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In Brief
The oligomerization (and particu-
larly dimerization) of Hsp70 pro-
teins plays an important role in
their chaperoning activities.
Here, we report that human
stress-inducible Hsp70 pos-
sesses the highest propensity
among analyzed Hsp70 ho-
mologs to form dimers in the
presence of ATP. ATP-bound
Hsp70 assembles in solution as
an antiparallel dimer closely re-
sembling the dimeric structures
captured in DnaK and BiP crys-
tals. ATP-dependent Hsp70
dimerization is necessary for effi-
cient Hsp40 interaction and is
differentially affected by TPR
cochaperone binding.

Graphical Abstract

Highlights

• Hsp70 homologs differ in their oligomeric properties in the presence of ATP.

• Human inducible Hsp70 forms ATP-dependent anti-parallel dimers with high propensity.

• Dimerization of ATP-bound Hsp70 is required for effective Hsp70-Hsp40 interaction.

• ATP-dependent interaction with Tomm34 TPR cochaperone disrupts Hsp70 dimer.
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Human Stress-inducible Hsp70 Has a High
Propensity to Form ATP-dependent Antiparallel
Dimers That Are Differentially Regulated by
Cochaperone Binding*□S

Filip Trcka‡, Michal Durech‡, Pavla Vankova§¶, Josef Chmelik§¶,
Veronika Martinkova‡, Jiri Hausner§¶, Alan Kadek§¶‡‡, Julien Marcoux�,
Tomas Klumpler**, Borivoj Vojtesek‡, Petr Muller§§‡, and Petr Man§¶ ¶¶

Eukaryotic protein homeostasis (proteostasis) is largely
dependent on the action of highly conserved Hsp70 mo-
lecular chaperones. Recent evidence indicates that, apart
from conserved molecular allostery, Hsp70 proteins have
retained and adapted the ability to assemble as function-
ally relevant ATP-bound dimers throughout evolution.
Here, we have compared the ATP-dependent dimerization
of DnaK, human stress-inducible Hsp70, Hsc70 and BiP
Hsp70 proteins, showing that their dimerization propen-
sities differ, with stress-inducible Hsp70 being predomi-
nantly dimeric in the presence of ATP. Structural analyses
using hydrogen/deuterium exchange mass spectrometry,
native electrospray ionization mass spectrometry and
small-angle X-ray scattering revealed that stress-induci-
ble Hsp70 assembles in solution as an antiparallel dimer
with the intermolecular interface closely resembling the
ATP-bound dimer interfaces captured in DnaK and BiP
crystal structures. ATP-dependent dimerization of stress-
inducible Hsp70 is necessary for its efficient interaction
with Hsp40, as shown by experiments with dimerization-
deficient mutants. Moreover, dimerization of ATP-bound
Hsp70 is required for its participation in high molecular
weight protein complexes detected ex vivo, supporting its
functional role in vivo. As human cytosolic Hsp70 can
interact with tetratricopeptide repeat (TPR) domain con-
taining cochaperones, we tested the interaction of Hsp70
ATP-dependent dimers with Chip and Tomm34 cochaper-
ones. Although Chip associates with intact Hsp70 dimers
to form a larger complex, binding of Tomm34 disrupts
the Hsp70 dimer and this event plays an important role
in Hsp70 activity regulation. In summary, this study pro-
vides structural evidence of robust ATP-dependent an-
tiparallel dimerization of human inducible Hsp70 protein
and suggests a novel role of TPR domain cochaperones

in multichaperone complexes involving Hsp70 ATP-
bound dimers. Molecular & Cellular Proteomics 18:
320–337, 2019. DOI: 10.1074/mcp.RA118.001044.

Protein homeostasis, including de novo protein synthesis
surveillance, preprotein transport, misfolded protein degrada-
tion and aggregate dissolving, relies on the coordinated ac-
tions of the abundant Hsp70 and Hsp90 molecular chaper-
ones (1, 2). Hsp70 proteins exhibit remarkable sequence and
structural conservation across all kingdoms of life, suggesting
conserved molecular mechanics (3, 4). In eukaryotes, Hsp70s
have diversified into organelle-specific species including cy-
tosolic Hsc70 and Hsp70 isoforms, and the endoplasmic re-
ticulum (ER)1 isoform, BiP (5).

Hsp70 proteins contain two independent domains: an N-
terminal nucleotide-binding domain (NBD) and a C-terminal
substrate-binding domain (SBD). The SBD� subdomain forms
a substrate-binding pocket with preference for hydrophobic
polypeptide sequences (6, 7), whereas SBD� forms an �-hel-
ical lid that covers SBD� through ionic contacts and helps to
stabilize substrate binding (8, 9). The NBD and SBD are con-
nected by a highly conserved hydrophobic linker (10). ATP
coordination into the nucleotide-binding pocket of NBD leads
to dramatic allosteric changes in Hsp70, characterized by
NBD-SBD� docking stabilizing the interdomain linker, accom-
panied by SBD� detachment from SBD� and its docking onto
the NBD (6, 11–14). The SBD� domain in the ATP-bound
conformation of Hsp70 has unfavorable kinetics of substrate
binding, which leads to substrate release (15, 16). ATP hy-
drolysis triggers rearrangements in SBD� reducing substrate
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on/off rates and therefore stabilizing substrate entrapment
(17–19).

Two classes of cochaperones modulate the ATPase cycle
of Hsp70 by accelerating ATP hydrolysis and ADP/ATP nu-
cleotide exchange: Hsp40 homologs and nucleotide ex-
change factors (NEFs) (19, 20). Hsp40 proteins contain a
J-domain (named after the bacterial Hsp40 protein DnaJ) that
interacts with the Hsp70 interdomain linker at the NBD-SBD�

interface, stimulating the NBD catalytic center (18). The J-do-
main also helps to communicate the hydrolysis-stimulating
role of the substrate, which is brought to Hsp70 by Hsp40
substrate-binding activity (17, 18). A structurally differing
group of NEFs assists ADP to ATP exchange in the NBD of
Hsp70 by convergent mechanics through opening of the nu-
cleotide binding cleft (20). Interesting members of the NEF
group are Hsp110 proteins, represented by yeast Sse1, which
exhibit significant structural homology to the ATP-bound state
of Hsp70 and mediate nucleotide exchange through het-
erodimerization with Hsp70 (14, 21).

Beside the ATPase regulating cochaperones, eukaryotes
have evolved a large group of cochaperones containing tet-
ratricopeptide repeat (TPR) domains that mediate their inter-
action with the conserved C-terminal EEVD motif of eukary-
otic Hsp70 and Hsp90 (22). Apart from their TPR domains,
these cochaperones bear additional domains with various
functions diversifying molecular chaperones-mediated sub-
strate processing (23).

Recently, dimerization and other oligomeric forms of Hsp70
family members in both conformational states, Apo/ADP- and
ATP-bound, were described to play an important role in their
chaperoning activities (24–28). Crystallographic studies re-
vealed the presence of antiparallel ATP-bound dimers in the
crystal structure of evolutionary distant Hsp70 orthologs
DnaK (11, 13) and BiP (6, 12). The ATP-dependent dimeriza-
tion of DnaK is necessary for its cooperation with DnaJ,
however the dimeric state is very low in solution (25). In
contrast, our previous isothermal titration calorimetry (ITC)
analysis suggested that human inducible Hsp70 isoform ex-
ists predominantly as a dimer in an ATP supplemented buffer
(29).

The aim of this work was to compare the levels of ATP-de-
pendent dimerization in different Hsp70 proteins and to func-

tionally and structurally characterize dimers of the human
inducible Hsp70 isoform. Unlike DnaK and BiP, our data in-
dicate that antiparallel dimerization of ATP-bound Hsp70 is
highly pronounced in human Hsc70/Hsp70 cytosolic isoforms
and is differentially regulated by interactions with Chip and
Tomm34 TPR cochaperones.

EXPERIMENTAL PROCEDURES

Cloning and Protein Preparation—All coding sequences were
cloned by Gateway recombination technology (Invitrogen, Carlsbad,
CA). The full coding sequences of the E. coli dnaK (DnaK, P0A6Y8-1)
and human HSPA1A (Hsp70, P0DMV8-1), HSPA8 (Hsc70, P11142-1)
and HSPA5 (BiP, P11021-1, aa 19–654) genes and sequences cod-
ing for Hsp70 point mutants (I164D, T204A, D529A, N540A, E543A,
N540A-E543A) were cloned into pDEST17 and pT7-SBP vectors con-
taining an N-terminal His6 or SBP tag, respectively. The Hsp70 point
mutations were prepared using QuickChange Site-Directed Mutagen-
esis Kit (Agilent Technologies, Santa Clara, CA) according to the
manufacturer’s instructions. The full coding sequences of the human
DNAJB1 (Hsp40, P25685-1), TOMM34 (Tomm34, Q15785-1), BAG1
(Bag-1, Q99933-4) and STUB1 (Chip, Q9UNE7-1) genes were cloned
into pDEST15, containing an N-terminal His6-GST tag cleavable by
tobacco etch virus (TEV) protease. Genes were expressed in
BL21(DE3) RIPL cells and purified as described (29). His6-tagged
Hsp70 proteins were purified on HisTrap columns (GE Healthcare,
Piscataway, NJ), dialyzed against buffer A (20 mM Tris, pH 7.2, 100
mM KCl) for 24 h, applied to HiTrap Q columns (GE Healthcare) and
eluted by a linear gradient of buffer B (20 mM Tris, pH 7.2, 1 M KCl).
Fractions containing His6-tagged proteins were concentrated and
subjected to gel filtration using a HiPrep 16/60 Sephacryl S-100 HR
column. An untagged stress-inducible Hsp70 protein was produced
by TEV protease treatment of streptavidin matrix-bound SBP-tagged
protein bearing TEV cleavage site between SBP tag and the protein
sequence.

