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Hsp70 is a conserved molecular chaperone that plays an indispens-
able role in regulating protein folding, translocation, and degra-
dation. The conformational dynamics of Hsp70 and its regulation
by cochaperones are vital to its function. Using bulk and single-
molecule fluorescence resonance energy transfer (smFRET) tech-
niques, we studied the interdomain conformational distribution of
human stress-inducible Hsp70A1 and the kinetics of conforma-
tional changes induced by nucleotide and the Hsp40 cochaperone
Hdj1. We found that the conformations between and within the
nucleotide- and substrate-binding domains show heterogeneity.
The conformational distribution in the ATP-bound state can be
induced by Hdj1 to form an “ADP-like” undocked conformation,
which is an ATPase-stimulated state. Kinetic measurements indicate
that Hdj1 binds to monomeric Hsp70 as the first step, then induces
undocking of the two domains and closing of the substrate-binding
cleft. Dimeric Hdj1 then facilitates dimerization of Hsp70 and forma-
tion of a heterotetrameric Hsp70–Hsp40 complex. Our results pro-
vide a kinetic view of the conformational cycle of Hsp70 and reveal
the importance of the dynamic nature of Hsp70 for its function.
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The Hsp70 family of chaperones is involved in a variety of
cellular processes, including protein folding, translocation,

and degradation (1). Hsp70 homologs share a similar structure
composed of an N-terminal 43-kDa nucleotide-binding domain
(NBD) and a C-terminal 27-kDa substrate-binding domain
(SBD) connected by a conserved flexible and hydrophobic linker.
The SBD is further divided into two subunits including a two-
layer β-sandwich subdomain (SBDβ) and an α-helical bundle lid
subdomain (SBDα) that together form a hydrophobic cleft for
substrate binding. The NBD of Hsp70 has weak ATPase activity,
and the binding/hydrolysis of ATP to ADP allows allosteric reg-
ulation of the interdomain conformation and substrate binding of
the SBD. In the ATP-bound state, Hsp70 has low affinity for
substrate but with fast binding and release rates. After ATP hy-
drolysis to ADP, the substrate affinity dramatically increases and
the association and dissociation rates also decrease (2).
High-resolution structures are available for full-length Hsp70

in ADP- and ATP-bound states (3–7), providing insights into the
mechanism of Hsp70 interdomain allosteric communication. Based
on these structures, in the nucleotide-free and ADP-bound states,
the NBD and SBD tend to adopt an undocked conformation
connected by the flexible linker, and the SBD cleft remains closed;
substrate peptides are bound in the hydrophobic cleft enclosed by
the SBDβ and SBDα (3). In the ATP-bound state, the SBD cleft
tends to change to a wide-open conformation with the SBD
docked onto the NBD (4, 5, 7). Although the dominant or snap-
shot structures of different nucleotide-bound states during the
ATP–ADP functional cycle have been identified, detailed knowl-
edge of the conformational dynamics is still under exploration.

Growing evidence suggests that the individual domains of Hsp70
are highly dynamic (8, 9). Moreover, the application of sensitive
techniques such as single-molecule fluorescence resonance energy
transfer (smFRET), NMR, electron paramagnetic resonance, and
ion mobility native mass spectroscopy suggests that full-length
Hsp70 adopts multiple conformations (10–16). These studies not
only provide supplemental dynamic information to the classical
structural picture but also indicate the importance of the dynamic
nature of Hsp70 in its allosteric regulation and functional cycle
(17, 18).
Hsp70 usually functions together with Hsp40 cochaperones

and nucleotide exchange factors (NEFs), which provides func-
tional diversity and increases the efficiency of the ATP-hydrolysis
cycle (19). Members of the cochaperone Hsp40 family (also
called J proteins because of the conserved N-terminal J domain)
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can bind to unfolded and misfolded proteins and transfer them
to Hsp70, enhance its ATPase activity, and facilitate substrate
binding and refolding (20). The J domain of Hsp40 binds at the
NBD–SBD interface of Hsp70, as indicated by structural studies
and molecular simulations (21–23), and interacts with both do-
mains of Hsp70 in a nucleotide-dependent manner (24–26). On
the other hand, the peptide binding domain of Hsp40 has also
been found to interact with the conserved C-terminal EEVD
motif of Hsp70 (27, 28). To date, most of the knowledge about
the Hsp70–Hsp40 interaction mechanism comes from analysis of
the Escherichia coli homologs DnaK and DnaJ. Recently, the
crystal structure of the J domain of DnaJ in complex with E. coli
DnaK in the ATP-bound state was solved (21), revealing the key
residues on both proteins that are crucial for ATPase stimula-
tion. However, the kinetics of the intramolecular and intermo-
lecular changes during the formation of the Hsp70–Hsp40
complex and how Hsp40 affects the conformational dynamics of
Hsp70 are not clearly known.
Human Hsp70A1 (hHsp70) is stress-inducible and related to

various human diseases such as cancer and neurodegenerative
disease; thus, it is a potential target for drug design and devel-
opment of therapies (29–31). Therefore, experimental character-
ization of the interdomain conformational dynamics of hHsp70
and its changes upon interaction with the cochaperone Hsp40 are
of great importance in understanding the molecular mechanism of
hHsp70 and development of effective allosteric inhibitors. Here,
by ensemble FRET and smFRET, we investigated the confor-
mational distribution and kinetics for hHsp70 and its modulation
by the Hsp40 family member Hdj1. The results reveal the se-
quential movement of different domains of hHsp70 and also the
Hdj1-induced intramolecular and intermolecular changes of
hHsp70 in detail. Our study sheds light on the heterogeneous
and dynamic nature of hHsp70 and its importance in the Hsp70
functional cycle.

Results
smFRET Measurements Reveal the Conformational Heterogeneity of
hHsp70 in Different Nucleotide-Bound States. In order to study the
interdomain conformation of hHsp70, we constructed two FRET
variants based on homology modeling of the structure of full-
length hHsp70 (SI Appendix, Fig. S1 A and B). The hHsp70
variant E315C/I427C was designed to investigate the confor-
mation of the NBD relative to the SBDβ, while I427C/K559C
was designed to monitor movement of the SBDβ relative to the
SBDα (Fig. 1 A and B and SI Appendix, Fig. S1 A and B). Since
hHsp70 has five intrinsic cysteines, we mutated them either to
alanine or serine (SI Appendix). These mutations did not affect
the substrate binding ability or the substrate refolding activity of
hHsp70 (SI Appendix, Fig. S1 C–F and Table S1). Moreover,
fluorescence labeling of the introduced Cys residues with
maleimide-functionalized dyes Cy3 and Cy5 did not affect the
basal ATPase activity of hHsp70 or its stimulation by the cochap-
erone Hdj1 (SI Appendix, Fig. S1G and Table S2). Therefore, the
FRET labeling variants we designed can be used to study the
conformational changes of hHsp70 and its interaction with Hdj1.
The fluorescence spectra obtained for the NBD–SBDβ labeling
variant Cy3/Cy5–E315C/I427C showed a higher FRET efficiency
in the presence of ATP than in the apo or ADP-bound states (Fig.
1A), indicating that the NBD and SBDβ are closer to each other in
the ATP-bound state, while being prone to adopt an undocked
conformation in the apo and ADP-bound states. In contrast, the
fluorescence spectra for the SBDβ–SBDα labeling variant Cy3/
Cy5–I427C/K559C showed a lower FRET efficiency in the ATP-
bound state than in the apo or ADP-bound states (Fig. 1B),
demonstrating that the SBDα and SBDβ domains adopt an open
conformation in the ATP-bound state and move to a closed
conformation in the apo and ADP-bound states. The above bulk

