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The regulation of protein function through ligand-induced con-
formational changes is crucial for many signal transduction pro-
cesses. The binding of a ligand alters the delicate energy balance
within the protein structure, eventually leading to such confor-
mational changes. In this study, we elucidate the energetic and
mechanical changes within the subdomains of the nucleotide
binding domain (NBD) of the heat shock protein of 70 kDa
(Hsp70) chaperone DnaK upon nucleotide binding. In an integrated
approach using single molecule optical tweezer experiments, loop
insertions, and steered coarse-grained molecular simulations, we
find that the C-terminal helix of the NBD is the major determinant of
mechanical stability, acting as a glue between the two lobes. After
helix unraveling, the relative stability of the two separated lobes is
regulated by ATP/ADP binding. We find that the nucleotide stays
strongly bound to lobe I, thus reversing the mechanical hierarchy
between the two lobes. Our results offer general insights into the
nucleotide-induced signal transduction within members of the
actin/sugar kinase superfamily.

ATPase | laser trapping | elasticity | force | protein extension

roteins are complex biomolecular nanomachines that fulfill

many vital tasks in the cell. One of the remarkable features of
protein machines is their ability to undergo conformational
changes that can be regulated selectively by dedicated ligands.
Because the interaction network within a protein structure is
highly dynamic and fine-tuned, it is extremely difficult to predict
to what extent a ligand will affect conformational states and,
hence, the remodeling of substructures within a folded protein
(1). Many large conformational transitions in proteins can be
viewed as a change in a delicate energy balance between alter-
native folded conformations; the signal transduction is triggered
by the ligand-induced disruption of the weak interface between
stable substructures, which further propagates and results in
a coordinated domain movement. Single molecule mechanical
methods have the potential to supply a valuable tool to study
mechanical hierarchies within folded protein molecules, for they
can probe nanometer-sized collective protein fluctuations as a
response to ligand binding (2-4). In this study, we use an integrated
approach of single molecule measurements together with steered
molecular simulations to investigate the influence of ligand binding
(5-8) on the mechanical stability of the subdomains of an ATPase
domain of DnaK, a member of the heat shock protein of 70 kDa
(Hsp70) family of chaperones.

The Hsp70 family is a ubiquitous group of proteins displaying
ATP-regulated chaperone function (9, 10). The Hsp70 proteins
are conserved in all kingdoms of life—from bacteria to human.
Hsp70 from Escherichia coli, DnaK—the most prominent member
of the Hsp70 family (10)—comprises two domains reflecting their
distinct functions: a nucleotide binding domain (NBD; Fig. 14),
and a substrate binding domain (SBD). The domains are con-
nected by a short, flexible linker (for structure, see refs. 11, 12).

www.pnas.org/cgi/doi/10.1073/pnas.1504625112

The NBD binds MgADP and MgATP at nanomolar affinity (13);
the SBD binds a large repertoire of protein clients and confers
chaperone function (14, 15). The binding of the substrates is
strongly coupled to the nucleotide state of the NBD, which is
triggered by allosteric communication between the domains. The
nucleotide binding and regulation of ATPase activity play a
central role in the biological function of DnaK, and disruption of
the ATPase activity or interdomain communication impairs bio-
logical function in vivo (16, 17). The chaperone activity of DnaK is
further enhanced by the cochaperones Dnal and GrpE (reviewed
in ref. 18); both proteins regulate the nucleotide turnover of
the NBD.

Here, we focus on one specific question: How does nucleotide
binding regulate the mechanical stability of the NBD and its
substructures? Owing to its characteristic 3D butterfly-like
structure, the NBD belongs to the actin/sugar kinase superfam-
ily; it comprises four subdomains—Ia, Ib and Ila, IIb—which
assemble into two lobes—I and II (Fig. 1). The binding site for
MgATP/MgADP is located in a deep cleft at the bottom of the
lobes, and it comprises residues from both lobes (Fig. 1C). The
two lobes are held tightly by the C-terminal helix. A remarkable
symmetric arrangement of the lobes and conservation of the
phosphate binding residues might be an indication for divergent
evolution after gene duplication of the single-lobe precursor
protein (19). In other words, one speculates that lobe I and lobe
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Fig. 1. Structure of the NBD and the nucleotide binding pocket. (A) The 3D
structure of the NBD from DnaK (PDB ID code 2KHO) (11). The position for
the insertions (D45, K183, A290, and D364) are shown in black as a stick
representation. (B) The protein comprises two lobes—lobe | (blue surface)
and lobe Il (red surface)—which are further subdivided into “a” and “b”
subdomains. The lobes are connected by the C-terminal helix (gray surface).
The ATP molecule (yellow spheres) binds between the lobes (PDB ID code
4B9Q) (39). The figures were prepared using DS Viewer (Accelrys Software,
Inc.). (C) The analysis and mapping of the contacts between the protein’s
residues and Mg**ATP* ligand (ball-and-stick representation, Mg?* ion in
green) using LigPlot™ software (42). The residue names have background-
shading based on their correspondence to the lobes. Black broken lines in-
dicate the hydrogen bonding between atoms; gray broken lines indicate
hydrophobic/van der Waals contact.