Cell Culture and Transfection—HEK293 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum and 300 mg/l L-glutamine in a humidified
atmosphere of 5% CO2 at 37 °C. Transient transfections of cells
with the plasmids pCMV-N-HA-Hsp70 and pCMV-N-HA-Hsp70-
N540A-E543A were performed by polyethylenimine (PEI). Cells
were collected 24 h after transfection, lysed in 25 mM Hepes, pH
7.5, 75 mM KCl, 75 mM KAc, 2 mM MgCl2, and the lysates desalted
by 7-kDa molecular mass cut-off Zeba spin desalting column
(Thermo Fischer Scientific, Waltham, MA).

SBP Pull-down Assays—All proteins were exchanged into pull-
down assay buffer (50 mM Hepes, pH 7.5, 0.1 M KAc, 2 mM MgCl2)
before mixing 70 pmol of various SBP-tagged Hsp70 constructs with
streptavidin agarose beads for 30 min at 4 °C. After washing with
assay buffer, 140 pmol of Tomm34 protein in buffer containing 0.2 mM

ATP or no nucleotide was added to the beads for 1 h at 4 °C. Beads
were washed before eluting with 2 mM biotin in assay buffer and
analysis by SDS-PAGE.

Antibodies—Monoclonal antibodies to Tomm34, Hsp70 and Chip
were previously prepared and characterized in-house. Blots were
developed with rabbit anti-mouse IgG secondary antibody conju-
gated with horseradish peroxidase (Dako, Santa Clara, CA).

Luciferase Refolding Assay—Luciferase refolding assay was per-
formed as described previously with some changes (29). The refold-
ing protein mixture contained 1 �M Hsp70 WT or its mutants, 2 �M

Hsp40, 0.5 �M Bag-1 and 8 nM denatured luciferase in 25 mM Hepes,
pH 7.2, 50 mM KAc, 2 mM DTT, 2 mM MgCl2. Luciferase activity was
measured at 21 °C using an Infinite M1000 Pro (Tecan, Männedorf,
Switzerland) at emission wavelengths of 560 nm and 100 ms integra-

1 The abbreviations used are: ER, endoplasmic reticulum; ADP,
adenosine diphosphate; ATP, adenosine triphosphate; Bag-1, Bcl2-
associated athanogene 1; Chip, carboxyl terminus of Hsp70-interact-
ing protein; ESI-MS, electrospray ionization mass spectrometry; GST,
glutathione S-transferase; HDX, hydrogen/deuterium exchange; Hsc,
heat shock cognate; Hsp, heat shock protein; NBD, nucleotide-bind-
ing domain; NEF, nucleotide exchange factor; PDB, protein data
bank; SAXS, small-angle X-ray scattering; SBD, substrate-binding
domain; SBP, streptavidin-binding peptide; SEC, size exclusion chro-
matography; SPR, surface plasmon resonance; TEV, tobacco etch
virus; Tomm34, translocase of outer mitochondrial membrane 34;
TPR, tetratricopeptide repeat; WT, wild type.
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tion time. The signal from samples with native luciferase was set as
100%. Luciferase activity of denatured luciferase only and the refold-
ing activity of chaperone mixture without Hsp70 acted as negative
controls.

Malachite Green ATPase Assay—Experiments used published pro-
tocols (29, 30). Hsp70 WT or its mutants (2 �M) were titrated with
Hsp40 protein in buffer containing 50 mM Hepes, pH 7.5, 0.15 M KAc,
2 mM MgCl2, 2 mM ATP for 3 h at 37 °C. Malachite green reagent was
added, and 34% sodium citrate was immediately added to halt the
non-enzymatic hydrolysis of ATP. Samples were incubated for an-
other 15 min before measuring absorbance at 620 nm. A phosphate
standard curve was used to calculate pmol ATP/�M Hsp70/min.

Peptide Binding—Fluorescein-NRLLLTG peptide binding experi-
ments were performed in 50 mM Hepes, pH 7.5, 0.15 M KAc, 2 mM

MgCl2, 0.01% Tween 20. To obtain equilibrium binding curves, mix-
tures containing 30 nM peptide were titrated with different concentra-
tions of Hsp70 WT and mutant proteins and incubated overnight at
4 °C. Peptide binding kinetics and peptide release was analyzed
using peptide and protein concentrations of 30 nM and 50 �M, re-
spectively, where ATP (0.4 mM) was added after overnight incubation
at 4 °C to measure release. To distinguish nonspecific binding, we
used BSA with the same concentration as analyzed protein. All reac-
tions were carried out in a total volume of 12 �l in 384-well black Nunc
Plates (Thermo Fischer Scientific). Fluorescence polarization was
measured at 21 °C using an Infinite M1000 Pro (Tecan) with excitation
and emission wavelengths of 470 and 520 nm, respectively. Data
were analyzed using GraphPad Prism version 5.03 for Windows
(GraphPad Software, San Diego, CA).

Small-angle X-ray Scattering (SAXS)—The SAXS data sets were
collected using the BioSAXS-1000, Rigaku at CEITEC (Brno, Czech
Republic). Data were collected at 277 K with focused (confocal Max-
Flux SAXS optic, Rigaku) Cu K� X-ray (1.54 Å). Sample to detector
(PILATUS 100K, Dectris) distance was 0.48 m covering a scattering
vector (q � 4�sin(�)/�) range from 0.009 to 0.6 Å�1. Size exclusion
buffer was used for the blank measurement. Hsp70-T204A protein
samples were measured at 2.5 and 1.5 mg/ml. Six separate two-
dimensional images were collected for buffer and sample (10 min
exposure per image). Radial averaging, data reduction and buffer
subtractions were performed using SAXSLab3.0.0r1, Rigaku. Six in-
dividual scattering curves (10 min exposures) were compared with
check the radiation damage and averaged.

Integral structural parameters (supplemental Table S1) were deter-
mined using PRIMUS/qt ATSAS v.2.8.3 (31). For molecular weight
estimations, an ab initio model was reconstructed using DAMMIF
ATSAS v.2.8.3, where the annealing mode was set to “fast,” whereas
all other parameters were kept at default. The ab initio modeling for
superimposition with atomic models was performed by DAMMIN
ATSAS v.2.8.3, where the computation mode was set to “slow,” point
symmetry of the particle to “P2” and all other parameters were kept at
default. Evaluation of solution scattering and fitting to experimental
scattering curves was performed using CRYSOL ATSAS v.2.8.3,
where automatic constant subtraction was allowed; other parameters
were kept at default. Superimposition of the atomic and ab initio
models was performed by SUPCOMB ATSAS v.2.8.3. UCSF Chimera
was used for graphical representation (32).

Surface Plasmon Resonance (SPR)—SPR was carried out on a
Biacore T200 system (GE Healthcare). Biotinylated Hsp40 (EZ-Link™
Thermo Fischer Scientific) was immobilized on Series S Sensor chip
SA (GE Healthcare) for about 460 response units. All measurements
were performed at 21 °C in SPR buffer (25 mM Hepes, pH 7.5, 100 mM

KAc, 2 mM MgCl2, 0.005% Tween 20). Each Hsp70 protein (1 �M) was
pre-incubated with or without 0.2 mM ATP and injected for 20 min at
10 �l/min. The first channel on the sensor was coated with biotin and

used as a background control. The data were plotted after subtracting
this background control.

Analytical Size Exclusion Chromatography (SEC)—Separations by
SEC were carried out using Superdex 200 Increase 10/300 GL (GE
Healthcare) pre-equilibrated with 25 mM Hepes, pH 7.5, 150 mM KAc,
2 mM MgCl2. 75 �l of Hsp70 proteins (40 �M) pre-incubated with/
without 0.2 mM ATP for 20 min at 21 °C was injected and isocratically
eluted at 0.3 ml/min. In experiments testing the influence of Hsp40 on
Hsp70 dimers, Hsp40 (10 �M) was added at the end of the Hsp70
incubation with ATP and incubated for 5 min. In experiments analyz-
ing the effect of TPR domain cochaperones on Hsp70 dimerization,
Tomm34 or Chip proteins were mixed with Hsp70 in equimolar ratio
(40 �M each) in the presence/absence of 0.2 mM ATP. Incubation
time, injection volume and flow rate were as described above. From
each run, 300 �l fractions corresponding to protein peaks were col-
lected and analyzed using gel electrophoresis and Coomassie stain-
ing. Apparent molecular weights of proteins and protein complexes
were determined using calibration curves obtained from a mixture of
Thyroglobulin, Apoferritin, Amylase, Alcohol Dehydrogenase, Albumin
and Carbonic Anhydrase.