fluorescence results are similar to the allosteric conformational
changes observed by structural study of DnaK (3, 4).
To gain more detailed information about the conformations of

hHsp70, confocal smFRET experiments were performed to an-
alyze the conformational distributions in different nucleotide-
bound states (Fig. 1 C and D). The smFRET histograms were
analyzed using probability distribution analysis (PDA) to convert
the data into distance distributions between the fluorescence
labeling sites (32) (SI Appendix). The “zero peak” in the confocal
smFRET histogram, which is generally caused by donor-only or
acceptor-bleached molecules, has been shaded gray in each of

Fig. 1. Conformations of hHsp70 in different nucleotide-bound states
measured by ensemble FRET and smFRET. (A and B) The FRET spectra of
NBD–SBDβ labeling variant Cy3/Cy5–E315C/I427C (A) and SBDβ–SBDα label-
ing variant Cy3/Cy5–I427C/K559C (B) in apo, ADP-bound, and ATP-bound
states. The fluorescence at the donor maximum was normalized to 1.0.
The donor and acceptor fluorescence labeling sites are indicated by red and
green stars in the cartoon. (C and D) The smFRET distribution histograms of
NBD–SBDβ labeling variant Cy3/Cy5–E315C/I427C (C) and SBDβ–SBDα label-
ing variant Cy3/Cy5–I427C/K559C (D) in apo, ADP-bound, and ATP-bound
states. The low FRET efficiency populations (zero peak) caused by inactive
acceptor dye are shaded in gray. The red lines in the Left panels are the fits
obtained by PDA, and the obtained distance distributions between the la-
beling sites are plotted on the Right. The results of PDA are listed in SI
Appendix, Table S3.
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the figures. The smFRET histogram of the NBD–SBDβ labeling
variant Cy3/Cy5–E315C/I427C showed a relatively broad distri-
bution in the apo and ADP-bound states with a major distance
distribution between the labeling sites centered at 66 Å (Fig. 1C).
This distance corresponds to a fully undocked conformation of
the NBD and SBDβ, in agreement with the distance in the
structure of ADP-bound DnaK (68 Å) (3). However, a minor
subpopulation was also observed in the apo and ADP-bound
states of hHsp70 that gave a distance of 50 Å between E315
and I427 (Fig. 1C), resembling the docked conformation in the
structure of ATP-bound DnaK. For the ATP-bound state of
hHsp70, a major peak at d = 50 Å was observed, which represents
a completely docked conformation of the NBD–SBDβ, while a
minor population centered at 66 Å resembles the undocked
conformation. These results demonstrate the heterogeneous na-
ture of hHsp70 in different nucleotide-bound states. These results
are dramatically different from DnaK (10, 14, 16) but are gen-
erally consistent with the most recent findings on human cyto-
solic Hsp70 by NMR spectroscopy (16), highlighting that different
Hsp70 homologs can show pronounced differences in structural and
dynamic properties, despite the high degree of sequence similarity.
The smFRET histograms of I427C/K559C, which reflect the

conformation of the SBD cleft, required at least two Gaussian
populations to describe the smFRET distribution in the apo and
ADP-bound states (in addition to the zero peak) (Fig. 1D). The
major population showed a peak at 39 Å and indicates a fully
closed conformation of the SBD cleft in the apo and ADP-bound
states of hHsp70, similar to the distance in the structure of DnaK
(34 Å) (3). We also observed a subpopulation, giving a distance
of 52 to 54 Å, suggesting that in addition to the fully closed
conformation, the SBD of hHsp70 also populates a partially
open state. In the ATP-bound state, the major peak of the FRET
efficiency distribution shifted below 0.3 and tended to overlap
with the zero-peak background of the confocal smFRET mea-
surement. Although we could not obtain a precise distance be-
tween the labeled sites in the ATP-bound state and its proportion
by PDA, the separation between I427 and K559 is larger than 100 Å,
indicating a completely open conformation. Additionally, in the
ATP-bound state, there is a minor population showing FRET
efficiency between 0.8 and 1.0, revealing the existence of a small
population of the closed conformation of the SBD cleft in the
ATP-bound state of hHsp70.
In order to distinguish whether the minor populations in the

ATP-bound state can be attributed to conformational heteroge-
neity or whether they reflect the presence of the ATP-hydrolyzed
ADP state, we tested two ATP analogs, AMP-PNP and ATPγS in
place of ATP. However, we did not observe any interdomain
conformational change in hHsp70 induced by either AMP-PNP or
ATPγS in contrast to ATP, similar to what has been reported for
DnaK (33–35). Therefore, we incorporated the T204A mutation
into each of the two FRET mutants, which is equivalent to the E.
coli DnaK–T199A and blocks the ATPase activity without dis-
ruption of the allosteric change (36). We used the T204A mutant
(the residual ATPase activity was measured to be 15% of wild-type
[WT]-hHsp70; SI Appendix, Table S2) to perform the smFRET
experiments. The smFRET distributions of hHsp70 T204A in the
ATP-bound state (SI Appendix, Fig. S2 A and B) were similar to
unmutated hHsp70 (Fig. 1 C and D), indicating that the undocked
conformation of the NBD–SBDβ and the closed conformation of
the SBD cleft indeed exist in the ATP-bound state, and are not
caused by ATP hydrolysis. In the apo and ADP-bound states, a
slight difference was observed in the NBD–SBDβ labeling variant
containing the T204A mutation compared to without the T204A
mutation (SI Appendix, Fig. S2A and Fig. 1C), where the pro-
portion of the docked conformation is higher in T204A variants
(SI Appendix, Table S3). Therefore, subtle changes may occur in
the T204A mutant, although it retains the predominant allosteric
communication between domains. Overall, the above smFRET

results demonstrate that hHsp70 shows conformational hetero-
geneity in both the ATP-bound and ADP-bounds states, with re-
spect to both NBD–SBDβ docking/undocking and opening/closing
of the SBDβ–SBDα cleft.