IT had a common ancestor protein and their specialization oc-
curred later. Even though many biophysical, mutational, and
biochemical analyses have provided us with structural/thermo-
dynamic insights on protein stability and nucleotide binding (20, 21),
the energetic coupling to the mechanics of the individual struc-
tures within NBD has remained elusive. We show that nucleotide
binding is strongly coupled to the mechanical stability of lobe II,
and we identify the residues of lobe II as the major contributors
to the binding-free energy of the nucleotide.

Results

Single Molecule Force Experiments on the NBD of the DnaK Chaperone.
To study the unfolding pathways of the NBD by optical twee-
zers, we prepared a construct for trapping experiments carrying
two cysteine residues at the termini of the protein (Fig. 24)
(22). The cysteine residues were introduced for modification by
a single-stranded oligonucleotide containing a maleimide group.
The DNA-protein-DNA construct was then hybridized to a
single-stranded overhang of a long DNA handle containing bi-
otin or a digoxygenin group (Fig. 24 and Methods). These groups
bind to functionalized streptavidin or a-digoxygenin decorated
glass beads, so that mechanical forces can be applied to the
DNA-protein tether. In a first set of experiments, we probed the

10390 | www.pnas.org/cgi/doi/10.1073/pnas.1504625112

mechanical NBD unfolding pathway in the absence of nucleo-
tides (the “apo-form”). A typical force-extension curve of the
NBD-DNA construct obtained at a pulling speed of 20 nm/s is
depicted in Fig. 2B (black curve). At extensions below ca.
350 nm, the force response reflects the elastic stretching of the
linking DNA tether. At a force of 34 pN, a sudden rip can be
observed corresponding to the unfolding of the protein. After
the unfolding event, the contour length of the construct has in-
creased by 134 nm as measured using a worm-like chain (WLC)
analysis (23) (SI Appendix, Fig. S1). The length increase agrees
very well with the contour-length increase (~136 nm) expected
for complete unfolding of the structured part of the NBD (aa
4-380) (11). For statistics on unfolding forces and total contour-
length increase, see SI Appendix. In a subsequent relaxing cycle
at the same pulling velocity, the force on the NBD molecule is
reduced to allow for refolding (Fig. 2B, purple curve). Refolding
intermediates can be observed (purple curve), and full refolding
of the NBD occurs at zero force. Successful unfolding and
refolding cycles of one single molecule can be observed multiple
times (SI Appendix, Figs. S2 and S3).

A closer examination of the unfolding phase of the stretching
cycle revealed the population of two short-lived unfolding in-
termediates: Iapol and Iapo2 (Fig. 2C). A contour-length trans-
formation using a WLC model (for details, see ref. 24) shows
contour lengths of the unfolded portions of the intermediates of
23.5 + 1 nm for Iapol (n = 64) and 79 + 1.2 nm (n = 73) for
Tapo2. These lengths are related to the number of residues that
sequentially detach in each step (ca. 60 for Iapol and 160 for
Iapo2). To gain lifetime information about the intermediate states
from the force versus extension plots, we display the unfolding
phase as a function of time (exemplified for seven sample traces in
Fig. 2D). Note that instead of force we use contour length of the
unfolded chain as the vertical axis. The average lifetime of Iapo1 is
0.8 + 0.2 ms (n = 64), whereas Iapo2 lives for 11 + 3 ms (n = 73),
on average.