Desalted lysates of HEK293 cells with overexpressed HA-tagged
Hsp70 WT or N540A-E543A mutant were incubated with/without 2
mM ATP for 20 min at 21 °C before loading on columns pre-equili-
brated with cell lysis buffer 25 mM Hepes, pH 7.5, 75 mM KCl, 75 mM

KAc, 2 mM MgCl2. The injection volume was 200 �l. 500 �l fractions
isocratically eluted at flow rate of 0.3 ml/min were collected and
analyzed by gel electrophoresis and Western blotting. All analyses
were performed at least three times.

Chemical Cross-linking—Chemical cross-linking was performed
using disuccinimidyl adipate (DSA, Creative Molecules, Vancover,
Canada). Hsp70, its dimerization mutants or homologs DnaK, Hsc70
and BiP (40 �M each) in 50 mM Hepes, pH 7.5, 150 mM KAc, 2 mM

MgCl2 were incubated in the presence or absence of ATP (0.2 mM) for
20 min at 21 °C. Ten molar excess of the cross-linking agent was
added and incubated for 30 min at 21 °C. 5 �g protein samples were
resolved by LDS-PAGE (pre-cast 4–12% gel, NuPage) and visualized
by Coomassie staining.

For glutaraldehyde chemical cross-linking, Hsp70, Tomm34 or
both (40 �M each) in 25 mM Hepes, pH 7.5, 150 mM KAc, 2 mM MgCl2
were incubated for 20 min at 21 °C with or without ATP (0.2 mM).
Glutaraldehyde was added (final concentration 0.5 mM) and the reac-
tions stopped after 10 min with Tris, pH 8 (final concentration 80 mM).
Samples were diluted 100x in 2� CSB loading buffer and 5 �l sep-
arated by SDS-PAGE, blotted and probed with Tomm34 or Hsp70
antibody. Lysates of HEK293 cells with overexpressed HA-tagged
Hsp70 WT or N540A-E543A mutant were desalted into 25 mM Hepes,
pH 7.5, 75 mM KCl, 75 mM KAc, 2 mM MgCl2 and incubated with/
without 2 mM ATP for 20 min at 21 °C before mixing with glutaralde-
hyde (final concentration 0.5 mM) for 10 min at 21 °C. The reactions
were stopped by adding Tris, pH 8 (final concentration 80 mM),
samples were supplemented with 2� CSB loading buffer and ana-
lyzed by SDS-PAGE and Western blotting with Hsp70 antibody. All
electrophoresis-based experiments were performed at least three
times.

Native Electrospray Ionization Mass Spectrometry (ESI-MS)—
Hsp70 variants (40 �M) were incubated in 25 mM Hepes, pH 7.5, 150
mM KAc, 2 mM MgCl2 with or without 0.2 mM ATP for 20 min,
transferred into 200 mM ammonium acetate pH 7.5 using Zeba Spin
columns (0.5 ml, 7-kDa cut off) and diluted to 20 �M protein concen-
tration. To study Hsp70-cochaperone interactions, we pre-incubated
Hsp70 with or without ATP as described above, mixed with the
cochaperone in equimolar ratio, transferred into ammonium acetate
and performed native ESI-MS analysis on Waters Synapt G2Si. Sam-
ples were electrosprayed from home-made gold-coated borosilicate
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spraying tips. Two sets of parameters differing in the trap collision
energy (1V and 70V) were used. Although low collisional activation led
to better transmission of dimeric molecules, higher collisional activa-
tion provided better resolution and can be used for MW estimation.
Other parameters were: sampling cone voltage 50V, source offset
20V, trap gas 4 ml/min and source temperature 30 °C. Data were
analyzed in MassLynx 4.1.

Molecular Modeling—The homology model of dimeric human
stress-inducible Hsp70 was built using Modeler 9.17 (33). The D and
F chains of BiP (PDB code 5E84) with sequence identity 64% with
human stress-inducible Hsp70, were used as template.

Experimental Design and Rationale for Hydrogen/Deuterium Ex-
change (HDX) Mass Spectrometry—Hsp70 and its point mutants
N540A, E543A and N540A-E543A were pre-incubated in the pres-
ence or absence of 5-fold molar excess of ATP for 30 min in 50 mM

Hepes, pH 7.5, 0.1 M KAc, 2 mM MgCl2. Deuterium labeling was
initiated by 5-fold dilution into D2O-based 50 mM Hepes, pD 7.5,
0.1 M KAc, 2 mM MgCl2. After 20 s to 2 h at 21 °C, exchange was
quenched by 8-fold dilution in 1 M glycine, pH 2.3. Each sample was
injected into LC-system and processed as described (34) with minor
modifications: desalting lasted 3 min, analytical column used was
ZORBAX 300SB-C18, 0.5 � 35 mm, 3.5 �m (Agilent Technologies)
with flow rate 20 �l. Gradient was shortened to 7 min, finishing at 25%
solvent B. MS used 15 T FT-ICR (SolariX XR, Bruker Daltonics,
Bremen, Germany). Data were acquired with ftmsControl 2.1.0 and
HyStar 4.0, processed in DataAnalysis 4.1 and analysis of deuterated
samples used an in-house program Deutex (unpublished). Peptides
arising from pepsin digestion were identified in a separate LC-MS/MS
run, where the gradient elution was performed for 35 min. Each full
MS scan was followed by six MS/MS scans of the top most intense
ions. Mascot generic files were generated in Data Analysis 4.1 using
two peak-picking algorithms - FTMS and SNAP. These data were
searched by MASCOT 2.5 against a database containing Hsp70 WT
and mutant sequences and against the pepsin sequence. Search
parameters were: no enzyme specificity, no modification considered,
precursor tolerance 3 ppm (although most hits were below 1 ppm),
fragment ion tolerance 0.05-Da. All assignments were checked man-
ually. Based on replicate measurements (wild-type in triplicate, mu-
tants in duplicate, all independent preparations), the average stand-
ard deviation of deuterium determination was � 0.17-Da. Differences
greater than 0.35-Da in deuterium incorporation between samples
were considered significant (35). Fully deuterated controls were per-
formed for all protein versions and the data were corrected for back-
exchange as described (36).

Software—Multiple sequence alignments were performed using
DNASTAR Lasergene Suite (www.dnastar.com). Molecular structures
were rendered using PyMOL (www.pymol.org).

RESULTS

Hsp70 and Hsc70 Exhibit Increased Propensity to Form
ATP-induced Oligomers/Dimers—To evaluate the propensity
of different Hsp70 homologs to undergo ATP-specific oligo-
merization, we performed analytical size-exclusion chroma-
tography (SEC) of DnaK, Hsp70, Hsc70 and BiP pre-incu-
bated in the absence (Apo form) or presence of ATP (Fig. 1A).
DnaK eluted as a predominant peak with an apparent molec-
ular weight (MW, all SEC-derived MW are considered appar-
ent, see Experimental Procedures) of 115 kDa under both
conditions. In the presence of ATP, a small population of
DnaK eluted earlier, with MW 245 kDa, which might represent
ATP-bound DnaK dimers (25). Although Hsp70 eluted as a
predominant peak with MW 95 kDa and a minor peak with

MW 210 kDa in the Apo form, pre-incubation with ATP led to
its redistribution to a predominant peak of MW 160 kDa and a
minor peak at 80 kDa. Similarly, Hsc70 Apo form shifted from
the dominant peak at MW 90 kDa and a minor peak of 210
kDa to two major peaks with MW of 135 and 85 kDa and an
early peak of 315 kDa after ATP addition. BiP in the Apo form
eluted in three peaks with MW 335, 225 and 100 kDa. Incu-
bation with ATP decreased its oligomerization, evidenced by
BiP redistribution to a dominant peak of MW 100 kDa. This
behavior of BiP in SEC experiments was reported earlier (28).
It is noteworthy that the low MW peaks of Hsp70, Hsc70 and
BiP eluted slightly later in the presence of ATP. This observa-
tion reflects ATP-induced docking of NBD and SBD domains
leading to protein compaction (10, 28). Surprisingly, similar
behavior was not observed for ATP-bound DnaK. This might
be explained by the insufficient SEC separation of the docked
and undocked DnaK molecules, or by a more continuous
distribution of DnaK molecules between docked/undocked/
intermediate states in the presence of ATP (11, 37, 38). To
verify whether our purified proteins are conformationally ac-
tive, we tested their ability to release substrate peptide in the
presence of ATP (supplemental Fig. S1A). All proteins exhib-
ited decreased peptide binding after ATP addition, confirming
their allosteric activity. These results show that these Hsp70
homologs have varying propensities to oligomerize in the Apo
form (with BiP being the most oligomeric, Fig. 1A) and espe-
cially in the ATP-bound state, where Hsp70 and Hsc70 ex-
hibited the most pronounced ability to self-oligomerize. To
exclude the possibility that ATP-induced oligomerization of
Hsp70 protein was caused by the affinity purification tag
(His6), we performed SEC after tag cleavage by TEV protease
(supplemental Fig. S1B). The Apo form of tag-free Hsp70
shifted from MW 90 kDa to 130 kDa after ATP addition,
indicating that oligomerization is His6-independent. As the
yield of the tag-free proteins is low, we used tagged proteins
in the next experiments.

