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ABSTRACT: The 70 kDa heat shock proteins (Hsp70s) play important roles in preventing the misfolding of
proteins and repairing damage under stress by coupling ATP binding and hydrolysis to protein substrate
release and binding, respectively. ATP binding is believed to induce closing of the Hsp70 nucleotide binding
domain (NBD) around the nucleotide. We report here a combined computational—experimental study of this
open—closed transition. All-atom molecular dynamics simulations were performed for isolated open state
NBDs with and without bound ATP. The nucleotide-free NBD samples a wide range of open configurations
exhibiting flexible rearrangements of its four subdomains (IA-1IB). In contrast, the ATP-bound Hsp70 NBD
closes to a range of configurations that is substantially more closed than the conformation observed in crystals
of ATP-complexed NBDs. The close approach of subdomains IB and I1IB observed in the simulations results
in a strong coordination of the fluorescence probe Trp90 of IB with Arg261 of 1IB, a feature not seen in the
crystal structures. To determine if this computationally observed conformation occurs in solution, we
constructed an R261A mutant. The mutation was found to increase the K, and k., for ATP and to
significantly reduce the extent of the fluorescence quench observed upon ATP binding. Our results thus
account for the previously unexplained ATP-driven change in Trp90 fluorescence seen in the isolated NBD.

Members of the 70 kDa heat shock protein (Hsp70) family,
ubiquitously found in many different species, perform a wide
variety of chaperonic activities, including protecting nascent
polypeptides synthesized by ribosomes from misfolding and
aggregation, as well as repairing them under stress (/—3). Hsp70s
are composed of a substrate binding domain (SBD)' that binds
protein substrates and a nucleotide binding domain (NBD) that
acts as an ATPase. The Hsp70 NBD (4) displays the hexokinase
fold (5) with four subdomains (IA, IB, IIA, and IIB) wrapped
around the nucleotide binding pocket (Figure 1). Binding of ATP
is expected to induce the closing of the NBD around the
nucleotide, which then induces opening of the SBD to allow
protein substrate release (4). The presentation of a substrate to
the SBD is often performed by J protein cochaperones that also
stimulate ATP hydrolysis by the NBD (6, 7). The ADP-NBD-
SBD:substrate complex is stable, releasing the substrate slowly.
A completion of the cycle therefore requires the release of ADP,
which can be rate-limiting and is accelerated by the action of
nucleotide exchange factors (NEFs), which include GrpE (8, 9),
Bag-1 (10), and Hsp110 (11, 12).

Crystal structures of Hsp70s in complex with these NEFs
reveal the NBDs in open conformations (Figure 1), and an
open NBD is also observed in the nucleotide-free structure of
a two-domain bovine Hsc70 (/3). These observations suggest that
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opening of the NBD is required to allow nucleotide exchange to
occur and that the open NBD is the favored conformation of the
nucleotide-free Hsc70. However, structures of isolated Hsp70
NBDs reveal a similar closed state for the NBD, irrespective
of whether ATP, ADP, or no nucleotide is bound (4, 7, 14).
Thus, the latter structures provide little insight into the con-
formational changes induced by nucleotides and suggest that the
crystal structures of the isolated NBDs are capturing a single
conformational state rather than revealing the full conforma-
tional range present in solution. This would be consistent with the
conclusion of Zuiderweg and co-workers, who used NMR
techniques (/5—17) to obtain direct evidence that the conforma-
tional flexibility of isolated Hsp70 NBDs in solution is greater
than the limited range seen in the crystal structures and found
that the relative orientations of Hsp70 NBD lobes I (subdomains
IA and IB) and II (subdomains IIA and IIB) in solution deviate
from the crystal structures by up to 10°, with sizable contribu-
tions from movements between domains IA and IIA as well as
domains IA and IB.

