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Owing to the cooperativity of protein structures, it is often almost
impossible to identify independent subunits, flexible regions, or
hinges simply by visual inspection of static snapshots. Here, we
use single-molecule force experiments and simulations to apply
tension across the substrate binding domain (SBD) of heat shock
protein 70 (Hsp70) to pinpoint mechanical units and flexible hinges.
The SBD consists of two nanomechanical units matching 3D structural
parts, called the α- and β-subdomain. We identified a flexible re-
gion within the rigid β-subdomain that gives way under load, thus
opening up the α/β interface. In exactly this region, structural
changes occur in the ATP-induced opening of Hsp70 to allow sub-
strate exchange. Our results show that the SBD’s ability to undergo
large conformational changes is already encoded by passive me-
chanics of the individual elements.
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When looking at protein structures at atomic resolution, it is
often tempting to use macroscopic mechanical analogies

to describe their function as molecular machines. However, such
analogies are often misleading because boundaries between in-
dependently stable subdomains cannot often be determined from
structures, owing to the high cooperativity of protein folding and
structural transitions. Single-molecule protein nanomechanics have
emerged as a tool to force biomolecules through their confor-
mational space and, hence, identify hinges, breaking points, and
mechanically stable subdomains (1–3).
A prominent example of a protein machine undergoing

large conformational change during its functional cycle is the
ATP-regulated Hsp70 chaperone DnaK—a central molecular
chaperone of the protein quality control network in a cell (4–
6). Once ATP is bound to the nucleotide binding domain
(NBD, blue-yellow; Fig. 1A) of DnaK, the initially closed
substrate binding domain (SBD) opens its binding cleft by
engaging the β-subdomain to the NBD. In doing so, it un-
dergoes a dramatic ∼10 Å displacement of its lid subdomain
(Fig. 1A; refs. 7 and 8) to allow exchange of substrates (9).
Several crystal structures of the isolated SBD (in which the
NBD is absent) have been solved (10–15). In these structures,
the absence or presence of peptide clients or nonnatural li-
gands induce no significant structural changes in the closed
conformation. There is no indication in the crystal structures
of the huge conformational change of the lid domain of the
SBD, seen in the ATP form of the full-length two-domain
DnaK. Therefore, the large conformational change of the
SBD is only observed in the two-domain DnaK after ATP
binding. Thus, although the crystal structures provide us with
valuable insights into the 3D arrangement of individual atoms,
the thermodynamic and mechanical stability of individual
substructures are difficult to predict based on this information
alone. Here, we ask how the large ATP-induced changes of the
SBD, as seen in the two-domain DnaK, are mirrored in the

subdomain integrity and nanomechanics of the closed form of
the SBD and how this integrity is affected by peptide (client)
binding.
Generally, a folded protein that undergoes large conforma-

tional changes (such as the SBD) faces a seemingly contradictory
demand; a high folding stability and cooperativity ensures that a
protein is in a functional state, but at the same time it increases
the energy penalty for disrupting the interactions in the native
state during conformational transition. In this study, we show
that to balance these contradictory demands, the SBD decreases
the unfolding cooperativity by mechanical destabilization of the
critical part of the structure β7–β8 and the interface between
the subdomains (C-terminal β-strands), which are involved in the
allosteric ATP-induced conformational change. These regions
have been also identified in silico by coarse-grained steered
molecular dynamics simulations using the self-organized polymer
(SOP) model (16). In previous studies, various parts of the SBD
have been implicated in a hinge function, based on local struc-
tural heterogeneity with a possible impact on allosteric signaling
pathways in DnaK. Although such thermally accessible states can
be readily populated on fast timescales, in our approach, force is
used to drive the closed SBD structure toward the open state by
providing a large energy bias to investigate collective dynamics at
much slower timescales.

