number of questions

remain. The described pathways of allosteric control are

essential for functional interdomain communication. But are

they also sufficient or are there still more branches to be dis-

covered? Many residues in the NBD-SBDb interface have not

been tested for a role in interdomain communication. It is still

not clear how contacts between NBD and SBDb or between

SBDa and SBDb are broken and new methods may have to

be developed for answering these questions. Also the

dynamics of the conformational changes need to be explored

to get a full picture of the intricate Hsp70 machine. Hsp70s in
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higher eukaryotes are heavily modified by post-translational

modifications. Some of these modifications might also have

an impact on the allosteric control. Finally, how DnaJ gears

into this allosteric network is also currently unknown.
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