That the crystal structures do not reveal the full range of
conformational changes induced in the NBD by nucleotide
binding is also suggested by experiments in which these changes
are monitored by measuring fluorescence from the single Hsp70
tryptophan (Trp90 in bovine Hsc70) located in NBD subdomain
IB (Figure 2). Thanks to fundamental studies pioneered by
Barkley and co-workers (18, 19), interpretations of fluorescence
experiments on the atomic level are now becoming feasible.
Experimentally, it is observed that the binding of ATP to an
isolated Hsp70 NBD induces a rapid reduction (of approximately
5% at 320 nm) in the fluorescence emission from this tryptophan.
With a full-length Hsp70, ATP binding induces a second
slow reduction (of approximately 7—10%) in fluorescence (20).

©2009 American Chemical Society



FI1GURE 1: Nucleotide binding domain of bovine Hsp70. (A) Com-
parison of the crystallographic closed state (PDB entry lkax, white)
and open state (PDB entry 3c¢7n, colored), shown superimposed to
minimize the rmsd of the C, atoms of domains IB, IA, and IIA only,
illustrating one mode of opening by NEF where the IIB domain
rotates. (B) Comparison of the crystallographic open state, which is
the initial structure of MD (PDB entry 3¢7n, colored) and a late-stage
snapshot (24 ns) of the ATP-bound MD trajectory (white), aligned
using domains IB and IA. Both domains IIA and IIB show sizable
rearrangements. The four subdomains are shown labeled as IA
(yellow), IB (red), IIA (blue), and IIB (cyan). The bound ATP is
shown as colored sticks, and the Mg ion is shown as a green sphere.
The angle of the open—closed transition is defined as that formed by
the centers of mass of domains IB, IA/IIA, and IIB. The hinge regions
are shown in panel B colored as follows: orange for residues 357—366,
magenta for residues 226—231, and green for residues 186—191 (see
Figure 5).

FIGURE 2: NBD closing and Trp90—Arg261 interaction. (A) Ribbon
model of the open Hsp70 NBD from the Bag-1 complex [PDB entry
1hx1 (10)]. The Arg261 and Trp90 side chains are shown in stick
representation and colored blue and magenta, respectively. (B)
Ribbon model of the closed ATP-bound Hsp70 NBD [PDB entry
1kax (14, 30)]. Subdomain IIB has swung toward subdomain IB, but
the environment around Trp90 remains unaltered. (C) Snapshot of
the “extremely closed” state of the Hsp70 NBD from the MD
simulation (Supporting Information). Subdomain IIB has moved
even closer toward subdomain IB, and Arg261 form a hydrogen bond
with Trp90.

The latter reduction in fluorescence is coupled to the conforma-
tional change in the SBD that results in substrate release (2). It
has thus been proposed that interactions between NBD sub-
domain IIB and helical elements of the SBD alter the environ-
ment around the tryptophan and account for the slow phase in
the biphasic reduction in tryptophan fluorescence in full-length
Hsp70 (21). However, the environment around Trp90 in crystal
structures of open Hsp70 NBDs in nucleotide-free states (7, 10,
22-24) is essentially identical to that seen in isolated, closed
NBDs in complexes with ATP or ADP (/4) (Figure 2). These
structures cannot, therefore, account for the rapid ATP-driven
quenching of tryptophan fluorescence that is seen even in isolated
NBD:s.

To address the questions raised by these observations, and to
provide a more complete picture of the conformational dynamics
of the Hsp70 NBD in solution, we have performed molecular
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dynamics (MD) simulations of Hsp70 NBDs to explore the
conformational changes induced by ATP binding. Numerous
computational studies have been performed for similar allosteric
open—closed transitions using techniques such as normal-mode
analysis (29), all-atom MD simulations (26, 27), free energy
sampling (28), and transition path sampling (29). Oloo et al. (26),
in particular, have performed all-atom simulations of the NBD of
the maltose ABC transporter, a system closely related to the
chaperonic NBDs, explicitly showing that ATP binding induces
the closure of NBD.