Significance

Hsp70 is a protein nanometer-sized molecular machine oper-
ating similar like a macroscopic engine: Combustion of fuel
(ATP in the case of Hsp70) triggers mechanical motion for its
function. However, in contrast to macroscopic engines, protein
machines face additional limitations imposed by thermal fluc-
tuations and by the low stability of the individual components.
Using single-molecule force spectroscopy, we drive the passive
machine through its mechanical states that allows us to detect
its relevant parts. Applying this approach for the substrate
binding domain (SBD) of Hsp70, we identified mechanical sub-
units and hinges of the SBD. Interestingly, these parts are in-
volved in an ATP-fueled biological conformational change of
Hsp70. In summary, single-molecule manipulation gives insight
into the operating principles of nanoscale molecular machines.
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Results
Nanomechanical Units of the SBD During N- and C-Terminal Pulling
Experiments. To scrutinize the mechanical integrity of the SBD of
DnaK, we carried out single molecule force experiments by using
an optical tweezer setup (Fig. 1B). A wild-type SBD (residues
393–607, for sequence and biochemical characterization, see SI
Appendix, Fig. S1) construct was prepared for optical tweezers by
adding N- and C-terminal cysteine residues, assembled and
assayed in single-molecule force experiments by using optical
tweezers, as described (17). Consecutive force-extension curves
using a constant velocity of 200 nm/s at a 1 kHz sampling rate
showed two distinct unfolding transitions of different lengths

during a single pull corresponding to unfolding of longer and
shorter protein portions (Fig. 1C). The order of unfolding
changed from trace to trace. We classified these different unfolding
patterns as pathway I and pathway II. In pathway I, the larger
portion of the SBD unfolds first, followed by the shorter part,
whereas the order is reversed in pathway II. The pathways were
stochastically distributed; 65 of 96 unfolding events followed path-
way II and 31 of 96 events followed pathway I. The analysis using
the Worm-like chain model yielded contour lengths approxi-
mately 20–24 nm and approximately 40–44 nm for shorter and
longer protein portions, respectively. The total contour length
for both patterns ranged between 61 and 64 nm, slightly less than
the expected contour length of 68 nm as estimated based on the
number of amino acids (aa) in the folded part of the SBD (398–
603, 0.35 nm per aa) minus the N- and C-terminal distance in the
folded state (approximately 4 nm). To interpret these unfolding
transitions in structural terms, we calculated the number of
amino acids involved in the particular unfolding transition using
contour-length increases. We calculated that 120 aa are involved
in the longer unfolding transition, which matches well with the
number of amino acids in the β-subdomain of the SBD (117 aa
shown in green, Fig. 1B). For the shorter transition, we de-
termined that approximately 80 aa (5.8 nm now being the N-C
distance, after the unfolding of the larger fragment) are involved,
which is slightly less than the size of the α-helical portion (90 aa,
helices A–E shown in red, Fig. 1B). To corroborate this pre-
liminary structural assignment, we deleted the α-helical sub-
domain completely and investigated a truncated construct, SBDΔα,
in optical tweezers experiments (Fig. 1E). As expected, force ex-
tension curves showed only a single unfolding transition with con-
tour length approximately 42 nm and a mean unfolding force
distribution of 10.5 pN, which matches the longer unfolding tran-
sition seen in WT SBD. In summary, the WT SBD comprises two
mechanically and energetically distinct domains corresponding to
an α-helical subdomain (red) and a β-subdomain (shown in green).
Next, we focused on analysis of the differences between the

individual subdomains after they unfold in different pathways.
Importantly, the first unfolding event of either α- or β-subdomain
disrupts the interface between them, which gives an additional
length increase. To investigate the role breaking the interface
plays, we assembled scatter plots of unfolding force vs. contour
length for the α-helical and β-subdomains for pathway I (Fig. 1F,
closed symbols) and II separately (Fig. 1F, open symbols). We
found significant pathway-dependent differences in contour-
length increases. For the α-helical subdomain (n = 110), we
found contour-length increases of 22.0 ± 0.1 nm vs. 23.4 ±
0.1 nm for pathway I versus pathway II. For the β-subdomain
(n = 86), we found contour-length increases of 43.8 ± 0.1 nm vs.
42.5 ± 0.1 nm for pathway I versus pathway II. We analyzed the
contour-length increases by using two-sample t test and found
that the differences between pathway I and pathway II are sta-
tistically significant (P < 0.001). Thus, the domain that unfolds
first shows an increased contour length.