Kinetic Analysis of the ATP-Induced Conformational Changes Indicates
Sequential Movements of hHsp70 Domains. The kinetics of ATP-
induced conformational changes has been studied for DnaK using
intrinsic Trp fluorescence (33, 37) and fluorophore quenching (4).
However, these measurements only reflect the change of the mi-
croenvironment around the fluorophore and cannot give accurate
kinetic information about the long-range movements of specific
domains. Using the FRET labeling variants, we monitored the con-
formational changes of hHsp70 at a series of ATP concentrations.
The observed increase in FRET for the NBD–SBDβ labeling
variant (Cy3/Cy5–E315C/I427C) and the decrease in FRET for the
SBDβ–SBDα labeling variant (Cy3/Cy5–I427C/K559C) showed
ATP concentration dependence (Fig. 2 A and B). None of the
kinetic curves could be fitted to a simple single-exponential func-
tion, indicating that the observed kinetics represents more than one
step. To further analyze this process, we used the following two-
step reaction mechanism including both an ATP concentration-
dependent step and a concentration-independent conformational
conversion step:

hHsp70 + ATP  �����

�����!
k−b

k+b
hHsp70 ·ATP

�����!kc hHsp70-ATP,

[1]

where an intermediate state—the intermediate complex of
hHsp70 and ATP—is included to account for the ATP concen-
tration dependence of this process and the saturation effect ob-
served when the ATP concentration is higher than 10 μM. In
Eq. 1, k+b and k−b represent the forward and reverse rates of the
reaction from apo hHsp70 to the intermediate hHsp70·ATP com-
plex induced by ATP, and kc represents the conformational
transition from the intermediate hHsp70·ATP complex to the
final ATP-bound conformation. It should be noted that the
above model is a mathematical abstraction of a single reaction
pathway with multiple intermediate states. In Eq. 1, hHsp70·
ATP represents an ensemble of various possible intermediate
conformational states from apo state to ATP state, which readily
interconvert with each other. As E315C/I427C detects the NBD–

SBDβ docking process and I427C/K559C detects the SBDβ–
SBDα opening process, different labeling modes may allow de-
tection of different conformational intermediates on the reaction
pathway.
We performed global fitting of the kinetic data at different

ATP concentrations for each FRET labeling variant using Eq. 1
(Fig. 2 A and B). The fitting results show that conversion from
the intermediate state to the final ATP-bound conformation is
the rate-limiting step for both the NBD–SBDβ and the SBDβ–
SBDα labeling variants, with a rate of 0.12 ± 0.02 and 0.13 ±
0.01 s−1 independent of ATP concentration, which is the same
order-of-magnitude as that measured for DnaK using intrinsic
fluorescence (37). However, there is a dramatic difference in the
observed rates for the ATP concentration-dependent process
between the two labeling variants. The NBD–SBDβ labeling var-
iant showed values of k+b and k−b of 0.61 ± 0.10 μM−1·s−1 and 0.43 ±
0.03 s−1, respectively, while the SBDβ–SBDα labeling variant has a
slightly smaller k+b of 0.39 ± 0.07 μM−1·s−1 and a negligible reverse
reaction rate ðk−b < 0.05 s−1Þ (Fig. 2C). The dramatic difference in
k−b indicates that the conformations of the hHsp70·ATP in-
termediate for the NBD–SBDβ and SBDβ–SBDα labeling variants
are distinct from each other, which correspondingly can be deno-
ted as hHsp70·ATP* and hHsp70·ATP**. Thus, the whole process
of ATP-induced Hsp70 conformational changes can be classified
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into at least three substeps between four sequential states: 1) apo
state, 2) the hHsp70·ATP* state (detected by E315C/I427C la-
beling), 3) the hHsp70·ATP** state (detected by I427C/K559C
labeling), and 4) the ATP-bound state. Considering the fact that
the SBDβ–SBDα labeling variant has a negligible reverse reaction
rate, and in the absence of significant differences in forward rates,
we can conclude that the hHsp70·ATP* state is significantly more
reversible than the hHsp70·ATP** state. The higher degree of
reversibility of the hHsp70·ATP* state indicates that NBD–SBDβ
docking happens prior to opening of the SBDβ–SBDα cleft, sug-
gesting transduction of the allosteric signal by a sequential mode
from NBD to SBDβ and then to SBDα. Our results for hHsp70 are
to some extent similar to the observations for E. coli DnaK, in
which the relocation of the SBDα toward the NBD has been sug-
gested to be slower than the docking of the SBDβ onto the NBD.
However, the fluorescence quenching of dyes labeled at the interaction

interface of DnaK only reflects the change near the fluorophores
(4), and not the long-range domain movements, which were mea-
sured by FRET in this study.
We made further measurements to investigate the effect of

temperature on the ATP-induced hHsp70 conformational changes
to explore the energy barrier of the interdomain rearrangement.
Since hHsp70 in the apo state is not stable at elevated tempera-
ture, we started the conformational cycle from ADP-bound
hHsp70 and measured the conversion after exchange with excess
ATP (1 mM) at a series of temperatures. The apparent reaction
time increased compared to starting from the apo state (Fig. 2 A
and B), indicating nucleotide exchange became the rate-limiting
step. According to the Arrhenius equation, k=A exp½−Ea=RT�, we
globally fitted the curves at different temperatures and obtained
the activation energy barrier (Ea) for the whole process as 53.2 ±
3.0 kJ·mol−1 for the E315C/I427C labeling variant and 43.4 ± 1.2
kJ·mol−1 for the I427C/K559C labeling variant (Fig. 2 D–F).
Considering the previous kinetic observation that NBD–SBDβ
docking or formation of the hHsp70·ATP* state (detected by
E315C/I427C labeling) occurs prior to opening of the SBDβ–
SBDα cleft or formation of the hHsp70·ATP** state (detected by
I427C/K559C labeling), the 10-kJ difference in Ea indicates that
the transition from hHsp70·ATP* to hHsp70·ATP**, i.e., opening
of the SBDβ–SBDα cleft, is likely to be a spontaneous process.

Hsp40 Induces Intramolecular Conformational Changes and Intermolecular
Dimerization of hHsp70. Structural studies indicate that the
cochaperone Hsp40 interacts with the interface of the NBD and
SBD (21). However, the kinetics of binding, the Hsp40-induced
changes in Hsp70 during the ATPase cycle, and how ATP hy-
drolysis is stimulated are still under investigation. Based on the
FRET variants we constructed, we investigated the influence of
the human type II Hsp40 homolog, Hdj1, on the conformation of
hHsp70 (Fig. 3 A and B). For the Cy3/Cy5–SBDβ–SBDα labeling
variant, addition of Hdj1 led to an increase in the bulk FRET
efficiency especially in the ATP-bound state (Fig. 3A), which is
even higher than in the ADP-bound state. This result suggests
that the FRET increase is not only caused by intramolecular
conformational changes but that intermolecular interactions also
occur. To further identify the origin of the FRET change, we
premixed an excess of unlabeled hHsp70 (10-fold or 50-fold
molar excess) with the Cy3/Cy5–SBDβ–SBDα labeling variant
in the ATP-bound state, so that the inter-hHsp70 FRET signal
would be suppressed if present. Under these conditions, the
extent of the FRET increase induced by Hdj1 was much lower
than that without unlabeled hHsp70 (SI Appendix, Fig. S3A),
indicating the existence of an intermolecular interaction between
hHsp70 molecules and an intramolecular conformational change
of hHsp70, both of which are induced by Hdj1. We further
verified this by directly detecting the intermolecular FRET be-
tween Cy3-labeled hHsp70 and Cy5-labeled hHsp70 upon addi-
tion of Hdj1 (SI Appendix, Fig. S3 B and C). The results show
inter-hHsp70 FRET in the presence of Hdj1 in both ATP- and
ADP-bound states. On the other hand, the FRET change for
the Cy3/Cy5–NBD–SBDβ labeling variant E315C/I427C when
interacting with Hdj1 was not as significant as that for the SBDβ–
SBDα labeling variant in either the ATP- or ADP-bound states
(Fig. 3B). This is possibly because the inter-hHsp70 FRET was
offset by the intra-hHsp70 changes (see below). Size exclusion
chromatography (SEC) and sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis (SDS-PAGE) analysis of the mixture
of hHsp70 and Hdj1 shows that the molecular weight of the
hHsp70–Hdj1 complex is around 200 kDa, and the resulting peak
contains both hHsp70 and Hdj1, suggesting that the complex is
composed of dimeric Hdj1 and two hHsp70 molecules (Fig. 3 C
and D). Since full-length Hdj1 is a symmetric dimer, it is reason-
able that Hdj1 induces the formation of a heterotetramer con-
taining two hHsp70 molecules. The observation of similar amounts