Our MD simulations indicate that, unlike what is observed in
crystal structures of isolated NBDs (7), the nucleotide-free NBD
assumes an open conformation while exhibiting a large degree of
flexibility in its lobe orientations. The ATP-bound NBD, on the
other hand, assumes a conformation that is even more tightly
closed than that seen in crystal structure of a closed ATP-bound
NBD (30). This more complete closing is accompanied by a
relative rotation of the two main lobes of the NBD, which allows
coordination of the fluorescence probe Trp90 in subdomain IB
by Arg261 of the approaching subdomain IIB (Figure 2 and the
movie in the Supporting Information). The coordination seen in
our simulations would contribute strongly to the stabilization of
the tightly closed conformation observed in the ATP-bound
NBD. The formation of the tightly closed state presumably leads
to changes in the solvation environment of Trp90 and the quench
observed in its fluorescence signal.

That this coordination may be coupled to the ATP-driven
decrease in Trp90 fluorescence seen in isolated NBDs was
explicitly tested by constructing and characterizing an R261A
mutant. In agreement with the predictions from the MD simula-
tions, we found that this mutation increases Ky, and k., for ATP
hydrolysis and nearly eliminates the ATP-driven decrease in
tryptophan fluorescence in the NBD. Our studies thus provide a
more complete picture of the solution dynamics of the Hsp70
chaperone and of the role of nucleotides in modulating these
conformational dynamics.

MATERIALS AND METHODS

Model Building. The model open state NBD of bovine
Hsp70 was built from the Hsp70—Hspl110 complex crystal
structure (PDB entry 3¢7n) (22). The isolated NBD was taken
as the domain consisting of residues 1—384 by truncation of the
C-terminal linker and SBD domains of the intact Hsp70. The
missing residues 1 and 2 at the N-terminus were built and added
to the structure. Hydrogen atoms were built using the HBUILD
module of CHARMM (31). The protein was solvated in a pre-
equilibrated water box of orthorhombic symmetry, and over-
lapping water molecules were deleted. K™ and CI™ ions were
added such that the overall system is neutral and would approxi-
mate an ionic strength of 150 mM. The positions of ions were
chosen randomly inside the box, avoiding direct overlap with
protein atoms. The solvated system had approximately 76000
atoms. The system was energy-minimized first for 500 steps with
the protein atoms fixed and then for an additional 500 steps with
only crystallographic atomic positions fixed. The third energy
minimization was with all atoms freed for 500 steps. The
nucleotide-free model thus built did not have nucleotide inside
the pocket. The ATP-bound model was built by aligning the
closed crystal structure [PDB entry l1kax (30)] with the open state
model using all four subdomains and importing the coordinates
of Mg+ ATP. The counterions were adjusted to make the system
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FIGURE 3: Nucleotide binding pocket configuration of the closed
state Hsp70 NBD. (A) Crystal structure [PDB entry 1kax (30), K71M
mutant]. (B) Snapshot from the ATP-bound MD trajectory at 24 ns.

neutral. Similar energy minimizations were performed for the
ATP-bound open state model.

Simulation Conditions. All simulations and analysis were
conducted using CHARMM version ¢33b2 (3/). The
CHARMM force field version 22 for protein (32) and version
27 for ATP (33, 34) were used. The TIP3P model was used for
water (35). The model systems were initially heated gradually to
300 K via velocity rescaling, and subsequent MD simulations
were generally performed at a constant temperature of 300 K.
Constant-pressure conditions were used initially to equilibrate
the box size, with the production simulations largely performed
in a constant volume. Constant-pressure runs were occasionally
mixed in to re-equilibrate the box. Periodic boundary conditions
were used with particle mesh Ewald (36) for electrostatic inter-
actions and a van der Waals cutoff of 10 A. The SHAKE
algorithm was used to fix hydrogen covalent bond lengths with
an integration time step of 2 fs. The protein center of mass was
harmonically held at the center to avoid drifting, but otherwise,
the dynamics were unconstrained. Both the nucleotide-free and
ATP-bound NBD simulations were performed for more than 44
ns, which took ~12 months with parallel runs on two processors
of Opteron 2214 chips per trajectory.