Force Separates the SBD Subdomains by Detaching the Terminal
β-Strands. To detect possible fast fluctuations, we analyzed
force-extension curves at 10 kHz resolution (see details in Fig.
2A). Note that because unfolding of subdomains occurs sto-
chastically, some of our constant velocity traces showed unfold-
ing of the subdomains below the average unfolding force and
some traces showed unfolding well above the average force. We
observed that in force-extension traces after reaching a critical
force of approximately 9 pN, rapid equilibrium fluctuations—
exchanges between upper and lower state—appeared and gradu-
ally vanished as force was increased. We termed the observed
rapid fluctuations as αFβF fluctuations because they are observed
only if the folded α-domain and the folded β-subdomain are pre-
sent. Further experiments revealed pathway-dependent differences;

Fig. 1. Single-molecule force experiments of the SBD of the Hsp70 chap-
erone. (A) Three-dimensional structure of the Hsp70 chaperone DnaK in the
ADP/apo state (PDB ID code 2KHO; ref. 30) and the ATP state (PDB ID code
4B9Q; ref. 8). The protein consists of two domains: the nucleotide binding
domain, which is further divided into lobe I (blue) and lobe II (red), and the
substrate binding domain, which is divided into the α-subdomain and the
β-subdomain. The figures were prepared by using DS Viewer (Accelrys
Software). (B) Optical trap assay. The SBD (green/red surfaces) is tethered to
the beads (gray spheres) by two DNA handles, and beads are trapped in
highly focused laser beams (red cones). The connection between the DNA
and protein is realized by the modification of the two cysteine residues of
the protein by the single-stranded DNA-maleimide oligonucleotide com-
plementary to the DNA-handle overhang (for details, see ref. 16). One of the
beams is reflected by a steerable mirror, which enables pulling and
stretching of a single protein. The conditions were 10 mM Na2HPO4, 1.8 mM
KH2PO4, 2.7 mM KCl, and 137 mM NaCl (PBS buffer), pH 7.5 at 30 °C.
(C) Shown is a sequence of force-extension curves of a single SBD domain.
The protein-DNA construct was stretched several times (black curves, 1 kHz
filtered) at constant velocity of 200 nm/s. In every individual trace, two
unfolding events of different contour-length increase are visible. The dashed
lines correspond to worm-like chain (WLC) fits. (D) The order of the indi-
vidual unfolding events varies. Pathway I corresponds to unfolding of the
larger fragment first, followed by the shorter SBD fragment. For pathway II,
the order of unfolding events is reversed. (E) Force extension curves of the
SBDΔα construct at 200 nm/s (1 kHz). (F) Scatter plot of unfolding forces and
corresponding contour length increases with respective distributions for
pathway I and pathway II (red, α-helical part; green, β-subdomain). We
found significant fluctuations at forces > 9 pN (Fig. 2A), hence the worm-like
chain analysis was performed within the 0–6 pN force range. (G) Summary of
bifurcating unfolding pathways of the SBD.
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after unfolding of the α-domain (pathway II), we still observed
fluctuations, however with a shorter length. Because in this sit-
uation the β-subdomain is still folded, we named these fluctuations
as type βF. In pathway I, after unfolding of the β-subdomain, we
did not observe any fluctuations and, thus, both longer and shorter
fluctuations require the folded β-subdomain.
A worm-like chain fit to these fluctuations gave estimates of

the contour-length increases of 12 nm and 8 nm for αFβF and βF,
respectively (see contour-length transformation in SI Appendix,
Fig. S2). The fluctuations gradually vanish with increasing force
and vanish completely at forces above 13 pN. To estimate the
free energy costs of these fluctuations, we take into account all
energetic contributions, including the beads in a harmonic
trapping potential well and the worm-like chain elasticity of the
DNA tether and protein (SI Appendix). Fluctuations are as-
sumed as a two-state transition between upper and lower state
associated with a contour-length increase (12 nm for αFβF and
8 nm for βF). Using this model, force vs. distance curves were
fitted to obtain free energy changes (18). We calculated a free
energy difference at zero force of 13 (±1) and 11 (±1) kBT for the
αFβF and βF fluctuations, respectively. Unfortunately, a quantitative
estimation of microscopic rates in constant force experiments was
not possible because, at loads necessary to induce fluctuations, the
protein will rapidly proceed to further unfolded states.
Next, we focused on the structural interpretation of these