Fig. 2. Kinetics of ATP-induced conformational changes of hHsp70 mea-
sured by FRET. (A and B) Intramolecular FRET change of the NBD–SBDβ la-
beling variant Cy3/Cy5–E315C/I427C (A) and the SBDβ–SBDα labeling variant
Cy3/Cy5–I427C/K559C (B) upon addition of different concentrations of ATP.
The experimental data are shown as dots, while global fitting based on Eq. 1
is shown as dashed lines. Six ATP concentrations were measured: 1 μM (gray),
2 μM (blue), 5 μM (pink), 10 μM (green), 40 μM (red), and 100 μM (orange).
(Insets) Detail of early time points. (C) The rate constants obtained from
fitting of the data in A and B. (D and E) Intramolecular FRET change of NBD–
SBDβ labeling variant Cy3/Cy5–E315C/I427C (D) and SBDβ–SBDα labeling
variant Cy3/Cy5–I427C/K559C (E) at different temperatures. The experi-
mental data are shown as dots, while parameterless global fitting based on
the Arrhenius equation is shown as dashed lines. Six temperatures were
measured: 25 °C (gray), 27 °C (blue), 30 °C (pink), 33 °C (green), 37 °C (red),
and 42 °C (orange). The fluorescence labeling sites in hHsp70 are indicated
by red and green stars in the cartoon. For each kinetic curve, at least three
replicates were performed and averaged. (Insets) Detail of early time points.
(F) Arrhenius plot of the reaction rates obtained from temperature-
dependent conformational changes in D and E.
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of the complex in the presence of ATP or ADP is consistent with
the observation that the binding affinity between hHsp70 and Hdj1
in the ATP-bound state is similar or only slightly higher to that in
the ADP-bound state as measured by FRET and biolayer inter-
ferometry (SI Appendix, Fig. S3 D–G).
The real-time kinetics of the Hdj1-induced intramolecular and

intermolecular changes in hHsp70 was measured by stopped-
flow FRET experiments. Since the hHsp70 protein has basal
ATP hydrolysis activity, our measurements reflect the steady-
state kinetics. Here, we used three different labeling modes to
monitor: 1) the Hdj1-induced dimerization of hHsp70, 2) the
intramolecular conformational change of hHsp70, and 3) binding
between hHsp70 and Hdj1 (Fig. 4A). The dimerization of hHsp70
was monitored by inter-hHsp70 FRET between Cy3-labeled
hHsp70 and Cy5-labeled hHsp70 when mixed with Hdj1 in the
presence of ATP (Fig. 4B). An increase in inter-hHsp70 FRET
was observed and was fitted to a single-exponential function giving
an apparent rate constant of 0.0095 ± 0.0001 s−1 for the SBDβ–
SBDα labeling variant and a similar rate of 0.0074 ± 0.0001 s−1 for
the NBD–SBDβ labeling variant (Fig. 4B, green and blue curves).
In order to measure the intramolecular conformational change of
hHsp70 during the interaction with Hdj1, a 10-fold excess amount of
unlabeled hHsp70 was premixed with the Cy3/Cy5–SBDβ–SBDα
labeling variant to avoid inter-hHsp70 FRET caused by dimeriza-
tion. The FRET increase of the sample upon addition of Hdj1 was
then fitted to a single-exponential function giving a rate constant of
0.027 ± 0.001 s−1 (Fig. 4B, red curve), corresponding to the Hdj1-
induced closing of the SBDβ–SBDα cleft, which is threefold
faster than the dimerization process (SI Appendix, Table S4).
As shown in Fig. 3B, there is no significant FRET change for

the NBD–SBDβ labeling variant E315C/I427C when interacting
with Hdj1. However, in the ATP-bound state, we could observe

an initial decrease and a subsequent increase in the FRET effi-
ciency with high reproducibility (Fig. 4C). When 10-fold excess
of unlabeled hHsp70 was premixed with the Cy3/Cy5–NBD–

SBDβ labeling variant, only a FRET decrease was observed
with a rate of 0.056 ± 0.001 s−1 after addition of Hdj1, indicating
that the initial FRET decrease is caused by the intramolecular
undocking of NBD–SBDβ induced by Hdj1. The rate constant
of the following increase in FRET, which should represent in-
termolecular dimerization, is 0.0042 ± 0.0002 s−1, which is of the
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Fig. 3. Hdj1 induces intermolecular interactions and intramolecular con-
formational changes of hHsp70. (A and B) The FRET spectra of SBDβ–SBDα
labeling variant Cy3/Cy5–I427C/K559C (A) and NBD–SBDβ labeling variant
Cy3/Cy5–E315C/I427C (B) in the presence of Hdj1 in ATP- and ADP-bound
states. The fluorescence at the donor maximum was normalized to 1.0.
The J domain and substrate binding domain of Hdj1 are colored yellow and
pink. The fluorescence labeling sites in hHsp70 are indicated by red and
green stars in the cartoon. (C) SEC and SDS-PAGE analysis of the mixture of
hHsp70 and Hdj1. A mixture of 2 μM hHsp70 and 10 μM Hdj1 in the ATP- or
ADP-bound state was analyzed by SEC (red and blue lines). As a control, 2 μM
hHsp70 and 10 μM Hdj1 were also run through the SEC column individually
(black and green lines). The peak positions of standard samples including
β-amylase (200 kDa, 11.27 mL), alcohol dehydrogenase (150 kDa, 12.19 mL),
and bovine serum (66 kDa, 13.43 mL) are shown in the figure. (D) SDS-PAGE
analysis of the eluted components of each sample in the SEC experiment,
with a and b corresponding to the peak position indicated by arrows a (11.1
to 11.5 mL) and b (12.5 to 13.5 mL) in C.
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Fig. 4. The kinetics of Hdj1-induced intermolecular interactions and intra-
molecular conformational changes of hHsp70. (A) The fluorescence labeling
schemes for measuring the multistep kinetic parameters of the hHsp70–Hdj1
interactions. The J domain and substrate binding domain of Hdj1 are colored
yellow and pink, respectively. The green and red stars in the cartoon indicate
the Cy3 and Cy5 dyes labeled in hHsp70 and Hdj1. The schemes shown in A
use the SBDβ–SBDα labeling variant hHsp70-I427C/K559C as an example. The
NBD–SBDβ labeling variant hHsp70-E315C/I427C was also measured in the
same manner. (B) The kinetics of the FRET change after addition of Hdj1 to
the mixture of Cy3/Cy5-labeled I427C/K559C and 10-fold molar excess of
unlabeled I427C/K559C (red curve), the mixture of Cy3-I427C/K559C and Cy5-
I427C/K559C (green curve), and the mixture of Cy3-E315C/I427C and Cy5-
E315C/I427C (blue curve) in the ATP-bound state. (C) The kinetics of the FRET
changes after addition of Hdj1 to Cy3/Cy5-labeled E315C/I427C with or
without 10-fold molar excess of unlabeled E315C/I427C in the ATP-bound
state. The kinetic curves were fitted to either single-exponential or double-
exponential functions (gray lines) as described in the text. (D) The kinetics of
FRET changes of direct interaction between Cy3-labeled hHsp70-E315C/I427C
(blue curve) or I427C/K559C (red curve) in the ATP-bound states and Cy5-
labeled Hdj1 (red curve). (Insets) Early stage of the FRET change (0 to 20 s),
which were fitted to a double-exponential function (gray lines) to obtain the
apparent binding rate constants. (E) The observed rate constants (kobs) of
direct binding between Cy3-labeled hHsp70-E315C/I427C and different
concentrations of Cy5–Hdj1 measured by FRET. The kobs values were plotted
against Hdj1 concentration and fitted linearly to obtain the second-order
reaction rate from the slope. The fitting results of B–E are listed in SI Ap-
pendix, Table S4.
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same order-of-magnitude as that obtained from direct measure-
ment of dimerization of the NBD–SBDβ labeling variant (Fig. 4B).
We also measured the kinetics of the direct binding between