Analysis of Trajectories. The dynamical trajectories saved
one snapshot per 0.8 ps. The subdomain rotation angle was
defined as the angle formed by the centers of mass of subdomains
IB, IA/IIA, and IIB. All atoms in each group were included in the
calculation of the center of mass. The saved coordinates of 0.8 ps
periods were used to generate the time series in Figure 4 and
the statistics in Table 2. The crystal structure angles listed in
Table 1 were calculated using the center of mass coordinates
of atom groups of known crystal coordinates only. All root-
mean-square deviation (rmsd) values were calculated with the
C, atoms of the protein backbone only. The hydrogen bond
distance between Trp90 and Arg261 shown in Figure 4C was
defined as the minimum distance among those between the HE1
atom of Trp90 and the NHI or NH2 atoms of Arg261.

Preparation of Mutant and Wild-Type (WT) NBDs and
Enzyme Assays. Mutants were constructed and Hsp70 NBDs
expressed and purified as described previously (7, 13). Single-
turnover ATPase assays were conducted as described pre-
viously (7, 13) and resolved by TLC. ATPase rates were
determined by fitting the percent remaining [a-*’PJATP at
different reaction times to a single-exponential decay function
using nonlinear curve fitting as implemented in Origin. V., and
K., were then determined by fitting ATPase rates to enzyme
concentrations using the Michaelis—Menten equation in Origin.
Tryptophan fluorescence emission spectra were collected for
proteins at 1 mg/mL in 10 mM Tris (pH 7.5), 50 mM KCl, and
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FIGURE 4: Time evolution of structural parameters over the dyna-
mical trajectories. Black and blue lines are for the nucleotide-free and
ATP-bound NBDs, respectively. (A) C, rmsd with respect to the
initial crystallographic open state (PDB entry 3c7n). (B) Domain
angle between IB—(IA/ITA)—IIB centers of mass. The dashed lines
indicate the angles of the crystallographic open (PDB entry 3¢7n) and
closed (PDB entry 1kax) states (Table 1). (C) Trp90—Arg261 hydro-
gen bond distance.

Table I: Subdomain Angles of Known Closed (PDB entry lkax) and Open
Crystal Structures of the Hsp70 NBD“

3¢7n, 3d2f, 1hx1, 3cqgx,
lkax Hspl110 Hspl10  Bag-1 Bag-2 lyuw

crystal  55.4 67.1 72.4 64.9 60.8 62.3
MD 53.6+1.9 68.6 4.1

“The angle values are in degrees. The second row of data shows the
statistics of MD trajectories started with the 3¢7n NBD structure with and
without bound ATP, averaged over time excluding the initial 10 ns (see
Figure 4B).

Table 2: C, rmsd Values of MD Trajectories with Respect to the Initial
Open State Reference”

total IB 1A IIA 1IB IB/IA IA/IIA IIA/IIB

ATP 377 233 1.47 150 1.29 1.98 2.93 1.83
nucleotide-free  3.08 243 1.68 1.67 1.58 2.21 2.21 2.56

“Snapshots along the trajectories were first aligned to the reference using
the whole NBD, each subdomain, or the pairs of subdomains, and the rmsd
calculated. The subdomains were defined as follows: IA, residues 1—39,
116—188, and 361—384; IB, residues 40—115; IIA, residues 189—228 and
307—360; and IIB, residues 229—306. The data shown are the root-mean-
square average (in units of angstroms) over trajectories excluding the initial
10 ns (see Figure 4A).

5 mM MgCl, in either the presence or absence of 0.1 mM ATP.
Data were collected on a Horiba Jovin Yvon FluoroMax
3 fluorimeter with excitation at 295 nm (1 nm bandwidth) with
emission measured over the 300—380 nm window (4 nm
bandwidth). Protein spectra were corrected by subtraction of
emission spectra of buffer alone or buffer with 0.1 mM ATP from
spectra of proteins in the absence or presence of 0.1 mM ATP,
respectively.
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FiGure 5: Individual contributions of residues to subdomain rmsds
relative to the initial structure. For each residue, the MD snapshots
were first aligned to the reference only using the subdomain to which
it belongs, and the rmsd values of subdomains calculated.