fluctuations and whether they are linked to the specific secondary-
structure elements of the SBD subdomains (Fig. 2B). As expected,
deletion of the α-helical part in the variant SBDΔα resulted in
only the βF fluctuations being seen (Fig. 2C, for biochemical
characterization, see SI Appendix, Fig. S1 and Table S1). Hence,
the fluctuations originate from the part of the β-sheets that re-
versibly attaches and detaches. Observation of the αFβF fluctua-
tions depended on the presence of both folded domains. To
identify the substructures involved in these fluctuations, we ap-
plied force across specific parts of the SBD while keeping the rest

of the structure unperturbed. To this end, we removed the
N-terminal cysteine and introduced a cysteine residue at location
504 (lid opening variant 1, Fig. 2C) and 481 (lid opening variant 2,
Fig. 2C) with the second cysteine retained at the C terminus. In lid
opening variant 1, the pulling force is applied to the residues from
504 through the C terminus and does not include any β-sheet. In
lid opening variant 2, force is applied between residues 481
through the C terminus including β7 and β8. The sites for at-
tachment were selected such that the overall pulling force vector
had a similar orientation in both constructs. In variant 1, we did
not detect any sign of fluctuations of either type during constant
velocity cycles. In the second variant (481-C-terminal pulling, Fig.
2C), both types of fluctuations, αFβF and βF, appeared. These
results indicate that both fluctuations are structurally interrelated.
Based on these observations from different variants, we pro-

pose a model where the closed form of the SBD undergoes
opening and closing at the expense of significant energy neces-
sary for the displacement of β-sheets 7 and 8 and breaking the
interface (Fig. 2D). In this model, the upper state in the αFβF
fluctuations is a fully closed SBD (with completely folded α/β
subdomains), whereas the lower state represents a protein with
a folded β-core (presumably folded β1-β5/6) and with β7-β8
detached. After unfolding of the α-part, the increase in length
causes the force to drop and, as a consequence, β7-β8 folds back
to the β-subdomain. Thus, for the βF fluctuations, the upper state
is a fully folded β-subdomain (β1-β8) and the lower state is again
the residual β-core with detached β7-β8. Thus, the free energy
calculation from the analysis of βF fluctuations gives us an esti-
mate for the energy costs of the unfolding of the β7-β8 part
(11 kBT) and length gain of 8 nm. For αFβF fluctuations, the total
energy costs (13 kBT) are higher because, in addition to the
unfolding of the β7-β8 strands, the disruption of the interface
between the folded subdomains also takes place. Subdomain
reorientation after physical separation and unfolding of helix A
contributes to the higher length gain of αFβF fluctuations.

Peptide Binding Couples Strongly the Subdomains’ Interface, Sta-
bilizes the β-Core. Having structurally characterized αFβF and βF
fluctuations, we returned to the WT SBD to investigate the effect
of the peptide binding (19) on protein stability. For our experi-
ments, we used so-called σ32 (19) and NR peptide (20). How-
ever, the NR peptide showed better behavior in optical tweezers
assays and, hence, was used in our experiments (Fig. 3A). Con-
stant velocity cycles of the WT SBD at 200 nm/s in the presence
of 250 μMNR peptide are shown in Fig. 3B. In some of the traces
(gray arrows, Fig. 3B), significantly higher unfolding forces for the
β-core were observed, up to 30 pN, indicating that the peptide
binds to the β-core stabilizing it (for statistics, see the gray squares
in Fig. 3C, n = 87). Unfolding force distribution was bimodal with
two maxima at 13 and 23 pN. In analogy to the experiments in
Fig. 2, we studied the influence of substrate binding on the αFβF
and βF fluctuations (Fig. 3 D and E). We picked only those traces
that showed high unfolding forces (≥18 pN) of the β-subdomain
as a fingerprint for the substrate bound state (gray arrows, Fig.
3B). In these events, the midpoint of the αFβF transition shifts from
11 pN to 12.5 pN, whereas only a minor shift is observed, 10.8–
11.4 pN, for βF fluctuations. We calculated the free energies to be
17 kBT and 12 kBT for αFβF and βF fluctuations, respectively. In the
case of the peptide-bound state, the subdomain interface is stabi-
lized by approximately 5 kBT free energy. Because β7-β8 can be
detached from the remaining core, we identify the reduced β-core
(1–6) as a potentially new peptide-binding minidomain.