The sequence of unfolding events appeared strictly obligatory.
It is important to note that identification of intermediates always
depends on the temporal resolution of the technique used. At
the measurement bandwidth of 30 kHz, we can confidently de-
tect intermediate lifetimes of around 200 ps and longer. In ad-
dition to the regular unfolding intermediates, we sometimes
observed transient substructures in the unfolding phase (e.g.,
additional dots in the first trace of Fig. 2D between lapol and
Iapo2). We focused on the well-populated intermediates.

Even though these experiments already give us coarse in-
formation about the number of amino acids unfolded in each
intermediate, unequivocal assignment to the regions that unfold
within the protein is not possible based on these data alone.

Loop Insertions in Subdomains of the NBD Reveal the Structure of
Intermediates. To further assess the structural nature of the ob-
served intermediates and the associated unfolding pathway, we
designed four different constructs to probe different subdomains
within the NBD. Because length is the natural coordinate in
single molecule force experiments, we inserted additional amino
acid residues into various loop regions of the protein. The ad-
ditional length gain upon unfolding of those loop inserts iden-
tifies the region of the protein that has unfolded (25, 26). We
inserted a flexible Gly—Ser-rich loop of 20 residues (for the L20
sequence and activity, see SI Appendix) at the positions shown in
Fig. 14. Three (K183, A290, and D364) out of four constructs
showed robust folding and unfolding forces as well as in-
termediate lifetimes very similar to the wild-type protein and
were hence used for structural mapping. The D45-Insertion
mutant did not refold completely under apo conditions and
hence was not used in the analysis under these conditions.

In the K183-Insert mutant, we probed the interface between
lobe I (blue in Fig. 1B) and lobe II (red). The purple trace in Fig.
2F represents a sample unfolding trace for this mutant. The
contour lengths of both unfolding intermediates as well as the
unfolded state are shifted by 7 + 0.5 nm (n = 59) compared with
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Fig. 2. Single molecule force experiments of the
NBD by optical tweezers. (A) Optical trap assay. The
protein is tethered to the beads by two DNA
handles containing a corresponding epitope
(biotin, green hexagon; digoxygenin, brown hexa-
gon). 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 comple-
mentary to the DNA handle overhang. The
1 pm-sized functionalized (a-digoxygenin, purple
square; streptavidin, light blue square) glass beads
are trapped in the highly focused laser beam. One
of the beams is reflected by the steerable mirror,
which enables pulling and stretching of a single
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the wild type (black trace). The contour-length shift reflects the
20 residues inserted. Apparently, for the K183-Insert, the insert
had already unfolded in the transition from the native state to
Tapol, indicating that the two lobes separated early on (see + in
the schematics of Fig. 2F). In the A290-Insert variant, the L20
loop was inserted at position A290, thus probing lobe II. In this
construct, the Iapol species occurs at the same length as in WT,
but now Iapo2 is shifted by 7 = 0.7 nm (n = 42; Fig. 2E, red),
indicating that lobe II unfolds during the transition from Iapol
to Iapo2. In the D364-Insert, the very C-terminal region of the
NBD is probed. As it was with the K183-Insert, the 7 + 0.4 nm
(n = 43) contour-length shift occurred in the transition from the
native state to Iapol, proving that the C-terminal part also un-
folds in the first unfolding transition. In conclusion, the insert
mutants provide the following sequence of unfolding events for
the apo NBD. First, the C-terminal region unfolds including
residue 364 together with a separation of lobe I and lobe II
through unfolding of loop residues including K183 (N—Iapol).
In the next step, lobe II unfolds (Iapol—Iapo2). Finally, the
stretching of lobe I (Iapo2—U) finishes the long journey of the
protein to the fully unfolded state U.

Nucleotides Switch the Unfolding Pathway and Stabilize the Intermediates.
The NBD binds MgADP or MgATP at nanomolar affinities (the
“holo-form”). In a next set of experiments, we aimed to elucidate
the role of nucleotide binding for the mechanical stabilization and
hierarchies within the subdomains of the NBD. Surprisingly, at first
sight, bound nucleotides did not affect the unfolding force of the
native state of the protein (SI Appendix, Fig. S3). However, inspection
of the unfolding phase of the holo-form NBD curve reveals a very

Bauer et al.

different pattern of lengths and lifetimes of the intermediates com-
pared with apo NBD (Fig. 2F). Three different intermediates could
be clearly identified, none of them observed under apo conditions:
two shorter intermediates with L. = 11.7 + 1 nm for Iholol (n = 77)
and L. = 22.3 + 0.9 nm for Tholo2 (n = 51) as well as a third in-
termediate with Tholo3 L. = 74.7 + 2 nm (n = 77). This shows the
ligand affects the relative stability of NBD’s substructures as well as
the unfolding pathway. Moreover, we do not observe any difference
in the overall mechanical stability of the apo-form (F,¢ avg = 33.1 +
4.2 pN, n = 73), MgADP-bound form (Fz ae = 32.1 + 4.0 pN,
n =53), and MgATP-bound form (F,,z ag = 32.7 + 3.5 pN, n =77).