RESULTS

ATP Binding Pocket Configuration. In our MD simula-
tions, the initial state of the NBD was modeled by the open
bovine Hsc70 NBD from the Hsp110-bound structure [PDB
entry 3c7n (22)]. From this state, two trajectories were initiated:
one with a bound ATP and the other nucleotide-free. We
generated the initial structure of the ATP-bound NBD was
generated by aligning the open NBD from the Hsp110—Hsc70
complex with the structure of a more closed NBD with bound
ATP (PDB entry lkax) and then importing the Mg-ATP
coordinates. If in carrying out this alignment one optimizes
superposition of lobe I from each NBD, then the ATP is docked
so that the interactions with the phosphate groups are favorably
formed. Alternatively, if the alignment optimizes superposition
of lobe II, then the interactions with the base are retained.
Instead, we chose to minimize bias toward interactions
with either the base or phosphates in our initial model of the
ATP-bound open NBD by optimizing a global alignment that
involved all four subdomains of the NBDs. In addition to the
Mg*" ion, two K" ions near the ATP in the binding pocket play
roles in the hydrolytically active closed state of the NBD (37).
These potassium ions were not included in our initial ATP-bound
open model, although ions (K" and C1™) were present around the
protein within the solvent region. Our dynamical simulation is
therefore intended to probe the early-stage collapse of the NBD,
induced by a relatively unspecific Mg+ ATP binding event.

After 24 ns (Figure 3B), many of the interactions of key
residues with Mg-ATP in the binding pocket are observed to
form. Some differences with the crystal structure, however, are
seen, notably with Thr13, which is mainly coordinated to 5-P;
rather than y-P;. Thr13 plays a key role in the transmission of the
ATP-induced conformational change to the SBD (38). To see if a
manual placement of potassium ions would quickly establish
some of the remaining nucleotide—protein interactions, a late-
stage snapshot was taken from the dynamical trajectory, and two
potassium ions nearby were physically moved to the putative
locations suggested by the crystal structure. A subsequent
dynamics run, however, did not reveal any rapid changes in the
binding modes of key residues.

Closing of the Cleft in the AT P-Bound NBD. We quantify
the large-scale structural transition between the open and closed
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states with the domain angle formed by the centers of mass of
subdomains IB, IA/ITA, and IIB (Figure 1). Table 1 compares the
angle values of some of the known NEF-bound NBD crystal
structures, the nucleotide-free two-domain structure, and the
closed state value (PDB entry 1kax, 55.4°). The open NBDs can
be grouped into two classes: in the Bag-1 (10) and Hsp110 (22, 23)
complexes, rearrangement into the open state is largely confined
to the rotation of subdomain IIB (Figure 1A) and involves the
ITA—TIB interface. In the complex with Bag-2 (24) and in the two-
domain nucleotide-free Hsp70 (/3), the conformational change
also includes the relative rotation of lobes I and II with respect to
each other and involves the IA—IIA interface. The difference in
the opening angles between the two Hsp70—Hsp110 complexes is
likely due to differences in the nucleotides bound in each
complex: due to differences in the crystal growth conditions,
PDB entry 3¢7n has a bound ADP in the Hsc70 NBD while PDB
entry 3d2f, which is ~5° more open, does not. The former
therefore probably represents an intermediate in the ADP release
process driven by Hsp110. Overall, the data in Table 1 suggest
that the action of NEF binding generally forces the NBD to open
more than the nucleotide-free form without NEF, with varying
degrees of domain opening reflecting both the nature of the
bound NEF and nucleotides captured within the pocket in the
crystals.

Our simulation results provide dynamical information about
the NBD opening modes and flexibility, which complement the
structural data. Figure 4A shows the evolution of the rmsd of the
NBD relative to the initial open state. Both the nucleotide-free
and ATP-bound NBDs exhibit equilibration within ~15 ns,
during which the ATP-bound NBD accumulates relatively larger
deviations from the reference. The larger magnitude of the rmsd
(by ~0.7 A) of the ATP-bound NBD compared to the nucleotide-
free NBD reflects the subdomain closing from the open state.