Molecular Simulations of the Forced Unfolding of the SBD Pinpoint
Mechanically Flexible Regions. We set up SOP model (on graphics
processing unit) simulations of the SBD in close correspondence
to force experiments and monitored the behavior of the WT
SBD and its variants. Our simulations with a pulling speed of

Fig. 2. High-resolution single-molecule force experiments reveal fluctua-
tions between subdomains. (A) A magnification of the SBD force-extension
trace at 10 kHz. Before unfolding of the α- and β-subdomain, significant
fluctuations are observed (αFβF). After unfolding of α-subdomain, much
shorter fluctuations are observed (βF). The dashed lines correspond to worm-
like chain (WLC) fits. (B) Structure and secondary structure topology of the
SBD. (C) A magnification of the force-extension trace at 10 kHz for the SBD
along different pulling directions. (D) Structural interpretation (helical part
in red, β-subdomain in green) of upper and lower states and associated free
energies with αFβF and βF fluctuations. For details, see Results.
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2,394 nm/s showed (Fig. 4) a clear hierarchy of the unfolding
events of the SBD substructures. First, helix A unfolds and the
loop connecting α/β subdomains stretches out, resulting in the
separation of the folded subdomains (Fig. 4). Next, β8 breaks
from the β-subdomain followed by the detachment of the resi-
dues 464–490 (β6 and β7 and the loop connecting them to the
β-core). The remaining substructures unfold in two steps: first
the α-helical part (helices B to E) then the rest of the β-core. The
observed order of unfolding events in simulations resembles
experimental unfolding pathway II (Movie S1). In some simu-
lations (e.g., 1 of 25 trajectories for WT SBD; SI Appendix, Table
S4), we observed unfolding of the β-core before unfolding of the
α-helical part, thus the two domains in SBD have comparable
stability, because either one can unfold first.
The increase in contour length between the first two events of

∼14 nm corresponds to the stretching of β6–β8 and the first half
of helix B. This increase is close to the 12 nm reported above
from optical trap experiments and, thus, we assign it to the αFβF
fluctuations. SI Appendix, Fig. S6A shows a similar ∼14 nm
contour length increase for the unraveling events at the start of
the run, i.e., the signature of the αFβF fluctuations. Details of the
unraveling processes leading to these fluctuations from time
evolution of contacts between strands in the β-subdomain are
presented in SI Appendix, Fig. S8 and discussed in SI Appendix,
SI Methods. Using the SBDΔα ending at 504 (SBDΔα-504)
construct, we found (SI Appendix, Fig. S6B) that there is a ∼9-nm
increase in contour length corresponding to the stretching of the
461–490 region (Movie S2). We identified this region as the βF
fluctuations, based on the similarity in contour-length increase
(8 nm) with our experiments. Steps leading to these fluctuations

are presented in the time evolution of contacts between strands in SI
Appendix, Fig. S9. We found a similar behavior for the SBDΔα-
507 construct (SI Appendix, Fig. S13). Moreover (SI Appendix, Fig.
S6D), we found evidence of the αFβF fluctuations in our simulations
of the 481 to C-terminal variant, but no fluctuations in the 504 to
C-terminal one (SI Appendix, Fig. S6C) in accordance with ex-
perimental results. For the 481 to C-terminal variant, steps leading
to the αFβF fluctuations are detailed in SI Appendix, Figs. 6D and
S10. Importantly, when pulling on the SBD-lidopen, i.e., the SBD
structure from the ATP-bound DnaK state (SI Appendix, Table
S4 and Fig. S14), we found evidence of the αFβF fluctuations seen
in the WT SBD case, but at a lower critical force for the unrav-
eling of the β-subdomain (SI Appendix, SI Methods).
In our simulations with the peptide, we observed only one