To explore the presence and the nature of the oligomers in
the Apo and ATP state further, we performed chemical cross-
linking (DSA) of Hsp70 proteins incubated with or without ATP
and analyzed the resulting complexes by SDS-PAGE (Fig. 1B).
In agreement with SEC profiles, we observed ATP-dependent
assembly of Hsp70 and Hsc70 proteins. Conversely, ATP
decreased the amount of BiP oligomeric structures. The MW
of Hsp70 and Hsp70 ATP-induced oligomers is �150 kDa,
strongly suggesting dimer formation. As with SEC data, ATP-
dependent dimers of DnaK were not detectable.

Next, we verified the molecular masses of Hsp70 and
Hsc70 protein assemblies formed after incubation with ATP
by native electrospray ionization mass spectrometry (24, 27,
39, 40). Here, we used a lower protein concentration (20 �M)
than for SEC (40 �M) to avoid spray instability and subsequent
irreproducibility of data (higher concentrations caused fre-
quent plugging of the ESI emitters). A decrease in monomer/
dimer ratio was observed between Apo- and ATP treated
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Hsp70 (Fig. 1C), although the amount of dimer in the ATP
state does not reflect ratios from SEC. This can be caused by
lower gas-phase stability, poorer transmission of the dimer

and/or by the lower protein concentration (20 �M) than used
for SEC (40 �M). A similar picture was observed for Hsc70,
corroborating the SEC results. The 315 kDa peak in Hsc70

FIG. 1. Homologs of Hsp70 differ in their propensity to dimerize in the presence of ATP. A, Bacterially purified DnaK, Hsp70, Hsc70 and
BiP proteins (40 �M) were pre-incubated with or without ATP (0.2 mM, 20 mins, 21 °C) before separation by analytical SEC. Apparent MW of
eluting peaks is indicated (see Experimental procedures). B, Hsp70 homologs (40 �M) were pre-incubated with or without ATP for 20 mins
before addition of chemical cross-linker (10 molar excess of DSA). The cross-linked complexes were separated by LDS-PAGE (pre-cast
gradient (4–12%) gel, NuPage). The molecular weight standard is indicated. C, Native ESI-MS spectra of Hsp70 and Hsc70 proteins (20 �M)
were acquired after their pre-incubation without (Apo) or with ATP (0.2 mM). The charged states corresponding to monomers and dimers are
labeled with single and double dots, respectively.
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SEC analysis was not detected by native ESI-MS, possibly
because of its gas-phase instability. These results indicate
that Hsp70 homologs differ in their oligomeric properties in
solution in the presence of ATP, with human stress-inducible
Hsp70 predominantly forming a dimeric population.

ATP-induced Dimerization of the Human Stress-inducible
Hsp70 Is a Time and Concentration Dependent Process Re-
quiring Intact ATP-bound Conformation of the Protein—In
these experiments we focused on the human inducible iso-
form of Hsp70. To characterize ATP-dependent dimerization,
we measured the concentration and time dependence of this
process by SEC (Fig. 2A). Under a constant ATP concentra-
tion (200 �M), Hsp70 dimers are detectable from 10 �M up to
80 �M protein concentration, with 40 �M showing the highest
dimer to monomer peak intensities ratio. When incubated with
ATP for increasing time intervals (2, 10, 20 min), Hsp70 dimers
formed in a time-dependent manner, demonstrating that ATP-
triggered Hsp70 dimer-monomer association/dissociation
equilibrium is concentration- and time-dependent.

To evaluate whether the ATP-induced conformation of
Hsp70 is necessary for its dimerization, we tested the behav-

ior of the Hsp70 I164D mutant, which binds ATP but is not
able to reach NBD-SBD docked conformation (Fig. 2B) (29).
The elution profiles of I164D under both nucleotide conditions
show a dominant peak at MW 95 kDa, indicating that this
protein is not able to form ATP-dependent dimers and re-
mains monomeric. Therefore, the ATP-dependent dimeriza-
tion of Hsp70 requires its ATP-induced conformation. Next,
we tested T204A mutant whose intrinsic ATPase activity is
low, suggesting it might establish ATP-bound dimers with
higher rate and/or stability (29, 41). The T204A mutant elution
profile was almost identical to WT, with only a slight increase
in dimer to monomer peak intensities, implying that dimeriza-
tion is not affected by the intrinsic ATP conversion rate under
our experimental setup. Finally, we probed the behavior of
Hsp70 ATP-bound dimers in the presence of the ATPase-
activating cochaperone, Hsp40 (Fig. 2C). A 5 min incubation
of preformed Hsp70 dimers with substoichiometric amounts
of Hsp40 led to the complete disappearance of the ATP-de-
pendent dimer peak, with a concomitant increase of the 95
kDa peak belonging to the monomeric Apo/ADP state of
Hsp70. A minor early eluting peak of Hsp70 Apo state dimer

FIG. 2. ATP-induced dimerization of
Hsp70 requires its intact NBD-SBD�
docked conformation. A, Hsp70 was
mixed at different concentrations (10,
20, 40, 80 �M; 20 min incubation) or for
different time intervals (2, 10, 20 min)
with ATP (0.2 mM) at 21 °C before sepa-
ration by SEC. B, Hsp70 and its mutant
forms (I164D, T204A) (40 �M) were incu-
bated without (Apo) or with ATP (0.2 mM,
20 min) at 21 °C before SEC. C, Hsp70
(40 �M) was incubated with ATP (0.2 mM,
21 °C) for 20 min. Hsp40 (10 �M) was
added or not for 5 min and samples were
separated by SEC. Apparent MW of elut-
ing peaks is indicated (see Experimental
procedures).
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(apparent MW 210 kDa) also appeared. These data support
the requirement of ATP-induced Hsp70 conformation for
dimerization and indicate that Hsp40 can recognize and stim-
ulate the ATPase activity of dimeric Hsp70.

ATP-dependent Hsp70 Dimer Assembles In An Antiparallel
Fashion Resembling the Dimers Captured In the Crystal Struc-
tures of DnaK and BiP—The conformational requirements for
Hsp70 ATP-induced dimer formation suggest that the dimer
might acquire a quaternary structure observed in the DnaK

(11, 13) and BiP crystal packings (12), with two ATP-bound
protomers assembled in an antiparallel orientation (Fig. 3A).
Two residues (DnaK numbering N537, D540) in an �-helical
bundle subdomain of DnaK are important for its ATP-depen-
dent anti-parallel dimerization and are conserved in human
Hsp70 (human numbering N540 and E543) (25). We rational-
ized that if these residues retained their role in human Hsp70
ATP-dependent dimerization, their mutation would disturb
dimerization. Indeed, SEC of N540A, E543A and N540A-

FIG. 3. Conserved N540 and E543
residues are required for stable ATP-
induced dimerization of Hsp70. A,
Crystal structure of DnaK ATP-bound
dimer (PDB code 4jne) with N537 and
E540 residues highlighted in red (N540,
E543 numbering in human inducible
Hsp70). The NBD domain is depicted in
yellow, SBD� in marine and SBD� in
green. B, Hsp70 and N540A, E543A and
N540A-E543A (40 �M) were incubated
without (Apo) or with ATP (0.2 mM, 20
min) at 21 °C before SEC. C, Hsp70 WT,
N540A, E543A and N540A-E543A pro-
teins (40 �M) were pre-incubated with or
without ATP for 20 min before addition of
chemical cross-linker (10 molar excess
of DSA). The cross-linked complexes
were separated by LDS-PAGE (pre-cast
gradient (4–12%) gel, NuPage). The mo-
lecular weight standard is indicated. D,
Native ESI-MS spectra of Hsp70 WT,
N540A, E543A and N540A-E543A pro-
teins (20 �M) were acquired after their
pre-incubation without (Apo) or with
ATP. The charged states corresponding
to monomers and dimers are labeled
with single and double dots, respec-
tively. E, Deuteration level (exchanged
deuterons, D) differences of Hsp70 WT,
N540A, E543A and N540A-E543A pep-
tides in ATP-bound and nucleotide-free
state (Apo) after 1200 s (for other incu-
bation times see supplemental Fig. S2B)
incubation in deuterated buffer. Num-
bers at the left indicate the Hsp70 pep-
tide fragments; schematic representa-
tion at the left shows Hsp70 domain
constitution; L, interdomain linker; T, C-
terminal tail. The asterisks indicate pep-
tides covering allosterically important re-
gions of Hsp70 molecule. Dashed lines
in the graph indicate significance level of
0.35 Da (see Experimental procedures).
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E543A in Apo and ATP-bound state showed decreasing levels
of dimeric forms in the order N540A�E543A�N540A-E543A,
with the double mutant being unable to reach the dimeric
structure (Fig. 3B). We saw a similar trend by chemical cross-
linking and native ESI-MS (Fig. 3C and 3D). In native ESI-MS,
the dimer of T204A mutant in ATP-bound state exhibited
higher stability in the gas phase than WT and we therefore
analyzed the dimerization interface mutant N540A-E543A also
on the background of T204A mutation (T204A-N540A-E543A,
supplemental Fig. S2A). This measurement further supported
the importance of residues N540 and E543 for Hsp70 ATP-
dependent dimerization. Additionally, we detected a minor
population of Hsp70 dimers in Apo state, which is in concord-
ance with current knowledge and our SEC data (Fig. 3D) (24).
To exclude that diminished dimerization of mutants is caused
by their impaired allosteric activity upon ATP binding, we
analyzed WT and mutant proteins with or without ATP by HDX
mass spectrometry (Fig. 3E and supplemental Fig. S2B). The
ATP-induced deuteration changes are similar in WT and
dimerization mutants, highlighted by protection of the NBD
and opening of SBD�. More precisely, the peptides covering
allosterically important regions involved in linker-mediated
domain docking (11–13, 29) are protected in all proteins in the
presence of ATP: NBD docking interface (covered by peptides
143–150, 150–167 and 168–180), SBD� docking interface
(413–427, 478–486) and linker region (394–401). These re-
sults indicate that the allosterically induced ATP-bound con-
formation is preserved in the N540A, E543A and N540A-
E543A mutants. To independently verify the mutants� ability to
reach the ATP-bound state, we tested their interaction with
Tomm34, which we have shown to be ATP-dependent (sup-
plemental Fig. S2C) (29). All proteins increasingly interacted
with Tomm34 in the presence of ATP, supporting their con-
formational activity.