NBD of the Mitochondrial Hsp70 Chaperone. We were curious
whether such a strict order of unfolding events is limited to the
NBD of DnaK or might be a more general attribute of the NBDs
of different Hsp70s. Single molecule force experiments on the
mitochondrial NBD from yeast Hsp70 (n = 31; SI Appendix)
show the mean unfolding force of 32.5 + 4.2 pN and contour
length of 134.3 + 1.9 nm compares well with the mean unfolding
force 32.7 + 3.5 pN (n = 77) and contour length of 1339 +
2.6 nm for the DnaK chaperone (n = 77; SI Appendix, Fig. S3).
The positions of unfolding intermediates for the mtNBD (11.2 +
1 nm, n = 31 for Tholol; 22.0 + 1.5 nm, n = 14 for Tholo2; and
75.0 = 2.2 nm, n = 31 for Tholo3) match almost exactly those of
the NBD of DnaK. Thus, these two proteins display the same
mechanical stability and hierarchy of the subdomains.

Nucleotide Binding Regulates the Mechanical Stability of the Sub-

domains. Similar to the apo case, we also attempted to un-
ravel the structural nature of the unfolding intermediates for the
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holo NBD using insertion mutants. In the presence of nucleo-
tides, all four insertion mutants were able to refold completely to
the native form, with native unfolding forces making them
amenable to a length analysis (Fig. 2D). In the D45-Insert con-
struct (blue trace), the positions of Tholol and Iholo2 remained
identical to the wild-type protein (black). However, the position
of Tholo3 is shifted relative to the wild-type protein by 7 + 1 nm
(n = 29), implying that domain Ib unfolds in the transition from
Iholo2 to Tholo3. In the K183-Insert construct (Fig. 2G, purple),
a7 + 1 nm (n = 41) nm shift in the transition from Tholol to
Tholo2 can be detected. In the case of the A290-Insert (Fig. 2G,
red), the positions of all intermediates are identical to the wild-
type, and the loop insert (7 + 1.1 nm, n = 61) is released only in
the last unfolding step from Iholo3 to the unfolded state. The
D364-Insert variant exhibits a change in the position of the first
intermediate, Tholol (the shift 7 + 1.6 nm, n = 18; Fig. 2D, gray).
In conclusion, the insert mutants provide the following sequence
of unfolding events for the holo NBD. First, the C-terminal re-
gion unfolds including residue 364 (Iholol). Second, lobe I and
lobe II separate through the unfolding of the lobe-connecting
residues including the K183 residue (Iholo2). In the third step,
lobe I unfolds including residue D45 (Iholo3), and finally un-
folding of lobe II including residue A290 leads to the fully un-
folded state U.

The detailed experimental characterization described earlier
already provides a coarse picture of the unfolding pathway and
how a ligand stabilizes the individual subdomains. To refine this
picture, we conducted molecular dynamics simulations to get
even more detailed structural insight.

Molecular Simulations by Forced Unfolding of the NBD Provide
Detailed Structural Models for Intermediates. We previously used
the self-organized polymer (SOP) model (27) to identify the
origin of kinetic partitioning and the details of each pathway
during the unfolding of the green fluorescent protein. The
resulting computational predictions have been confirmed by our
joint studies combining simulation and atomic force microscopy
experiments (28). Importantly, this model, which enables one to
follow the dynamics of proteins on experimental timescales up to
seconds (29), has been successfully applied to study the me-
chanical response of systems from kinesin (30) to fibrinogen (31)
to viral capsids (32) to full microtubules (33) as well as to provide
insights into protein refolding following chemical denaturation
34, 35).