Cy3-labeled hHsp70 and Cy5-labeled Hdj1 in the presence of
ATP (Fig. 4D). The FRET change shows a fast initial binding
phase on a subsecond timescale followed by a slow phase on a
tens- to hundreds-of-seconds timescale, which may reflect the
subsequent changes within the hHsp70–Hdj1 complex. The
apparent rate constant of the fast binding phase obtained from
the fit is 1.2 ± 0.1 s−1, which is about 60-fold faster than the
conformational changes of the SBD and more than 100-fold
faster than the inter-hHsp70 dimerization at the same initial
concentration, demonstrating that hHsp70–Hdj1 binding occurs
as the first step. Since the initial binding of hHsp70 and Hdj1 is a
second-order reaction while the following intra-hHsp70 confor-
mational change and dimerization of the two hHsp70 molecules
within the complex can be considered to be first-order reactions,
we performed further stopped-flow experiments on a short time-
scale (0 to 5 s) for different concentrations of Hdj1 to obtain the
second-order binding rate, which was measured to be 0.35 ±
0.1 μM−1·s−1 (Fig. 4E). Considering that the concentration of
Hsp70 in eukaryotic cells ranges from 5 to 50 μM and the con-
centration of Hdj1 is around 10-fold lower than Hsp70, ranging
from 0.5 to 2.0 μM (38, 39), the apparent binding rate between
hHsp70 and Hdj1 under physiological conditions should be similar
to or even faster than that measured in our kinetic experiments.
There are two possibilities for the NBD–SBDβ undocking and

SBDβ–SBDα closing induced by addition of Hdj1. One is that
the binding of Hdj1 shifts the hHsp70 to an ATPase-stimulated
conformation while still in the ATP-bound state. The other
possibility is that the observed conformational change of hHsp70
is the result of accelerated hydrolysis of ATP to ADP. In order to
distinguish between these two possibilities, we performed an
ATPase assay to measure the ATP turnover rate in the presence
of the same concentration of Hdj1 and at the same temperature
used in the kinetic studies. The Hdj1-stimulated ATP hydrolysis
rate was measured to be 0.0067 ± 0.0005 s−1 (SI Appendix, Table
S2), much slower than the apparent rate constants of NBD–

SBDβ undocking and SBDβ–SBDα closing. Therefore, the
intramolecular conformational change of hHsp70 is due to
interaction with Hdj1 and occurs before ATP hydrolysis. No-
tably, the ATP hydrolysis rate is close to the dimerization rate
of hHsp70 induced by Hdj1, indicating the hydrolysis process
could happen concurrently with Hdj1–hHsp70 heterotetramer
formation, which may contain both ATP- and ADP-bound
hHsp70.

Hsp40 Does Not Induce Intramolecular and Intermolecular Changes in
T204A hHsp70. We also checked the effect of Hdj1 on the FRET
variants of hHsp70 containing the T204A mutation. We did not
observe significant FRET changes after addition of Hdj1 to ei-
ther the NBD–SBDβ or SBDβ–SBDα labeling variants contain-
ing the T204A mutation in the ATP-bound state (SI Appendix,
Fig. S4 A and B), in contrast to what was observed when using
the “WT” hHsp70 variants that have ATP hydrolysis ability (Fig.
3A). There is also no direct inter-hHsp70 FRET signal induced
by Hdj1 (SI Appendix, Fig. S4 C and D). However, we could still
observe direct binding between Hdj1 and hHsp70 containing the
T204A mutation (SI Appendix, Fig. S4E) occurring with rate
constants of 2.5 ± 0.1 and 1.5 ± 0.1 s−1 for the two labeling
variants (SI Appendix, Table S4), which is of the same order-of-
magnitude as the initial fast phase observed without the T204A
mutation (Fig. 4D and SI Appendix, Table S4), further confirm-
ing that initial binding between Hdj1 and hHsp70 is a fast pro-
cess, which occurs as the first step. To date, the only available
Hsp70–Hsp40 complex structure is the truncated J domain of
DnaJ in complex with DnaK in the ATP-bound state, revealing
that the J domain interacts with the docked NBD and SBDβ of

DnaK (21). In this structure, the ATPase-deficient mutant
DnaK–T199A was used (equivalent to hHsp70–T204A), and the
SBDα domain of DnaK was covalently fixed to the NBD by a
disulfide bond in order to stabilize the SBD open conformation.
Here, we show that although Hsp40 interacts with ATP–hHsp70
containing the T204A mutation (equivalent to DnaK–T199A)
with fast kinetics, it does not lead to any of the following intra-
molecular conformational changes or intermolecular assembly.
Additionally, flexibility of the NBD–SBD is necessary for acti-
vation of the ATPase, since cross-linking between the NBD and SBD
dramatically impairs the ATPase stimulation and the interaction
with Hsp40 (25, 40). Therefore, the available structure of the
complex using the domain cross-linked DnaK–T199A probably
provides a snapshot of the initial binding step during the Hsp70–
Hsp40 functional cycle (21), while our study allows observation
of the conformational changes required for normal function-
ing of Hsp70 and provides kinetic insights into the multistep
reaction.
Based on our smFRET results, the T204A mutation itself does

not have any significant influence on the conformational distri-
bution of hHsp70 in the ATP-bound state (SI Appendix, Fig. S2
and Fig. 1 C and D). However, a recent structural study on the
human endoplasmic reticulum Hsp70 homolog BiP showed that
the ATPase-deficient T229A mutant of BiP (equivalent to
T199A in DnaK and T204A in hHsp70) has an open L1,2 loop
conformation in the SBDβ in contrast to the completely closed
L1,2 loop in WT BiP in the ATP-bound state (6, 7). This result
hints that subtle changes can be induced by the T204A mutation
and transduced from the NBD through the linker and the NBD–

SBD docking interface to the SBD. This kind of subtle change
may also influence the conformational dynamics of hHsp70 es-
pecially between the NBD and SBDβ as well as its cooperation
with Hsp40.