To evaluate the overall shape of Hsp70 ATP-dependent
dimers in solution more closely, we performed small-angle
X-ray scattering (SAXS) (Fig. 4 and supplemental Table S1),
using T204A mutant to prevent ATP hydrolysis during sample
preparation and handling. T204A protein was pre-incubated
with ATP and its dimeric form was separated by SEC before
SAXS at two protein concentrations (1.5 mg/ml, 2.5 mg/ml).
The data were fitted to the theoretical scattering functions
based on the atomic coordinates of various Hsp70 dimeric
crystal structures or of our Hsp70 homology-based ATP-de-
pendent dimer model (see Experimental Procedures). The
best fit to the experimental data was obtained for Hsp70
dimer model (1.5 mg/ml, �2 � 1.2; 2.5 mg/ml, �2 � 1.1, Fig.
4A and 4B), supporting the proposed human Hsp70 ATP-de-
pendent dimer model (Fig. 4C) over the crystal structures of
DnaK and BiP dimers (PDB: 4b9q (chains AC), 5e84 (chains
DF)). Taken together, these analyses suggest that the ATP-
bound monomers of inducible human Hsp70 protein assem-
ble in solution as an antiparallel dimer in a similar orientation
as DnaK and BiP dimers in their crystal structures (11–13).

FIG. 4. ATP-bound Hsp70 monomers assemble as antiparallel
dimers in solution as determined by small-angle X-ray scattering.
A, �2-ranked fitting of Hsp70 dimeric crystal structures (PDB codes
with indicated chains) and homology-based Hsp70 dimer model (see
Experimental Procedures) to the SAXS experimental data obtained for
Hsp70-T204A mutant at two concentrations. Fitting to the experimen-
tal scattering curves was performed using CRYSOL ATSAS v.2.8.3. B,
CRYSOL fit of Hsp70 ATP dimer atomic model. Simulated scattering
data of dimeric Hsp70 atomic model (red) is fitted to experimentally
obtained solution scattering showing overall good fit with �2 � 1.1. C,
Atomic model of Hsp70 ATP-dependent dimer, developed as de-
scribed in Experimental Procedures. NBD is highlighted in yellow,
SBD� in marine and SBD� in green. N- and C-terminal unstructured
regions of the model are omitted from the figure. The image was
created in PyMOL.
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Hsp70 ATP-dependent Dimers Assemble Through Con-
served Interfaces—To pinpoint the structural rearrangements
introduced to the monomeric (Apo form) and dimeric (ATP-
bound) Hsp70 states by N540A, E543A and N540A-E543A
mutations, we compared the HDX rate of these mutants with
the WT protein (Fig. 5 and supplemental Fig. S3), an approach
that has been applied previously to study protein homo-
dimerization (42–44). We observed significant destabilization
of the SBD-�AB helices covered by peptides 519–529, 530–
542, 533–542 in Apo N540A and N540A-E543A mutants, with
the latter exhibiting more pronounced changes (Fig. 5A and
5C, and supplemental Fig. S3B). Because these peptides
either contain or are in close vicinity to the substituted N540
and E543 residues, the detected structural changes are most
likely because of local disturbances caused by the mutations,
although the E543A mutation itself does not have an effect on
this region. E543A and N540A-E543A showed increased de-
uterium incorporation in the loop connecting �C and �D hel-
ices and the �D helix (peptide 582–601) under both nucleo-
tide conditions (Fig. 5A and 5C), suggesting an important role
of E543 in the stability of this region independently of confor-
mation. As the �C/�D helices form a compact �-helical struc-
tural unit together with the �B helix (Fig. 5B), the loosening of
the �D helix might explain the additive effect of E543A in
destabilizing the �A/�B helices in the N540A-E543A mutant
(Fig. 5A) (9). Because N540 and E543 together with D529 are
involved in positioning the �-helical lid-SBD� (Fig. 5B) (8, 9,
16) and D529 is present in the region destabilized by N540A
and N540A-E543A substitutions (peptide 519–529), we ex-
pect the mutants to have defects in the kinetics of substrate
binding (see below, Fig. 6B).

Inspection of the ATP-bound state of Hsp70 dimerization
mutants revealed several peptides with differential deutera-
tion levels at early incubation times of the experiment (Fig. 5D
5E, and supplemental Fig. S3). These peptides can be divided
into four groups according to deuteration rate under nucle-
otide-free and ATP-bound conditions: i) peptides with simi-
larly increased deuteration under both nucleotide conditions,
indicating ATP-independent structural changes; ii) peptides
exhibiting elevated deuteration in the Apo state with further

increased deuteration upon ATP addition; iii) peptides with
increased deuteration only in the ATP-bound state with no
correlation to the degree of dimerization deficiency intro-
duced by N540A, E543A and N540A-E543A mutations; iv)
peptides increasingly deuterated only in the presence of ATP,
with E543A and N540A-E543A mutants being more affected
than N540A mutant. Group i) is represented by the single
peptide 582–601, whose role has been described above.
Group ii) encompasses peptides 519–529, 530–542 and 533–
542. Peptide 519–529 covers a region that does not show
detectable ATP-induced changes in WT protein (supplemen-
tal Fig. S3A). The presence of ATP increases the degree of
destabilization induced in this site only in the N540A-E543A
mutant (Fig. 5C and supplemental Fig. S3A). Moreover, the
E543A mutation does not affect deuteration of the 519–529
peptide in the Apo form but leads to elevated deuteration in
the ATP-bound state (Fig. 5C and supplemental Fig. S3A).
That the E543A and N540A-E543A mutations are more dele-
terious for Hsp70 ATP-dependent dimerization than N540A
(Fig. 3B, 3C and 3D) indicates a role for the 519–529 region in
dimerization. The �B helix covered by peptides 530–542 and
533–542 reacts to ATP addition by increased deuterium up-
take in WT protein (supplemental Fig. S3A). Destabilization of
this part of the protein detected in the Apo forms of N540A
and N540A-E543A mutants is more pronounced in their ATP-
bound states, particularly for N540A-E543A (Fig. 5C and sup-
plemental Fig. S3A). Like 519–529, deuteration of 530–542
and 533–542 peptides in E543A is elevated only in its NBD-
SBD� docked conformation (Fig. 5C and supplemental Fig.
S3A). As the quaternary structure of Hsp70 ATP-dependent
dimers in solution resembles the crystal packing of BiP ATP-
bound dimers (Fig. 4) (12), we assume that increased deutera-
tion rates of 530–542 and 533–542 peptides in the ATP-
bound conformation of dimerization mutants reflect both
mutation-induced loosening of the �-helical region structure
(Fig. 5B) and dimer destabilization because of elimination of
the conserved N540 and E543A residues mediating the inter-
molecular NBD-SBD� contacts (Fig. 3A) (12). Group (iii) is
represented by 487–510 peptide (supplemental Fig. S3A). The
deuteration profile of this peptide probably reflects N540A-