pathway (SI Appendix, Fig. S7 and Movie S3): first the separation
between the β-sandwich and the α-helical lid, accompanied by
the stretching of the connector loop and unfolding of helix A.
Next, β8 unfolds. In contrast to the simulation in the absence of
peptide, unfolding of the helical lid occurs before the de-
tachment of β6–β7. Finally, the β-sandwich breaks into the β6, β7,
and the β-core, followed by its complete unfolding. Compared
with the case without peptide, we found an increase in the critical
forces for the major peaks (unfolding of α-helical lid and of the
β-core), indicative of the stabilizing role of the peptide (SI Ap-
pendix, Figs. S7, S11, and S12 and Table S2). Importantly, our
simulations show (SI Appendix, Fig. S12) that the peptide acts
through changes in the flexibility of loops in the β-subdomain,
corroborating results from earlier NMR-based studies (13, 21).
We conclude that the Achilles’ heel in the SBD is the

C-terminal β-strands of the β-subdomain and helix A.

Discussion
Bifurcating Unfolding Pathways for SBD and Mechanical Hinge
Regions. To identify individual mechanical parts of the SBD in
an unbiased approach, we applied single molecule force spec-
troscopy using optical tweezers. We found that the SBD consists
of two largely independent stable nanomechanical units, con-
sisting of the structural α- and β-subdomains, and a stable hinge
within the β-subdomain formed by the terminal β-sheets. Both α
and β subdomains as mechanical units impose roughly similar
energy barriers against unfolding, which result in bifurcating
pathways. Hence, after applying the force at the N and C ter-
minus of the SBD, the protein unfolds through parallel unfolding
reactions starting with either the β-subdomain (68% pathway I)
or the α (32%, pathway II). The largely independent subdomains
and bifurcating pathways indicate that the subdomain interface
contributes negligibly to the overall SBD stability. This behavior
contrasts with the N-terminal domain of DnaK, the NBD, which

Fig. 3. Peptide binding increases mechanical stability of the subdomain and
tightens subdomain interface. (A) Three-dimensional structure of the SBD
with the bound NR peptide (PDB ID code 4EZW; ref. 11). Schematic below
illustrates the variant used for single-molecule experiments. (B) Consecutive
force extension pulling curves of the SBD in the presence of 250 μM NR
peptide and corresponding distribution of unfolding forces. (C) Scatter plot
of unfolding forces vs. contour lengths of the β-subdomain for the apo state
(empty symbols) and in the presence of the NR peptide (gray). (D and E)
Block-averaged mean of the contour-length increase as a function of force
for αFβF and βF type of fluctuations in the absence (open symbols) or pres-
ence (filled symbols) of the NR peptide. Solid lines are corresponding fits of a
two-state open/close equilibrium model. (F) Structural interpretation (helical
part in red, β-subdomain in green) of the upper (closed state) and lower
states (force open state) and associated free energies with αFβF and βF fluc-
tuations in the presence peptides.

Fig. 4. Forced unfolding simulations of the SBD at 2,394 nm/s. (A) Contact
map evolution for the unfolding of the SBD (SI Appendix). (B) Conforma-
tional snapshots of intermediate structures at 0, 4.8, 6.14, and 11.3 ms.
Shown is a gradual unfolding of the weakest structural elements.