The Monomeric J+G/F-Rich Segment of Hdj1 Is Sufficient to Induce
Intramolecular Conformational Changes in hHsp70 and Stimulate Its
ATPase Activity. The isolated J domain of E. coli DnaJ was found
to be incapable of activating the ATP hydrolysis of DnaK and the
following G/F-rich region is also required for ATPase stimula-
tion (41, 42). We compared the ATPase activity of hHsp70 in the
presence of full-length Hdj1 and the J+G/F-rich segment (JGF)
of Hdj1 (residues 1–141, including the J domain and G/F-rich
region), which is monomeric (SI Appendix, Fig. S5A) and has the
same degree of ATPase stimulation above 2 μM as Hdj1 (SI
Appendix, Fig. S1 G and H). We could also detect the direct
binding between JGF and hHsp70 with an apparent rate constant
of 0.7 ± 0.1 and 1.6 ± 0.1 s−1 for the two labeling variants of
hHsp70 in the ATP-bound state (SI Appendix, Fig. S5B), which is
of the same order-of-magnitude as the binding kinetics between
full-length Hdj1 and hHsp70 in the ATP-bound state under the
same conditions (SI Appendix, Table S4). However, when we
measured the fluorescence spectra of Cy3-labeled hHsp70 and
Cy5-labeled hHsp70 upon addition of JGF, there was no inter-
hHsp70 FRET (SI Appendix, Fig. S5 C and D), indicating the
absence of hHsp70 dimerization, in contrast to when using full-
length dimeric Hdj1 (SI Appendix, Fig. S3 B and C). Therefore,
we then proceeded to use an excess amount of monomeric JGF
instead of full-length Hdj1 to study its effects on the intra-
molecular conformation of hHsp70, in order to avoid the inter-
hHsp70 FRET contribution from hHsp70 dimer, which is in-
duced by the presence of dimeric Hdj1. The FRET efficiency of
the SBDβ–SBDα labeling variant increased after binding with
JGF in the ATP state (Fig. 5A). The magnitude of the FRET
increase was lower than in the presence of full-length dimeric
Hdj1 because of the lack of the inter-hHsp70 FRET contribution
from the hHsp70 dimer as we expected, similar to the results
when a large excess of unlabeled hHsp70 was added to eliminate
inter-hHsp70 FRET (Fig. 5A and SI Appendix, Fig. S3A). On the
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other hand, the FRET efficiency of the NBD–SBDβ labeling
variant decreased when interacting with JGF in the presence of
ATP (Fig. 5B), lacking the opposite contribution from the di-
merization of hHsp70, which together leads to nearly unchanged
FRET efficiency when adding full-length dimeric Hdj1 (Fig. 3B).
These results indicate that the JGF segment can induce SBD closing
and NBD–SBDβ undocking in the ATP-bound state. The real-time
kinetics of the intramolecular conformational changes could be
directly measured by stopped-flow because hHsp70 does not dimerize
upon binding with the monomeric JGF. The kinetics of SBD closing
was reflected by the FRET increase of the SBDβ–SBDα labeling
variant, giving a rate constant of 0.018 ± 0.001 s−1 obtained by fitting
to a single-exponential function (Fig. 5C). Meanwhile, the kinetics

of domain undocking as reflected by the FRET decrease of the
NBD–SBDβ labeling variant showed a dominant fast phase with
a rate constant of 0.035 ± 0.001 s−1 (Fig. 5C). Both of the rates
are close to the values derived from the kinetic measurements
using full-length Hdj1 (Fig. 4 B and C and SI Appendix, Table
S4). The kinetic measurements also confirmed that the detach-
ment of the SBDβ from the NBD has a slightly faster rate than
the SBD closing process, indicating that NBD–SBD detachment
occurs prior to closing of the SBD.
The above bulk FRET measurements show that JGF alone is

sufficient to induce conformational changes in hHsp70 (Fig. 5 A
and B). To identify whether the change in apparent ensemble
FRET was caused by changing to an intermediate conformation

Fig. 5. JGF of Hdj1 induces intramolecular conformational changes in hHsp70. (A and B) The FRET spectra of SBDβ–SBDα labeling variant Cy3/Cy5–I427C/
K559C (A) and NBD–SBDβ labeling variant Cy3/Cy5–E315C/I427C (B) in the presence of JGF of Hdj1 or full-length Hdj1 in the presence of ATP. The fluorescence
at the donor maximum was normalized to 1.0. (C) The FRET changes after addition of JGF to SBDβ–SBDα labeling variant Cy3/Cy5–I427C/K559C (orange curve)
or NBD–SBDβ labeling variant Cy3/Cy5–E315C/I427C (blue curve) in the presence of ATP. The kinetic curves were fitted to single-exponential or double-
exponential functions (gray lines). The fitting results of C are listed in SI Appendix, Table S4. (D and E) The smFRET distribution histograms of SBDβ–SBDα
labeling variant Cy3/Cy5–I427C/K559C (D) and NBD–SBDβ labeling variant Cy3/Cy5–E315C/I427C (E) in the ATP-bound state with or without the presence of
JGF. The low FRET efficiency populations (zero peak) caused by inactive acceptor dye are shaded in gray. The red lines on the Left are the fits from PDA and
the obtained distance distributions between the labeling sites are shown on the Right. The results of PDA are listed in SI Appendix, Table S3.
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between the “ATP-like” docked and “ADP-like” undocked states,
or a shift in population between multiple conformational states in
the ATP-bound state, we performed smFRET experiments. In the
presence of an excess of unlabeled JGF, the proportion of the
closed conformation of the SBDβ–SBDα and the proportion of
the NBD–SBDβ undocked conformation both increased without
any change in the peak positions of the distance distributions
between the labeling sites (Fig. 5 D and E). Therefore, JGF can
induce the interdomain reorganization of hHsp70 to achieve a
higher proportion of the ADP-like undocked conformation in the
ATP-bound state, which is probably an ATPase-stimulated con-
formational state. This is consistent with the observation in a
cross-linking study that the same cross-linked fragments of Hsp40-
induced hHsp70 dimer were found in the presence of ATP or ADP
(43), and neither of these cross-linked sites could be accommo-
dated in the crystal structure of ATP–DnaK dimer (5) but could be
better matched to an antiparallel dimer of the DnaK ADP state
(43), implying that the ATP-bound hHsp70 tends to populate the
ADP-like conformation when interacting with Hsp40.
Taken together, the NBD–SBDβ undocking of hHsp70 caused

by interaction with the J domain probably accounts for the
ATPase stimulation, while the following dimerization of hHsp70
is induced by the dimeric nature of the full-length Hdj1. The
ATPase stimulation of hHsp70 by JGF is lower than by the full-
length Hdj1 in the substoichiometric range (SI Appendix, Fig.
S1H), which indicates that the monomeric JGF cannot fully re-
place the full-length Hsp40 in ATPase stimulation. This is in
accordance with the observation for the DnaK–DnaJ system that
although the J+G/F-rich region is sufficient to stimulate the
ATPase activity of DnaK, it shows lower apparent affinity to
DnaK than full-length DnaJ (41, 42). So other domains of Hsp40
may also contribute to the interaction with and dimerization of
Hsp70 to stabilize the ATPase-stimulated conformation of Hsp70
induced by the J domain, thus achieving maximum activation.
Whether the formation of the Hsp70–Hsp40 heterotetramer
identified in this study is functionally related to specific physi-
ological processes such as substrate transfer and refolding as well
as the synergistic cooperation between Hsp40 and substrate still
needs further investigation.