( We ;))erformed molecular dynamics pulling simulations of the
NBD from DnaK using the SOP model (27) (Methods) to de-
lineate the nature of the intermediates seen in experiments and
to determine the mechanism of stabilization of lobe II in the
presence of the nucleotide. Unfolding simulations were per-
formed for both the apo- and the holo-forms of the NBD at a
computationally accessible pulling speed of 2,680 nm/s (compare
Movies S1 and S2) by fixing the N-terminal end and pulling at
the C-terminal end of the chain. The force—extension trace for
the apo-NBD simulations (Fig. 34) exhibits eight peaks. De-
tectable force peaks were determined using our usual ad hoc
criterion (27, 28), based on the general behavior of globular
proteins in water: We assume that structural fragments with
more than 50% of hydrophobic residues exposed to solvent
[hydrophobic surface area (HSA) > 0.5] are not stable, and
hence the respective peaks are not experimentally detectable
(28) (SI Appendix, Fig. S8). Using this HSA criterion, only the
two peaks marked with red dots, as well as the first and final
ones, are detectable (Fig. 34). We assigned these peaks to the N,
Tapol, Iapo2, and U states. To determine the precise boundaries
of the folded portions of the intermediates, we monitored the
tension propagation along each bond in the chain and the time
evolution of the structural overlap for each position in the chain
(36). Fig. 3B depicts the tension along the backbone residues of
the apo-NBD (see SI Appendix, Fig. S5 A and C for additional
details). The top graph in Fig. 3B shows that high tension (blue
regions) is found only in the C-terminal part of the chain and
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Fig. 3. Forced unfolding simulations of the NBD. Simulation results for apo-
and holo-NBD. (A) Force extension curve (FEC) for the unfolding of the apo-
form. Intermediates lapo1 and lapo2 are labeled on the respective force
peaks. (B) Tension propagation in the chain and conformational snapshots
for the two intermediates evaluated from the red points in A. (Top) For
lapo1, tension is greatest in the connecting loop and in helices 15 and 16
(residues 168-187 and 339-383). The snapshot shows that this corresponds to
the separation of the lobes and the unfolding of those helices. (Bottom) For
lapo2, before lobe I unravels, the connecting loop and the entire lobe II
experiences increased tension (residues from lapo1 plus 188-338). (C) FEC for
the unfolding of the holo-form. Intermediates Iholo1, Iholo2, and lholo3 are
labeled. (D) Tension propagation in the chain and conformational snapshots
for the three intermediates evaluated from the red points in C. (Top) For
lholo1, helices 15 and 16 are extracted from lobe Il due to increased tension
(residues 346-383). (Middle) For Iholo2, the two lobes separate due to the
increased tension in the connecting loop (residues from lholo1 plus 169-187).
(Bottom) In lholo3, only lobe Il remains folded (residues from Iholo2 and po-
sitions 1-168 unfold).

across the spacer connecting the two lobes. This indicates that
these two disjointed regions of the chain are the only force-
bearing elements. More precisely, unfolding of helices 15 and 16
(positions 339-383) and stretching of the lobe-connecting resi-
dues (positions 168-187) occur simultaneously when Iapol is
formed. In the next unfolding step (lower graph in Fig. 3B), the
load-bearing region extends to lobe II (blue region), whereas
lobe I shows no sizeable increase in tension (red region). Hence,
we conclude that in the transition from Iapol to Iapo2, lobe II
unravels, as seen also in the evolution of native contacts from S/
Appendix, Fig. S9. In the last step, lobe I unfolds.

Simulations of the ADP-bound NBD (the holo-form) showed
that the unfolding occurs according to two pathways with 89%
(32 of 36 trajectories) and 11% (4 of 36 trajectories) probability.
We find the partitioning between the two pathways is driven by
the affinity of the two lobes for the nucleotide. In the first
pathway (pathway I), the nucleotide remains bound to lobe I (S1
Appendix, Figs. S6 and S9), whereas in pathway II the nucleotide
is bound to lobe II (SI Appendix, Figs. S5 and S9). We also
performed simulations of ATP-bound NBD, which all followed
pathway I described before. In the caption to SI Appendix, Fig.
S9, we provide details about the trigger for kinetic partitioning in
simulations. These results, together with the fact that the position
of the transition state likely changes with force in the holo-NBD
case, strongly suggest that the discrepancy between experiments
and computations arises from differences in the respective
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Fig. 4. Summary of the unfolding pathway of the NBD of DnaK. The
structures of intermediates are those from the pulling simulations. The red
surface indicates lobe II; the blue surface indicates lobe | and the yellow
sphere is an ADP molecule.