Mandal et al. PNAS | June 6, 2017 | vol. 114 | no. 23 | 6043

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1619843114/video-1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1619843114/video-2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1619843114/video-3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619843114/-/DCSupplemental/pnas.1619843114.sapp.pdf


unfolds highly cooperatively because its subdomain interface is
strongly stabilized by a C-terminal helix. In the case of the SBD,
stable subdomains are connected only by a weak interface that
easily breaks, leading to splitting subdomains and, hence, to lower
unfolding cooperativity. We speculate that a high unfolding
cooperativity in the SBD with a strong connecting interface be-
tween subdomains would inhibit large conformational motions
that are crucial for its function. Additionally, independently stable
subdomains of the SBD are necessary to secure a properly folded
structure in the open state, in which the subdomains are far apart.
During mechanical separation of the subdomains, the protein

undergoes rapid equilibrium fluctuations (αFβF and βF) between
closed and a force-induced open state. Uncovering the regions of
the protein involved in these fluctuations under load is not
straightforward because force propagates through the entire pro-
tein structure. A key advantage of single molecule force spec-
troscopy is its potential to select specific regions of force
application. The comparison of three different variants with dif-
ferent attachment points allowed us to unequivocally identify
β7–β8 strands as the critical hinge elements involved in the fluc-
tuations. In our SOP simulations, an additional unfolding of β6 was
observed, which we cannot completely rule out from happening in
our pulling experiments as well (see SI Appendix, Figs. S5 and S6
for further discussion and comparison for the case of WT SBD). In
such a case, this strand plays a passive role during the unfolding of
the critical hinge elements formed by β7–β8.

We found that under force, the C-terminal strands can re-
versibly attach and detach from the β-core at a significant energy
cost of 12 kBT. After the unraveling of these β-strands, the β-core
behaves like a single cooperative unit. Such dynamics within the
β-subdomain are unexpected given the compact appearance
of 3D structure of the SBD. In the presence of the folded
α-domain, breaking the interface between subdomains requires 2
kBT of free energy (Fig. 5). This “interface free energy” may be
stored in the folded helix A and/or in direct interactions between
the subdomains. Thus, this energy is a measure of the interaction
between the folded subdomains in the closed state of the SBD.
Using the interface free energy, we can calculate a relative oc-
currence of the corresponding states at zero force: the fully closed
state is populated to approximately 88%, whereas the state with a
disturbed subdomain interface is populated to approximately
12%. It indicates that the later state (presumably the “open state”)
is populated even at equilibrium, which might be detectable
by sensitive methods. Single-molecule FRET experiments (22)
showed that the open SBD form is present (8–11%) under ADP
conditions, supporting our results. A weak interaction between the
α/β-folded subdomains and physical separation of subdomains was
also observed in native-state molecular simulations by using the
replica exchange method or following the dynamics of DnaK
over tens of nanoseconds of equilibrium molecular dynamics
(23, 24). As pointed out above, the subdomain interface is easily
perturbed allowing the opening of the lid, whereas β7–β8 are still
attached to the β-core, which reduces energy costs.

Force Triggers Transitions Between High- and Low-Affinity States of
the Single SBD Molecule. Switching between low- and high-affinity
states for substrate peptides is key for the function of Hsp70
chaperones (9). The closed state binds firmly to peptide clients
to prevent aggregation, whereas the open state must release the
peptides to allow them to fold (5). The free energy stabilization
of the closed vs. open lidless state should be directly associated
with the differences in peptide affinity of the closed state and
ATP-induced open state in bulk assays (25, 26) (1 and 86 μM,
respectively). In fact, the ratio of those affinities:

kBT   X   ln
�
KD,open

KD,closed

�
= 4.5kBT

agrees with our analysis (5 kBT). Assuming that the closed states
are identical, this analysis indicates that the absolute KD value
for the force-open state is similar to the ATP-induced open state.
Obviously, the peptide secures the lid domain to the β-core,
which results in a decrease of the relative population of the open
state to a negligible level.