Discussion
Although the Hsp70 family is highly conserved between organ-
isms, differences exist in domain interactions and conformational
dynamics among Hsp70 family members. For E. coli DnaK, its
ATP-bound state is homogeneous, while in the ADP-bound
state, the NBD–SBD is undocked with multiple conformations
of the SBD pocket (10, 12). In the case of the yeast mitochon-
drial Ssc1, the ATP-bound state is also homogeneous, but the
ADP-bound state of Ssc1 shows both docked and undocked
populations of the NBD–SBD (10, 13). In higher eukaryotes, BiP
shows population of both undocked and docked NBD–SBD
conformations in the ATP-bound state (11), but the conforma-
tion of the NBD–SBD is homogenous in the ADP-bound state
(11). In a recent NMR study, both the human stress-inducible
Hsp70 and the constitutive cognate Hsc70 were shown to have
docked and undocked populations in the ADP-bound state (16).
In this study, using smFRET, we have revealed that in both the
ATP- and ADP-bound states, there is not only conformational
heterogeneity of docking/undocking between the NBD and SBD
of hHsp70 but also conformational heterogeneity of opening/
closing of the SBDβ–SBDα cleft. It is likely that the interdomain
interaction of Hsp70 homologs increases in terms of dynamics
and complexity from prokaryotes to eukaryotes, which may reflect
adaption to more complex physiological environments and more
specific cellular functions in higher organisms. For example, the
conformational flexibility of the SBDα lid of Hsp70 might be
beneficial for the accommodation of substrates with different
sizes, especially for larger proteins and aggregates (11, 44, 45).

It is well established that Hsp40 can stimulate the ATPase
activity of Hsp70, but how Hsp40 helps to reach an ATPase-
activated state was not clearly known. In the ATP-bound state,
Hsp70 has low ATPase activity because the NBD is docked
onto the SBDβ and constrained in a conformation incompatible
with ATP hydrolysis (46). The only complex structure currently
available of DnaK–DnaJ is fixed in an NBD–SBD docked con-
formation by cross-linking (21), which is unlikely to be an ATPase-
activated state. In this study, we directly observed the kinetic
process whereby the binding of Hdj1 disrupts the docked NBD
and SBDβ, which results in formation of an ADP-like domain-
undocked conformation in the ATP-bound state, which then re-
leases the constraints and directs Hsp70 into an optimal confor-
mation for ATP hydrolysis (Fig. 6). Similarly, NBD–SBD undocking
can also be induced by mutations and substrate binding in the
ATP-bound state (14, 34, 46), leading to an ATPase-stimulated
state. However, the ATPase stimulation effect of substrates is
usually weaker than that of Hsp40, mainly because the interaction
between substrates and the Hsp70 SBD is weak and transient in
the ATP-bound state (34). Hsp40 has multiple binding sites for
Hsp70 and directly interacts with the NBD–SBDβ interface of
hHsp70, leading to higher binding affinity and a direct effect on
the conformation of hHsp70. In another study of the interaction
between bovine Hsc70 and a J domain protein, cross-linking of the
NBD and SBD of Hsc70 dramatically diminishes the stimulation
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Fig. 6. The kinetics of the Hsp70–Hdj1 functional cycle. The J domain and
substrate binding domain of Hdj1 are colored yellow and pink, respectively.
As the first step, dimeric Hdj1 binds two monomeric hHsp70 molecules either
simultaneously or sequentially on a subsecond timescale. Next, the J domain
of Hdj1 interacts with the NBD–SBD interface of hHsp70, causing the NBD
and SBDβ to detach, and pushing the SBDα toward the SBDβ on a tens-of-
seconds timescale, to form the ATPase-stimulated conformational state.
Binding to dimeric Hdj1 and the consequent intramolecular conformational
changes facilitates direct dimerization of hHsp70 and formation of the “two
hHsp70 + Hdj1 dimer” tetrameric complex on a 100-s timescale, accompa-
nying ATP hydrolysis. After ATP is hydrolyzed to ADP, Hdj1 dissociates from
the complex and the hHsp70 dimer dissociates back to monomer in the ADP-
bound state, which can then exchange with ATP to start a new cycle. The
kinetic parameters shown in this figure are extracted from the kinetic
measurements in Figs. 2 and 4. The ATPase activity shown in this figure was
measured at the same temperature as the kinetic experiments, for com-
parison.
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of the ATPase by the J domain, suggesting the docked confor-
mation could generate steric clashes between the SBD and the
J domain (25). Therefore, the interdomain conformational flexi-
bility is crucial for the Hsp70–Hsp40 functional cycle. Interest-
ingly, a recent study of human BiP by fluorescence quenching
shows that the binding of Hsp40 ERdj3 to ATP-bound BiP can
lead to changes in the conformation and dynamics of the β1–L1,2–β2
loop in the SBD to an ADP-like conformation (7). This observation
to some extent supports our model, in which the conformational
changes of Hsp70 are induced by binding of Hsp40 and occur prior
to ATP hydrolysis. The allosteric signal upon interaction with
Hsp40 is likely transduced from the linker and the domain in-
terface to the SBD, which leads to the undocked conformation
observed in our study and also regulates the conformation of the
SBD as observed in the BiP/ERdj3 study (7).
Recently, Hsp40 has been found by mass spectrometry and

chemical cross-linking to facilitate the formation of an anti-
parallel dimer of monomeric Hsp70 in the ATP-bound state,
showing the interaction between the NBD with the SBDα from
the other Hsp70 molecule in the dimer (43). However, how this
multistep process occurs and the intermediate states encoun-
tered were still unknown. Here, we directly observed the Hsp70–
Hsp40 assembly process, which allows us to distinguish the se-
quence of the multistep reaction, showing that Hdj1 binds to
monomeric hHsp70 in the ATP-bound state as the first step,
then induces domain-undocking between the NBD and SBDβ
and opening of the SBDα-SBDβ cleft, and finally causes di-
merization of hHsp70 (Figs. 4 and 6). A crystal structure of
DnaK in the dimeric ATP-bound state has been reported pre-
viously (5), and the dimeric form of ATP–DnaK was suggested
to be required for efficient interaction with DnaJ as indicated
by mutagenesis and biochemical studies (47). Although we also
observed the formation of an hHsp70 dimer when interacting
with Hsp40, we propose a different model for the Hsp70–Hsp40
functional cycle based on the real-time kinetic measurements of
the intermolecular and intramolecular changes of Hsp70 mod-
ulated by Hsp40 (Fig. 6). First, it is not likely that hHsp70
maintains the same structure as the dimeric ATP–DnaK when
assembled with Hdj1, because undocking of the NBD–SBDβ and
closing of the SBDβ–SBDα induced by Hdj1 occur faster than
the inter-hHsp70 dimerization as shown by the kinetic results.
Another piece of direct evidence on this point is that cross-
linking of the ATP–DnaK dimer, which fixes it in a “NBD–