This closing is more clearly seen in Figure 4B, which shows the
time series of the subdomain angle along the two trajectories. It is
notable that for both nucleotide-free and ATP-bound NBDs, the
early subnanosecond trends exhibit a precipitous drop in angle
from the initial value corresponding to the Hsp110 complex. This
behavior implies that irrespective of the nucleotide inside the
pocket, the conformation of the NBD within the complex is
stabilized by the bound NEF. Without the NEF in our simula-
tions, the particular open state adopted by the NBD becomes
unstable, leading to a quick initial collapse of the domain angle
both for the nucleotide-free NBD and for the ATP-bound NBD.
This temporary closing of the nucleotide-free NBD, however, is
gradually offset by a reopening of the subdomains in ~10 ns. The
average of the angle for nucleotide-free NBD after this period
agrees well with what would be expected on the basis of the values
of crystal structures (Table 1). Our nucleotide-free trajectory
nevertheless implies that the open form adopted by the NBD in
NEF complexes differs considerably from the native open form
most stable for an isolated NBD.

The domain angle of the ATP-bound NBD in contrast exhibits
an equilibration into values that are ~15° smaller than the open
average. This range of values is more closed (by ~2°) than the
crystal structure of an ATP-bound NBD. The degree of fluctua-
tion around the average (1.9°) is also much smaller than for the
nucleotide-free NBD (4.0°), suggesting that intrinsic flexibility in
subdomain movements in the nucleotide-free form is suppressed
in the closed NBD by interactions with ATP.

Contribution of Subdomain Movements. The subdo-
main movements constituting the open—closed transition largely
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consist of rigid body-type hinge bending motions of the four
subdomains, IB, TA, IIA, and IIB (Figure 1). To quantify this
feature, the overall rmsd of the whole NBD (Figure 4A) was
compared with those calculated using individual or collections of
subdomains (Table 2), and the contribution that each domain
movement makes to the large-scale conformational change was
assessed. For both nucleotide-free and ATP-bound NBDs, it is
seen that subdomain IB shows the largest internal conforma-
tional change and flexibility. As can be seen in Figure 1B, such
internal changes in IB largely consist of partial unfolding of the
p-sheet secondary structure in the simulated NBDs. The rest of
the subdomains all exhibit relatively small internal rmsd values
(~1.4 A), revealing the rigidity of the subdomain folds.

To examine the roles played by the hinge bending rearrange-
ments of subdomains in the closing transition, we bundled
adjacent subdomains into pairs and calculated the rmsd values
of these groups with respect to the open state reference (Table 2).
For the ATP-bound NBD, the IB/IA pair shows an rmsd value
(2.0 A) that is intermediate between those for the individual
subdomains. Domain pairs IA/IIA and (to a lesser extent)
ITA/IIB, in contrast, both show rmsds much larger than the
individual subdomain values. This suggests that the greatest
contribution (2.9 A) to the closing transition in the ATP-bound
NBD comes from hinge motions in the interface between the
IA and IIA subdomains, or relative rotations of lobes I and II
(Figure 1). This largest change is followed by the movements
(1.8 A) in the interface between subdomains IIA and IIB. The
rmsd of the IB/IA pair (2.0 A) in contrast, is mainly a
consequence of the internal flexibility of the IB subdomain
(intradomain rmsd of 2.3 A)

The rmsd values of the nucleotide-free NBD, on the other
hand, largely reflect the flexibility of subdomain movements
around the open state: the values of the three interdomain pairs
are all similar in magnitude (2.2, 2.2, and 2.6 A). We therefore
conclude that in the open form, all four subdomains undergo
relatively large rigid body-type rearrangements.