FIG. 5. Hsp70 ATP-dependent dimers assemble through NBD-NBD and NBD-SBD� interfaces. A, Deuteration level (exchanged
deuterons, D) differences between Hsp70 WT and N540A, E543A and N540A-E543A peptides in nucleotide-free state (Apo) measured after
120 s (for other incubation times see supplemental Fig. S3B) incubation in deuterated buffer. The graph is labeled as in Fig. 3E. Red dots
indicate peptides highlighted in part B and C of this figure. B, Crystal structure of human SBD (PDB code 4po2). SBD� (lid) helices and
the lid-SBD� positioning ionic/polar contacts are indicated. SBD� is labeled in marine and SBD� in green. Regions covered by peptides
highlighted by red dots in A are red. C, Deuteration kinetics of indicated peptides from Apo and ATP-bound Hsp70 proteins. D, Deuteration
level (exchanged deuterons, D) differences between Hsp70 WT and N540A, E543A and N540A-E543A in ATP-bound state measured after
20 s (for other incubation times see supplemental Fig. S3B) incubation in deuterated buffer. The graph is labeled similarly as in Fig. 3E.
Red dots indicate peptides highlighted (red/pink) on the atomic structures in E, E. 48–68, 268–282, 294–302, 519–529 and 530–542
peptides highlighted in D were projected onto the homology-based Hsp70 ATP-bound dimer atomic model (see Experimental Procedures)
and the corresponding peptides (see supplemental Fig. S4C) in DnaK were projected onto the crystal structure of DnaK ATP-bound dimer
(PDB code 4jne). The peptides are colored in red or pink in the respective protomer. The atomic structures are shown in both ribbon and
surface representations. Surface representation was also manually separated for clarity (bottom structures). NBD is highlighted in yellow,
SBD� in marine and SBD� in green. N- and C-terminal unstructured regions of the model are omitted from the figure. The image was
created in PyMOL.
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induced structural changes in the ATP-bound state of Hsp70
protomer. Peptides belonging to group iv) include 48–68,
268–282, 294–302, 353–368, 547–564 and 550–576 (Fig. 5D
and 5E, and supplemental Fig. S3A). The differential deutera-
tion of these peptides in ATP-bound forms of E543A and
N540A-E543A mutants might mirror their role in the dimeriza-
tion interface. When projected onto the surface of DnaK (13)
and Hsp70 dimer (homology-based model, see Experimental
Procedures), group (4) peptides 48–68, 268–282 and 294–
302 localize to the dimer interface together with 519–529 and
530–542 (Fig. 5E). The same is true for the dimer contacts in
BiP and for the interface of Hsc70 NDB with Sse1 (supple-
mental Fig. S4A) (45). The interface regions identified for
Hsp70 are not compatible with Sse1 dimer crystal structure
(supplemental Fig. S4A) (14). However, although the regions
covered by 353–368 and 547–564/550–576 peptides do not
match any protein-protein contacts in dimeric Hsp70, they
form an interface when projected onto the Sse1 dimer (sup-
plemental Fig. S4B). Next, we searched for the residues me-
diating the intermolecular contacts in the respective dimeric
structures (supplemental Fig. S4A, S4C). The intermolecular
NBD-SBD� contacts are conserved in all of the analyzed
proteins except the Sse1 dimer. However, this interface is
present in Sse1-Hsc70 NBD heterodimers (supplemental Fig.
S4A). Interestingly, although the intermolecular NBD-NBD
contacts localize to the aligned peptide sequences, the resi-
dues mediating the interactions differ in Hsp70 isoforms (sup-

plemental Fig. S4A, S4C). This suggests that differences in
the NBD-NBD interface contribute to Hsp70 isoforms’ varying
dimerization propensities (Fig. 1A). Moreover, we observed
that the highly conserved D529 (Hsp70 numbering) residue
participates in intramolecular contacts involving NBD-NBD
interface residues in all the analyzed proteins (supplemental
Fig. S4A). To test the role of D529 in Hsp70 ATP-dependent
dimers, we analyzed the dimerization properties of D529A
mutant (supplemental Fig. S5A and S5B). This mutant can
dimerize, although the ATP-bound monomer-dimer equilib-
rium is impaired compared with WT protein and the D529A
substitution destabilized the SBD� subdomain �AB helixes in
both conformational states (supplemental Fig. S5C). Because
the �B helix contains N540 and E543 residues, the D529A-
induced structural rearrangements in this region might ac-
count for the dimerization imbalance.

Taken together, the antiparallel Hsp70 ATP-dependent
dimer assembles in solution through the interfaces captured
in the previously solved crystal structures of Hsp70 isoforms
(DnaK, BiP, Sse1-Hsc70 NBD) (12, 25, 45), although the iden-
tity of the residues mediating the interaction is isoform-spe-
cific. Moreover, our HDX data suggest that Hsp70 ATP-de-
pendent dimers might fluctuate between BiP-like (12) and
Sse1-like (14) dimer organizations.

Dimerization of ATP-bound Hsp70 Is Required for Effective
Hsp70-Hsp40 Interaction and Hsp40-mediated Hsp70 Chap-
eroning Activity—The structural changes introduced to Hsp70

FIG. 6. E543A and N540A-E543A mutants have severely impaired substrate binding/refolding activities and lower interaction with
Hsp40. A, Equilibrium binding curves of F-NRLLLTG peptide binding to Hsp70 WT and mutants under nucleotide-free conditions. Fluores-
cence polarization was determined at 30 nM peptide and increasing Hsp70 concentrations. Error bars represent S.D.; n � 3 independent
experiments. B, Kinetics of F-NRLLLTG interaction with WT and mutant Hsp70s under nucleotide- free conditions determined by fluorescence
polarization. Protein and peptide concentrations were 50 �M and 30 nM, respectively. C, Firefly luciferase was chemically denatured, mixed with
Hsp70 WT or mutants (1 �M), Hsp40 (2 �M), Bag-1 (0.5 �M) and ATP (2 mM) and recovered luminescence was measured. Error bars represent
S.D.; n � 3 independent experiments. D, ATPase activity of Hsp70 WT and mutants at lower Hsp40 concentrations, for full results see E. E,
ATPase activity of Hsp70 WT and mutants (2 �M) was tested at various Hsp40 concentrations in malachite green assay. Error bars represent
S.D.; n � 3 independent experiments. F, SPR measurement of Hsp70 WT and mutants binding to Hsp40 under nucleotide-free conditions (Apo)
or in the presence of ATP.

Hsp70 ATP-dependent Dimerization and Interactions

330 Molecular & Cellular Proteomics 18.2

http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1
http://www.mcponline.org/cgi/content/full/RA118.001044/DC1


by mutating N540 and E543 impair its substrate binding ca-
pacity (Fig. 6A and 6B). To assess the chaperoning activity of
dimerization deficient mutants, we measured their ability to
refold denatured luciferase in vitro with Hsp40 and Bag1
cochaperones as the ATPase activating and nucleotide-ex-
change factors (Fig. 6C) (19, 46, 47). E543A and N540A-
E543A mutants had severely impaired refolding capacity,
whereas the N540A mutant allowed luciferase refolding, albeit
to a lower degree than WT protein. Next, we determined
Hsp40-stimulated ATPase activity. Although the ATPase ac-
tivity measured at low Hsp40 concentrations (Fig. 6D) mir-
rored the dimerization defects of N540A, E543A and N540A-
E543A proteins, at higher Hsp40 concentrations N540A and
E543A mutants reached ATPase levels comparable to WT
protein (Fig. 6E). The N540A-E543A mutant exhibited signifi-
cantly lower activity across all Hsp40 concentrations. These
results indicate that these mutants are compromised in their
ability to associate and functionally cooperate with Hsp40
either during in vitro refolding or concentration-dependent
ATPase stimulation (25). To test mutant protein binding to
Hsp40 directly, we used an established surface plasmon res-
onance (SPR) assay (Fig. 6F) (25, 48). We did not detect
interaction between Hsp40 and the Hsp70 variants under
nucleotide-free conditions. Addition of ATP led to a high bind-
ing signal for WT protein. The binding curves of N540A, E543A
and N540A-E543A mutants reflected their ability to form
dimers (Fig. 3), with N540A-E543A having considerably dimin-
ished affinity to Hsp40. These data suggest that the ATP-de-
pendent dimerization of human inducible Hsp70 is required
for its efficient interaction with Hsp40, like the DnaK-DnaJ
interaction (25).

Tomm34 and Chip Cochaperones Bind to Hsp70 ATP-in-
duced Dimers With Different Outcome—To delineate the be-
havior of Hsp70 ATP-dependent dimers further, we evaluated
engagement in multichaperone complexes by analyzing the
binding of ATP-induced Hsp70 dimers to the TPR cochaper-
ones Tomm34 (34 kDa) (29) and Chip (35 kDa) (49, 50). As a
negative control we used Hsp70 lacking its C-terminal
PTIEEVD motif that mediates the interaction with TPR do-
mains (supplemental Fig. S6A, S6B) (22). In SEC, Chip eluted
as a single peak with MW 130 kDa under both nucleotide
conditions (Fig. 7A). In accordance with these data, it is
known that Chip forms dimers that aberrantly separate in SEC
as larger oligomers because of their non-globular shape (49,
51). We also verified Chip by native ESI-MS, which clearly
showed a MW corresponding to dimeric molecules (supple-
mental Fig. S6C). The separation of Chip/Hsp70 mixtures
under nucleotide-free conditions revealed that Chip was com-
pletely saturated by Hsp70 and the elution volume of the
resulting complex corresponded to 260 kDa suggesting a 2:1
stoichiometry (Chip2:Hsp70). Because the proteins were
mixed in equimolar concentrations, a fraction of Hsp70 re-
mained free as evidenced by the presence of the 95 kDa
elution peak. The addition of ATP to the Chip/Hsp70 mixture

led to the formation of one predominant peak with MW 315
kDa indicating the presence of a Chip2:Hsp702 complex. As
controls, we did not detect interactions between Chip and
Hsp70	PTIEEVD with or without nucleotide addition (supple-
mental Fig. S6A). However, Hsp70	PTIEEVD was able to
assemble as dimers in the presence of ATP. These data
indicate that Chip dimers form a stable complex with ATP-
induced Hsp70 dimers. This is supported by native ESI-MS
(supplemental Fig. S6D). In the Apo state, complexes corre-
sponding to Chip2:Hsp70 and to a lesser extent Chip2:Hsp702

was also detected. On incubation with ATP, we detected only
Chip2:Hsp702 complexes and Hsp70 dimers because of dis-
ruption of the larger MW complexes during ESI-MS. More-
over, the Hsp70 N540A-E543A mutant did not form ATP-
induced Chip2:Hsp702 complexes, exhibiting similar behavior
to Hsp70 WT/Chip mixtures in the Apo state.