Peptide-Induced Lid Closure Occurs as Brownian Ratchet Motion.
Large allosteric shape changes of proteins, including action of
molecular motors as a prominent example, are often discussed by
using energy landscape concepts that distinguish between lever-
arm type active motions of the protein and passive so-called
Brownian ratchet models. We propose to apply such a picture
also to the process of peptide-induced lid closing. In the case of
the SBD of DnaK, an active motion would imply that peptide
binding actively drives the lid from an open into a closed con-
formation through rotation of the hinge elements (“lever arm”)
(i.e., β7–β8). A ratchet model, however, would imply that peptide
binding locks the interface between lid and core as soon as they
form physical contact but does not drive the elements β7–β8
involved in the transition actively. Our results favor a ratchet-
type closing of the lid because β7–β8 docking energies are in-
dependent of bound substrate, hence substrates do not drive
active docking elements. This ratchet-type mechanism means
that thermal motions agitate the SBD until the lid touches the

Fig. 5. Schematics of nucleotide and force-induced conformational changes
of the SBD in the absence or presence of peptide substrate. The Hsp70
chaperone DnaK undergoes large ATP-dependent conformational changes
leading to the open state of the SBD (green color corresponds to the
β-subdomain, red color corresponds to the α-subdomain). During this tran-
sition, the interface breaks and α/β subdomains move apart. In our approach,
the interface is mechanically broken and subdomains are physically sepa-
rated, which leads to the force-induced open states. The states shown in
squared brackets []* are not observed directly but can be postulated based
on the reference states obtained from αFβF and βF fluctuations.
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β-subdomain, and the interface energy locks it in the closed
conformation.

Implications for the Energetics of Lid Opening During ATP-Driven
Conformational Changes of Hsp70. How do the states we induce
by force relate to the open states populated in the active cycle of
Hsp70? In the crystal structure of ATP-bound DnaK, the SBD
shows a complete breakdown of the α/β interface and reorientation
of β8 (see schematics in Fig. 5). At the same time, our mechanical
experiments and SOP simulations identified the subdomain in-
terface and terminal β-strands of the β-subdomain as the most
mechanically vulnerable and, hence, easily deformable parts of the
SBD. Thus, internal nanomechanics and energetics of the SBD
determine its allosteric ATP-induced conformational change in
the full-length DnaK (see SI Appendix, SI Methods, Section 2.10.
Discussion of Simulation Results). A comparison of the ATP and
force-induced open structures shows that the open states are not
absolutely identical: In the force-induced open state, strands 7–8,
helix A and part of helix B are completely detached and un-
folded, whereas in the ATP-induced open state those elements
are folded and docked. Despite the differences between the
force-induced and ATP-induced open states, the magnitude of
the energy penalty for the ATP-induced opening of the SBD can
be estimated. In the absence of peptide, the minimum energy
penalty is 2 kBT, which is necessary for the disruption of the
interface and a maximum penalty 13 kBT, which is required for
the complete detachment of the β7–β8 strands. In the presence
of the peptide, the energy penalties are higher: 4 kBT for the
opening of the closed form and 17 kBT for the complete

unraveling of the β7–β8. Thus, peptide binding increases the
energy penalty for the conformational change and, thus, opposes
the lid-opening reaction that conceptually agrees with the tug-of-
war picture (27). From an energy-balance point of view, even
the drastic conformational changes with β7–β8 completely
detached as seen in force experiments could be driven by ATP
hydrolysis. Even the high free-energy input of 17 kBT required in
the peptide-bound state is well below the 25 kBT estimated for
the energy available from a single ATP hydrolysis cycle under
cellular conditions (28).

Methods
Experimental Procedures. For cloning, protein purification, and design, see SI
Appendix, SI Methods. Functionality of the variants were tested by using a
σ32 peptide binding assay (SI Appendix, SI Methods). The experimental setup
used for optical trapping consists of custom-built high-resolution dual trap
optical tweezers with back-focal plane detection as described (18, 29).

SOP Model. We simulated the mechanical response of the SBD of Hsp70 by
using the topology-based SOP model (16) starting from the Cα positions of
each amino acid residue in the respective PDB entries [ID codes 2KHO (30)
for the apo state, 4EZW for the NR peptide bound state (11), 4B9Q (8) for the
lid open ATP state]. Brownian dynamics simulations followed the behavior
of the chain under force applied by using constant loading rate conditions.
The details are provided in SI Appendix, SI Methods.
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