loading rates. Here, we focus on pathway II, which we relate
to the experimentally observed pathway because, as discussed
earlier, in experiments the nucleotide remains bound to lobe II.
The discussion regarding pathway I is in SI Appendix, Figs. S6,
S8, and S9. The HSA criterion indicates that only three peaks
(with red dots) as well as the first and final ones are experi-
mentally detectable (Fig. 3 and SI Appendix, Fig. S8). We as-
signed the peaks to the N, Iholol, Tholo2, Tholo3, and U states.
Fig. 3D depicts the tension along holo-NBD. The top plot in Fig.
3D shows that only the C-terminal part of the chain is under
substantial tension. Thus, in the simulations, the unfolding of
helices 15 and 16 (positions 347-383) leads to the formation of
Iholol. The middle graph in Fig. 3D indicates that the spacer
connecting the two lobes (positions 168-185) unfolds during the
transition from Iholol to Iholo2. Finally, the bottom graph in
Fig. 3D shows that from Iholo2 to Tholo3, lobe I unravels. In the
last step, lobe II unravels and the nucleotide dissociates.

Discussion

Deciphering the Unfolding Pathway of NBD. Single molecule force
spectroscopy by optical tweezers is a superb method for studying
protein folding/unfolding at very high temporal (ps) and spatial
resolution (nm). Combining this method with mutational ap-
proaches as well as with computational MD simulations even
allows deriving structural interpretation of the complex pro-
cesses observed during mechanical unfolding (28, 37, 38). Using
our insertion variants in combination with pulling molecular
dynamics simulations, we decipher the structure of the inter-
mediates along the unfolding pathway of the complex multi-
domain subunit of DnaK NBD. Furthermore, the question of
how nucleotide binding couples to the domain mechanics can
be addressed.

A combined picture of the experimental and simulation results
is presented in Fig. 4 (for quantitative comparison, see SI Ap-
pendix). The very first event in mechanical unfolding of the NBD
both in apo- and holo-form is pulling out the C-terminal helix. In
the apo case, stretching of the C-terminal helix occurs concom-
itantly with separation of lobe I and lobe II (Iapol), which in-
dicates that these two events are highly cooperative. Apparently,
the lobe-lobe interactions in the absence of nucleotide are not
strong enough to resist force even transiently.

In the holo-form, stretching of the last helix and lobe sepa-
ration proceeds in two distinct steps. First, the helix unfolds
(N—Tholol), followed by the splitting up of lobe I and lobe II by
stretching of the connecting spacer (Iholol—Iholo2). Appar-
ently, the interface between the two lobes is now stabilized by the
nucleotide, in addition to the already existing lobe-lobe in-
teractions (compare Fig. 1 B and C). After lobe separation, the
nucleotide stays bound to lobe II, indicating stronger interactions
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with this subdomain (see also discussion below). Analysis of the
time evolution of native contacts along the holo-case pathways
(SI Appendix, Fig. S9 C-F) indicates that the release of the
connecting loop between the two lobes can only occur following
the partial disruption of the nucleotide binding pocket involving
amino acids in lobe II. Importantly, simulations show also that,
upon extension of the loop, the binding pocket is able to reform
and this leads to the stabilization of lobe II against unraveling. In
the Protein Data Bank (PDB) structure (4B9Q), the 186-195
region makes contacts with the local (along the sequence) region
196-210, as well as with the remote (along the sequence) 330-
345 region. Both the local and the remote regions contain five
nucleotide binding residues each (shown in Fig. 1C): 195-199 in
the local region and 341-345 in the remote one. We found that
during the Tholol—Tholo2 event in pathway II (SI Appendix,
Fig. S9D), 186-195 loses contacts with its local partner, while
retaining the contacts with its remote partner. This indicates that
in vitro stabilization of lobe II requires the preservation of the
341-345 region of the nucleotide binding site. At the same time,
transient loss of the 195-199 region of the binding site does not
destabilize lobe II. Using simulation and experimental results, we
can estimate the time required to detect Tholo2, once Tholol
occurs. This is as short as 2 ms (from simulations) and as long as
9 + 2 ms (from experiments).