Tomm34 eluted as a single peak of 55 kDa representing
its monomeric structure (Fig. 7B, see also Fig. 7C and 7D).
The elution profiles of Tomm34/Hsp70 and Tomm34/
Hsp70	PTIEEVD in the absence of ATP were almost identical,
with clearly separated peaks for individual proteins (Fig. 7B
and supplemental Fig. S6B). This was expected because
Tomm34-Hsp70 interaction is both ATP- and PTIEEVD-de-
pendent (29). Accordingly, Hsp70	PTIEEVD dimers formed in
the presence of ATP did not interact with Tomm34 (supple-
mental Fig. S6B). Separation of Tomm34/Hsp70 mixture in the
presence of ATP resulted in a dominant peak with MW cor-
responding to 130 kDa and a concomitant decrease in ATP-
dependent Hsp70 dimers and Tomm34 peak intensities. Con-
versely, we observed an increase in the Hsp70 ATP-bound
monomer peak (80 kDa) (Fig. 7B). SDS-PAGE revealed that
the 130 kDa peak contains Tomm34 and Hsp70. The apparent
MW of the 130 kDa peak suggests the stoichiometry of the
Tomm34/Hsp70 complex to be 1:1. We also chemically
cross-linked the individual Tomm34 or Hsp70 proteins or their
complex and analyzed the resulting assemblies by Western
blotting using Tomm34 and Hsp70 specific antibodies (Fig.
7C). The ATP-dependent Hsp70 dimer (migrating at approx.
150 kDa) dissociates upon interaction with Tomm34 and the
resulting Tomm34:Hsp70 complex has 1:1 stoichiometry ac-
cording to its migration at approx. 110 kDa in the denaturing
gel. An ATP-dependent 1:1 complex between Hsp70 WT/
N540A-E543A and Tomm34 was also detected by native ESI-
MS, indicating that stable Hsp70 ATP-dependent dimerization
is not required for the Hsp70-Tomm34 interaction (Fig. 7D).
Taken together, the ATP-induced Hsp70 dimer can complex
with TPR cochaperones. However, although Hsp70 ho-
modimers remain intact upon interaction with Chip, they are
destabilized during ATP-dependent interaction with Tomm34
and form a 1:1 heterodimer.

ATP-dependent Hsp70 Dimers Are Distributed In High-mo-
lecular Weight Protein Complexes Ex Vivo—To gain insight
into the potential role of ATP-dependent Hsp70 dimer forma-
tion in the cellular proteome, we compared the distribution of
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HA-tagged WT and N540A-E543A proteins in cell lysates
fractionated by SEC (Fig. 8A). Firstly, lysates were processed
by preparative gel filtration to remove low-molecular weight
compounds including ATP. Before SEC, the processed ly-
sates were incubated in the presence or absence of ATP for
20 min. In the absence of ATP, both WT and N540A-E543A
proteins were evenly distributed in the early fractions (elution
volume 7.5–12 ml) and accumulated in the later fractions
(elution volume 12.5–13.5 ml) that correspond to their low
oligomeric/monomeric forms (see Fig. 3B). Pre-incubation
with ATP led to N540A-E543A becoming mainly low oligo-
meric, with almost complete loss in the early fractions. In

contrast, WT Hsp70 retained its uniform distribution in the
early fractions with slightly increased population of low oligo-
meric species in the presence of ATP. To probe the confor-
mational status of Hsp70 in cell lysates we also tested the
level of Tomm34 in SEC fractions (29). Tomm34 shifted to
earlier fractions after ATP pre-incubation. Of note, Tomm34
coeluted with the low oligomeric fractions of WT and N540A-
E543A Hsp70, indicating the presence of 1:1 complexes. This
result shows that both Hsp70 variants were in NBD-SBD�

docked conformation and interacted with Tomm34 in the
ATP-treated samples. Analogously, we performed glutaralde-
hyde cross-linking of desalted total cell lysates from the cells

FIG. 7. ATP-dependent dimer of
Hsp70 associates with Chip and
Tomm34 TPR domain cochaperones
through different mechanisms. A and
B, Hsp70 WT and Chip or Tomm34
were mixed (both at 40 �M) and pre-
incubated with or without ATP (0.2 mM,
20 min, 21 °C) before separation by an-
alytical SEC. Apparent MW of eluting
peaks is indicated (see Experimental
Procedures). Proteins in the separated
fractions were analyzed by SDS-PAGE
and Coomassie staining. C, Hsp70,
Tomm34 or both (40 �M each) were
mixed in the presence or absence of
ATP (0.2 mM) for 20 min at 21 °C. Gl-
utaraldehyde was added (0.5 mM final
concentration) for 10 mins and the re-
actions stopped with Tris, pH 8 (80 mM

final concentration). Samples were di-
luted in 2� CSB loading buffer, sepa-
rated by SDS-PAGE, blotted and probed
by Tomm34 or Hsp70 antibodies. Blue
and red dots, respectively, indicate posi-
tions of Tomm34 and Hsp70 monomers,
homodimers and heterodimers. D, Native
ESI-MS spectra of Hsp70 WT or N540A-
E543A mutant mixtures with Tomm34 (20
�M) were acquired after pre-incubation
without (Apo) or with ATP. The charged
states corresponding to Tomm34/Hsp70
monomers and heterodimers are labeled
with single and double dots, respectively.
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overexpressing HA-tagged WT and N540A-E543A proteins
and separated the cross-linked complexes by SDS-PAGE
(Fig. 8B). We observed an increase in the level of higher-
molecular weight protein complexes containing HA-Hsp70
WT in the presence of ATP. On the contrary, the multiprotein
complexes of HA-tagged N540A-E543A captured in the
absence of ATP rapidly disassembled in the presence of
ATP. These observations suggest that the ATP-dependent
dimerization properties of Hsp70 are necessary for its par-
ticipation in higher-molecular weight protein complexes in
cells.

DISCUSSION

Formation and disassembly of a small population of ATP-
dependent DnaK dimers plays a critical role in DnaJ-regulated
DnaK ATPase activity (25, 26). Moreover, conservancy of
residues involved in mediating homo-dimerization of ATP-
bound DnaK in its eukaryotic homologs supports a functional
role of the ATP-dependent dimer (52). Here, we demonstrated
that human Hsc70 and Hsp70 proteins form ATP-dependent
dimers in solution with markedly higher efficiency compared
with DnaK (Fig. 1A). The higher affinity of self-interactions
between ATP-bound Hsp70 monomers versus Apo mono-
mers is demonstrated by efficient ATP-bound dimer formation
at low concentrations of Hsp70 (10 �M) compared with the
more than 200 �M of Apo Hsp70 needed to assemble into
dimers (Fig. 2A) (24, 53). Interestingly, Hsc70 was shown to
follow ATP-dependent monomerization similarly to BiP in
number of previous studies using SEC and SAXS (54–57). The
discordance in the results might be caused by the fact that
Hsc70 in those studies was purified from animal tissues
and/or separated on Superose 12 SEC column. It has been
demonstrated that posttranslational modifications and buffer
ionic-strength influence Hsp70 ATP-dependent dimerization
(27) and that Superose 12 ionically interacts with separated
proteins complicating the interpretation (58). Alternatively, the
presence of Hsp40 contamination in purified Hsc70 proteins
would lead to rapid Hsc70 ATP-bound dimer dissociation
after ATP addition (Fig. 2C). Hsp40 was also reported to
promote ATP-dependent dimerization/oligomerization of
Hsp70/Hsc70 purified from animal tissues (59) or insect cells
(27), indicating that the role of Hsp70 posttranslational mod-
ification might be decisive for its oligomerization properties. In
addition, an SAXS study describing the structures of recom-
binant bacterially purified Hsc70 in ADP- and ATP-bound
conformations revealed ATP-induced compaction of Hsc70
reflecting NBD-SBD� docking in monomers (57). However,
the authors later discovered that the expression construct
they used contained a mutation causing E543K substitution
(60). As we now demonstrate, E543 is crucial for ATP-de-
pendent Hsp70 dimerization.