More information about the distribution of subdomain flexi-
bility within the NBD can be gleaned from the contribution each
residue makes to the conformational changes. Figure 5 shows
such a distribution for the ATP-bound NBD trajectory. In this
analysis, for each residue of the NBD, structures on the trajectory
were first aligned to the initial open state using only the
subdomain to which the residue belongs, and the rmsd of the
chosen residue was calculated. This procedure largely removes
contributions that the rigid body hinge bending movements make
to the overall conformational change. The rmsd values calculated
therefore mostly reflect the deviations of each residue within the
subdomain, allowing for the identification of hinge regions.
Apart from the flexible N- and C-terminal residues, we identify
three hinge regions from Figure 5: residues 186—191 and
357—366, which form the loops at the interface between the 1A
and IIA subdomains, and residues 226—231 at the interface
between subdomains ITA and IIB (Figure 1B). The existence of
two hinges between domains IA and IIA compared to one
between domains IIA and IIB also correlates well with the fact
that the former makes greater contributions to the overall closing
transition than the latter. Although many residues in the IB
subdomain show similar levels of movement, the distribution is
spread over the subdomain rather than localized, which we
attribute to the internal unfolding of secondary structures.

Identification of disordered loops and hinge regions can
also be achieved by bioinformatics methods, which have the
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advantage of speed often without the knowledge of crystal
structures. Predictions for disordered regions in the Hsp70
NBD by two knowledge-based methods, FoldUnfold (39, 40)
and RONN (41), included the region of residues 226—231, which
is seen to have the greatest disorder in Figure 5.

Fluorescence Probe Trp90. The nucleotide-free and ATP-
bound NBD trajectories were analyzed to examine changes to the
solvation environment of Trp90 located in subdomain IB.
A prominent structural change expected to affect the Trp90
fluorescence signal is the coordination of the tryptophan residue
by Arg261 in subdomain IIB within the ATP-bound NBD
trajectory (Figures 2 and 4C). In the crystallographic open and
closed structures (Figures 2A,B), the closed state flips the Arg261
side chain toward IB (from the direction facing the NEF in
the open state), while the Trp90 side chain remains largely
unchanged. The distance between these residues (NEI of Trp90
and NH1/NH2 of Arg261) decreases from 21 Ain the open state
(PDBentry 3c¢7n)to 11 Ain the closed state (PDB entry 1kax) but
is always too far to allow coordination. In the simulation of the
nucleotide-free NBD, the Trp90—Arg261 distance fluctuates
between 14 and 30 A, again reflecting fluctuating subdomain
rearrangements (Figure 4C). The distance in the ATP-bound
NBD, in contrast, steadily decreases over ~20 ns from 21 to 3.8 +
09A (> 22 ns). These late-stage values correspond to conforma-
tions in which the two residues steadily maintain hydrogen bonds
(Figure 2C and the movie in the Supporting Information). It was
also observed that together with Trp90, the neighboring His89
interacts with Arg261.

Mutational Test of Predictions from the M D Simulation
of ATP-Induced Closing of Hsp70. Our MD simulation
suggests that ATP binding induces a more extreme closing of
the NBD than what has been observed crystallographically,
resulting in extensive contacts between subdomains IB and 1B
and formation of a hydrogen bond between Arg261 and Trp90 of
the Hsp70 NBD (Figure 2C). Such a conformational change
would alter the environment of the tryptophan and could be
responsible for the ATP-driven reduction in tryptophan fluores-
cence seen in the isolated NBD. To test this, we characterized an
Hsp70 NBD in which Arg261 had been substituted with alanine.
The available crystal structures suggest that such a mutation
should have no effect on ATP hydrolysis, affinity, or ATP-
induced changes in tryptophan fluorescence since this arginine
makes no direct interactions with ATP or the tryptophan and is
not involved in stabilizing the closed NBD conformation in these
structures.

However, the MD results predict that (1) an R261A mutation
will increase ATP K, by removing an interaction that stabilizes
the extremely closed NBD, thus facilitating ATP dissociation [as
has been observed previously for mutations in residues that are
far from the ATP binding site but that stabilize the closed
conformation through interactions between NBD subdomains
IB and IIB (42)], and (2) an R261A mutation will reduce or
abrogate the ATP-induced change in tryptophan fluorescence.