SBD docked and SBD open” conformation, greatly compro-
mises rather than enhances its interaction with DnaJ (40). Second,
the binding between hHsp70 and Hdj1 is over an order-of-
magnitude faster than hHsp70 dimerization under both the
in vitro experimental conditions and in vivo physiological con-
centrations (Fig. 4 B–E), indicating that the dimer formation of
hHsp70 is induced by binding to symmetric Hsp40 dimers. Fur-
thermore, the monomeric JGF of Hdj1 could also stimulate
ATPase activity in the same way as full-length Hdj1 without
formation of the Hsp70 dimer when present at saturating con-
centrations (Fig. 5 and SI Appendix, Figs. S1G and S5), which
suggests that the dimeric form of Hsp70 is not indispensable at
least for initial binding with Hsp40 and ATPase stimulation.
Therefore, it is unlikely that only the preexisting, extremely low
amount of dimeric ATP–Hsp70 could interact with Hsp40 and
then move the equilibrium from Hsp70 monomer toward Hsp70
dimer. A possible explanation is that there may be some differ-
ences between eukaryotic Hsp70s such as hHsp70 and pro-
karyotic Hsp70s such as E. coli DnaK in the mechanism of
assembly with Hsp40. However, as we observed that Hsp40 in-
duces both intramolecular and intermolecular changes in Hsp70
upon interaction, the conformational flexibility of Hsp70 is
clearly crucial for the normal function of the ATP hydrolysis
cycle and its cooperation with Hsp40. Thus, any restriction on

the conformation such as cross-linking or fixation may lead to
abnormal behavior and loss of function.
In summary, based on our observations, we propose a scheme

for the kinetics of the Hsp40-modulated Hsp70 chaperone cycle
(Fig. 6): Hsp40 binds to ATP-bound Hsp70 on a subsecond
timescale. The binding subsequently induces undocking of the
NBD–SBDβ and closing of the SBD on a tens of seconds time-
scale to achieve a conformation resembling an ADP-like domain-
undocked conformation. Binding with dimeric Hdj1 and the
consequent intramolecular conformational changes facilitate di-
rect dimerization of Hsp70 to form a “two Hsp70 + Hdj1 dimer”
tetrameric complex on a 100-s timescale. Hsp70 itself has a low
ATP hydrolysis rate due to the occasional undocking of the NBD
and SBDβ, while Hsp40 modulates Hsp70 to adopt an ATPase-
activated domain-undocked conformation. Therefore, the partic-
ipation of Hsp40 increases the overall hydrolysis efficiency by
nearly fivefold, although Hsp70 needs to go through multiple re-
action steps. Our study provides insight into the dynamic and ki-
netic aspects of the Hsp70 functional cycle, which is of great
importance for mechanistic understanding of the Hsp70–Hsp40
chaperone system as well as development of small-molecule in-
hibitors targeting Hsp70 and Hsp70-containing complexes to pre-
vent human diseases (48, 49).

Materials and Methods
Ensemble Steady-State FRET. Ensemble steady-state FRET measurements were
performed at 25 °C on an RF-5301PC spectrofluorometer (Shimadzu) or an
F7000 spectrofluorometer (Hitachi). Fluorescence-labeled hHsp70 was di-
luted to 500 nM with or without 1 mM ATP or ADP. Where used, the final
concentration of Hdj1 or JGF of Hdj1 was 5 μM. The samples were excited at
532 nm, and the emission spectra were recorded from 540 to 800 nm. The
purity of ATP and ADP (Sigma) used in this study was checked by high-
performance liquid chromatography (SI Appendix).

Stopped-Flow Fluorescence Measurements. The kinetics of the ATP- and Hdj1-
induced conformational changes of hHsp70 reflected by changes in the FRET
signal of hHsp70 were measured using a SX20 stopped-flow instrument (Applied
Photophysics) with dual-channel fluorescence photomultiplier tube detectors. For
the kinetic experiments on hHsp70 without Hdj1, the Cy3/Cy5-labeled hHsp70
and different concentrations of ATP were mixed at a 1:1 volume ratio to reach a
final concentration of 100 nM for fluorescently labeled hHsp70. For the kinetic
experiments related to Hdj1, the labeled hHsp70 in the presence of 2 mM ATP
was mixed with Hdj1 (or its JGF) at a 1:1 volume ratio to reach final concen-
trations of 100 nM for hHsp70, 1 mM for ATP, and 5 μM for Hdj1 (or JGF). To
prevent protein adsorption, 0.01% Tween 20 (Thermo) was added to the buffer.
The samples were excited at 532 nm with a 10-nm slit width and the fluores-
cence signals for each of the two channels were recorded simultaneously using a
585 ± 20-nm filter for Cy3 and a 650-nm long-pass filter for Cy5. The FRET ef-
ficiencies were calculated as the ratio of Cy5 intensity to the sum of Cy3 and Cy5
intensity. The stopped-flow instrument was equipped with a circulating water
bath, allowing precise control of the reaction temperature. All of the results
were the average of four to five repeated runs. The analysis of the kinetic data in
Fig. 2 is described in SI Appendix.

Confocal smFRET Experiment. Confocal smFRET experiments were carried out
using a home-built confocal microscope as described previously (50). The bin
time for single-molecule data collection was 1 ms. A 30 photon/ms bin for
the sum of donor channel and acceptor channel was set as the threshold for
the selection of single-molecule bursts. The apparent FRET efficiency was
calculated using the equation below:

EFRET =
IA

ID + IA
, [2]

where IA and ID are the fluorescence intensity of acceptor and donor, re-
spectively. The statistical histograms of the FRET distribution were pro-
cessed by PDA (SI Appendix) to obtain the distance distribution between
the labeling sites. The calibration factors including the difference in
quantum yield and detection efficiency of donor and acceptor, the donor
fluorescence leakage to the acceptor channel, and the direct excitation of
acceptor were measured and incorporated in the PDA (SI Appendix, SI text
and Table S5).
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Plasmid construction, protein expression, purification and labeling, SEC
experiments, functional assays, and analysis of smFRET data and kinetic data
are described in detail in SI Appendix.

Data Availability. The code used for smFRET data analysis is available at
GitHub: https://github.com/THUZCAM/PDA-method. All other methods and
data needed to evaluate the conclusions are present in the main article and/
or SI Appendix.
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