The structural analyses (SAXS, HDX, Fig. 4 and 5, and
supplemental Fig. S3) with dimerization-deficient mutants of
human Hsp70 (N540A, E543A, N540A-E543A, Fig. 3) revealed
that Hsp70 predominantly assembles in solution as an antipa-
rallel dimer, closely resembling the crystal packing of its ho-
mologs (6, 11–13, 45). A recent study suggested the presence
of antiparallel human Hsp70 dimers in multichaperone com-
plexes (27), however their subunit orientation in the ATP-
bound state inferred from chemical cross-linking does not
satisfy the topology of antiparallel Hsp70 ATP-dependent
dimers captured in DnaK/BiP structures and described here
(6, 11–13). This discrepancy could stem from the use of
Hsp70 purified from eukaryotic expression system by Mor-
gner et al. (27) (i.e. post-translationally modified) or be caused

FIG. 8. ATP-dependent dimerization of Hsp70 is required for its
participation in high molecular weight complexes detected ex
vivo. A, Desalted lysates from HEK293 cells overexpressing HA-
tagged Hsp70 WT or N540A-E543A mutant to the same level (evalu-
ated by Western blotting using anti-HA antibody) were incubated
with/without 2 mM ATP for 20 min at 21 °C before SEC. The presence
of Hsp70 and Tomm34 proteins in the separated fractions was tested
by Hsp70/Tomm34 antibodies. B, Desalted HEK293 cell lysates with
overexpressed HA-tagged Hsp70 WT or N540A-E543A were incu-
bated with/without 2 mM ATP for 20 min at 21 °C before mixing with
glutaraldehyde (0.5 mM final concentration) for 10 min at 21 °C. The
reaction was stopped by adding Tris, pH 8 (80 mM final concentra-
tion), samples were supplemented with 2� CSB loading buffer and
analyzed by SDS-PAGE and Western blotting with Hsp70 antibody.
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by the error-prone intra- and inter-molecular cross-links dif-
ferentiation because of the homo-dimeric nature of Hsp70
(61). Although the residues mediating NBD-SBD� contacts in
the antiparallel dimer are conserved, the NBD-NBD interfaces
show lower conservation, as documented by inspection of
crystal structures and our homology-based Hsp70 dimer
model (supplemental Fig. S4). Therefore, NBD-SBD� contacts
might serve as an elemental dimer interface that is accompa-
nied by homolog-specific NBD-NBD interactions allowing for
functional differentiation of Hsp70 dimeric species. Mecha-
nistically, stable dimerization of ATP-bound Hsp70 may pre-
vent Hsp70 monomers from premature association with
Hsp110 and Bag NEFs as documented by evidence that
Hsp110/BAG interfaces with Hsp70 NBD largely overlap with
NBD-NBD contacts in the Hsp70 ATP-dependent dimer (47,
62, 63). Accordingly, although Bag1M protein increased the
dissociation rate of ADP analog from Hsc70, its role in the
dissociation of ATP analog was negligible (64).

Contrary to previous results that DnaK dimerization mutants
N537A and D540A did not perturb substrate binding equilibria
(25), N540, E543A and N540A-E543A substitutions in human
Hsp70 severely compromised its substrate binding thermo-
dynamics (Fig. 6A) because of a large destabilization of the
Hsp70 SBD� region (Fig. 5 and supplemental Fig. S3). The
faster kinetics of substrate binding for the dimerization mu-
tants (Fig. 6B) resembles the behavior of lidless DnaK and the
D540A-E548A DnaK mutant (8, 16). Some DnaK/Hsp70 C-ter-
minal truncation mutants exhibit intramolecular binding of the
destabilized SBD� hydrophobic motifs into the substrate
binding site of SBD� (65, 66). This self-binding increases the
intrinsic ATPase rate of these proteins (67–69). We do not
expect the dimerization mutants to follow this mechanism
because their basal ATPase activity is comparable to WT
protein (Fig. 6D). Therefore, the elution profile of the predom-
inantly monomeric N540A-E543A mutant (Fig. 3B) showing a
dominant peak at MW 95 kDa in the presence of ATP is likely
to mirror complex processes involving both impaired ATP-
bound monomer/dimer equilibrium and destabilization of the
SBD� subdomain (Fig. 5), rather than increased ATP hydrol-
ysis by this mutant.

Our data showed that the degree of dimerization defects in
the analyzed mutants was mirrored by their decreased inter-
action with Hsp40 and refolding activity (Fig. 6CDEF).
Dimerization deficient E543A and N540A-E543A mutants did
not refold denatured luciferase even at a saturating concen-
tration of Hsp40 (2 �M, Fig. 6C). Because N540A-E543A binds
substrates very weakly (Fig. 6A and 6B), its inactivity in the
refolding assay cannot be clearly distinguished from its
dimerization and Hsp40 binding defects. However, although
N540A and E543A have comparable defects in substrate
binding activity (Fig. 6A), N540A mediates a significantly
higher level of luciferase refolding (Fig. 6C). In addition, N540A
mutation allows a significant level of Hsp70 dimerization and
Hsp40 interaction (Fig. 3B, 3C, 3D, Fig. 6F). Therefore, we

speculate that Hsp40-mediated substrate transfer to ATP-
bound Hsp70 requires chaperone transient dimerization. Ev-
idence exists suggesting that substrate binding to SBD�

needs to be followed by SBD� closing over SBD� for effective
Hsp40/substrate-stimulated ATPase activity of Hsp70 (11,
26). Thus, transient stabilization of the SBD� subdomain of an
Hsp70 protomer by its docking onto the NBD domain of the
partner Hsp70 molecule might provide a time window for
productive Hsp40-mediated substrate positioning into SBD�

before the SBD� subdomain closes over SBD�. This hypoth-
esis is consistent with the paradoxical observation that the
DnaJ-DnaK interaction relies on both ATP-dependent DnaK
dimerization (25) and dimer dissociation allowing free move-
ment of the SBD� subdomain (26). Additionally, our SEC
analysis of Hsp70 ATP-dependent dimers coincubated with
Hsp40 (Fig. 2C) revealed complete dimer dissociation, how-
ever, the resulting monomers separated as both ATP-bound
and ADP/Apo forms (apparent MW 80 and 95 kDa, respec-
tively) indicating that Hsp40 dimer interaction with Hsp70
ATP-bound dimer does not activate the ATPase activity of
both Hsp70 protomers. This observation suggests that
Hsp702:Hsp402 interaction is asymmetrical.

Hsp70 isolated from cells is commonly observed in larger
protein complexes (70–72). Our ex vivo experiments indicated
that ATP-dependent Hsp70 dimerization is vital for Hsp70
participation in these high molecular weight complexes (Fig.
8A). Furthermore, antiparallel dimeric Hsp70 species were
detected in in vitro reconstituted complexes involving Hsp90,
Hop, Hsp40, and GR (Glucocorticoid receptor) (27), support-
ing the functional role of Hsp70 dimerization in multichaper-
one assemblies. The level of inducible Hsp70 is elevated
under proteotoxic conditions and chronically increased in
some pathologies, including cancer (73–78). Given that intra-
cellular concentrations of Hsp70 can reach up to tens of �M

under stress conditions (79, 80), the physiological importance
of ATP-dependent Hsp70 dimers for overcoming proteotoxic
stress becomes a likely hypothesis.

Considering the recently discovered regulatory role of ATP-
induced dimerization for Hsp70 chaperoning activity (Hsp40
binding) (25, 26) and multichaperone complex formation (27),
differential effects of TPR cochaperone binding to Hsp70
ATP-bound dimers (Fig. 7) are likely to be important for overall
activity. Association of Hsp70 ATP-bound dimers with Chip
may facilitate spatial coordination of Hsp40/Hsp70-mediated
substrate processing and ubiquitination (50, 81). Conversely,
the inhibitory role of Tomm34 on Hsp70-mediated refolding
activity (29) can be attributed to its ability to dissociate Hsp70
ATP-bound dimers (Fig. 7B and 7C) necessary for substrate
capture during effective Hsp70-Hsp40 interaction (18, 25, 26,
82, 83). We have previously suggested that the additional
Tomm34-Hsp70 binding site is located between residues
533–543 in the SBD� subdomain (29). This region contains
both residues (N540, E543) required for the formation of
Hsp70 antiparallel dimers. It is yet to be determined whether
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Tomm34 occupies the 533–543 region directly or modulates
its availability for Hsp70 homodimerization through allosteric
changes in the SBD� subdomain. Nevertheless, ATP-de-
pendent Hsp70 dimer dissociation by Tomm34 provides
structural support for our previously suggested model of
Tomm34-mediated pre-protein shuttling between Hsp70 and
Hsp90 enabling its cytosolic transport in semifolded but ag-
gregation-proof form (29). In addition, our results support the
notion that TPR domain cochaperone binding to EEVD motif
of Hsp70 does not follow a uniform scaffolding mechanism
and suggest that the interaction is cochaperone specific (50).

The thermodynamics of Hsp70-Tomm34 interactions deter-
mined by our previous ITC analysis (29) is likely to reflect
multiple equilibria transitions (e.g. Hsp70 ATP-bound mono-
mer/dimer equilibrium), complicating data interpretation.
Hsp70:Tomm34 complex stoichiometry was determined to be
2:1, whereas the current study shows that Tomm34 associ-
ates with ATP-bound Hsp70 monomer (Fig. 7B, 7C and 7D). A
plausible explanation for this discrepancy would be that
Hsp70 dimer dissociation by Tomm34 binding to one of the
protomers renders the other protomer incapable of further
association with Tomm34.

In conclusion, ATP-dependent antiparallel Hsp70 dimeriza-
tion is an evolutionary conserved mechanism for Hsp70 ac-
tivity regulation that has been adapted by different Hsp70
homologs with various propensities. In contrast to bacterial
DnaK and human BiP, human stress-induced Hsp70 is largely
dimeric in the presence of ATP in vitro and ex vivo, which
might reflect the specific role of stress-induced Hsp70 in the
maintenance of cellular proteostasis under proteotoxic con-
ditions. Moreover, Hsp70 ATP-bound dimers are used either
as a scaffold for TPR domain cochaperone binding (Chip) or,
conversely, cochaperone binding (Tomm34) leads to rapid
disassembly, which may explain the inhibitory effect of
Tomm34 on the Hsp70 chaperone system (29).
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