In the next step, further unfolding continues now from the
domain that is less force resistant. In the apo-case (Fig. 4), lobe
II is apparently less stable than lobe I and, hence, unfolds first.
The unfolding of the apo-form is then completed by unfolding of
lobe I. In the holo-case, binding of the nucleotide stabilizes lobe
II strongly over lobe I so that now lobe I is mechanically less
stable and unfolds first (Tholo3). The last step is the unfolding of
lobe II and only then is the ligand released from the polypeptide
chain. Remarkably, the unfolding intermediates of the holo-form
and pathways we find for the E. coli Hsp70 are identical to the
NBD from yeast mitochondria (SI Appendix, Fig. S3), and thus
the observed nucleotide-dependent domain hierarchy is likely a
more general property.

Nucleotide Binding Regulates the Mechanical Coupling Between
Subdomains. The nucleotides bind to the intact NBD with about
100 nM affinity corresponding to 16 kgT of free energy of binding
under standard conditions. How does this binding energy stabilize
the different subdomains of the NBD? The binding free energy
results from the multiple interactions between ligand and the
contacting residues of the NBD (Fig. 1C). Simple counting of the
number of interactions between protein and nucleotide reveals
that most of the interacting residues (13 out of 18) come from lobe
II (highlighted in red, Fig. 1C) and very few (5 out of 18) from
lobe I (highlighted in blue, Fig. 1C). This consideration already
highlights the very different roles of the subdomains in binding.
One could speculate that the majority of residues specializing in
the binding of the ligand are located in lobe II and the signal
transducing residues are located in lobe I. We provide, to our
knowledge, the first evidence for nucleotide binding to the isolated
lobe II in the absence of a folded lobe I.

Exclusive Role of the C-Terminal Helix as Molecular Glue. For the last
C-terminal helix, a very special role emerges from our single
molecule force experiments. The C-terminal helix is sandwiched
between both lobes and is nearly completely buried within the
structure. The extensive network of interactions with both lobes
might already imply a mediating role in coupling between the
two lobes. The function of this helix as molecular glue is further
supported by the observation that removal of this helix results
in incomplete folding of the NBD (SI Appendix, Fig. S4) and
unfolding forces dropped dramatically (10-15 pN). Our atom-
istic simulations of the apo-form of the NBD (PDB ID code
2KHO) in the absence of this last helix (SI Appendix, Fig. S7)
support the experimental conclusions that the last helix is a
major folding element of the NBD: Its loss leads to the transition
between closed and open cleft conformations, even on the
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relatively short (~400 ns) timescale of our simulations. In-
terestingly, the C-terminal helix is the main determinant for the
mechanical stability of the whole NBD. We now can reinterpret
the observed major unfolding force peak of ~34 pN as the force
necessary to pull out the helix from the folded structure. After
unfolding of the C-terminal helix, the remaining domains are
more mechanically labile. Starting from this step, the unfolding
pathway is modulated by the presence of the nucleotide. The
strong interaction with both lobes also explains why the major
unfolding force peak is independent of the nucleotide status.
Clearly, there is no energetic coupling between ligand binding
and C-terminal helix unfolding, and hence, the presence of nu-
cleotide does not matter for the initial unfolding event. This has
an interesting consequence for the communication between the
NBD and the SBD of the two domain DnaK chaperones. The
C-terminal helix continues into the SBD domain through a short
linker sequence. After binding of ATP to the NBD, the SBD
undergoes a large structural rearrangement (12, 39). How does
the allosteric signal propagate? Our experiments exclude a
simple scenario according to which the information about the
nucleotide state is transmitted along the backbone through the
C-terminal helix from the NBD to the SBD as the C-terminal
helix is firmly glued between the two lobes independent of the
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nucleotide status of the NBD. Thus, the signal must be trans-
mitted by contacts of noncontiguous residues through inter-
actions over space.

Methods

Experimental Procedures. For cloning, protein purification, and design, see S/
Appendix. The experimental setup used for optical trapping is a custom-built
high-resolution dual trap optical tweezers with back-focal plane detection
as described previously (40, 41).

SOP Model. We simulated the mechanical response of the NBD of Hsp70 using
the topology-based SOP model (27) starting from the C, positions of each
amino acid residue in the respective PDB entry (ID codes 2KHO, for apo, and
4B9Q, for holo). Brownian dynamics simulations followed the behavior of
the chain under force applied using constant loading rate conditions. The
details are provided in S/ Appendix.
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