Single-turnover ATPase assays revealed that the R261A
mutation increases the K, for ATP by ~5-fold, consistent with
the prediction from the MD simulation (Figure 6A,B). The
mutation also increases the ATPase rate by ~6-fold. Such
increases in ATPase rates have been seen in many Hsp70
mutants (7, 13, 43, 44), including mutants in residues that are
distant from the active site, and may reflect the fact that the
ATP-Hsp70 complex is conformationally restricted in a state
with a low ATPase rate that is dynamically activated through
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FIGURE 6: ATP hydrolysis rates as a function of WT (A) or R261A
(B) NBD concentrations in single-turnover ATPase reactions. Fits
are to the Michaelis—Menten equation, and presented values give
averages and the range (in parentheses) from two independent
determinations. Tryptophan fluorescence emission spectra for WT
(C) or R261A (D) NBDs in the absence or presence of 0.1 mM ATP
(as indicated). Error bars spanning the spectra show the standard
deviation for four independent experiments, as are the presented
values for the effects of ATP on the spectra at 320 nm.

interactions with J-proteins or mutations that increase the
mobility of this state.

Addition of ATP to the WT NBD resulted in a 5% decrease
in tryptophan fluorescence at 320 nm (the decrease at 339 nm
was 7%), in agreement with previous measurements (20, 45)
(Figure 6C). The R261A mutant, however, exhibited a barely
detectable 0.7% increase in tryptophan fluorescence at 320 nm
and an only 3% decrease at 339 nm (Figure 6D). These results
support the conclusion from the MD simulation that, in solution,
ATP induces a greater closure of the NBD than is seen in the
crystal structures, so that subdomain IB moves close enough
to IIB to allow Arg261 to form a hydrogen bond to Trp90 and
cause a change in the environment of this tryptophan that can
explain the ATP-induced change in fluorescence seen in the
isolated NBD.

DISCUSSION

Studies using tryptophan fluorescence (20) have revealed the
sequence of conformational changes induced by binding of ATP
to bovine Hsc70: the first step is a bimolecular reaction of ATP
and NBD accompanied by a rapid fluorescence intensity quench;
the second step is a much slower (k = 0.7 s~') isomerization
corresponding to a conformational change involving both the
NBD and the SBD. With the (44 kDa) NBD fragment, only the
initial, rapid bimolecular step is observed. However, crystal
structures of isolated NBDs provide no insight into these changes
since the environment around the tryptophan (and the degree of
opening of the NBD) is essentially identical in these structures
irrespective of the nucleotide state of the NBD. This suggests
that the conformational range of the NBD in solution is more
extensive than that observed in the crystal structures, a con-
clusion that is supported by NMR studies (/5—17). Our MD
simulations identify the structural change that is likely to be
responsible for the ATP-driven fluorescence change in the
isolated NBD: subdomain IIB’s approach to IB results in a
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strong coordination of Trp90 by Arg261 (Figure 4C). The fast
time scale (~20 ns) of this change in the simulation is consistent
with the single-step bimolecular nature of the experimentally
observed fluorescence quench. The fact that a relatively un-
specific placement of a Mg-ATP in the pocket (without the
catalytic potassium ions) was sufficient to cause the rapid
collapse of the NBD suggests that NBD closure is largely driven
by a collective electrostatic interaction that does not require
precise participation of catalytic residues. The close approach of
subdomains IB and IIB, in particular, is made possible both by
the more complete closing of the two lobes compared to the
crystal structures and by a sizable rotation of lobe II with respect
to lobe I (Figures 1 and 2). The latter feature is consistent with
previously observed structural features of the nucleotide-free
two-domain Hsp70 structure (/3), the Bag-2 NEF complex
structure (24), and the Hsbpl NEF complex (46).

We note that studies of isolated tryptophans in solution have
established that their fluorescence signals are not quenched
appreciably by arginines alone (18, 19). The observed coordina-
tion of Trp90 by Arg261, therefore, is likely to be causing the
quench by stabilizing the tightly closed ATP-bound conforma-
tion and altering the solvation environment of Trp90 with its
neighboring residues, rather than quenching the fluorescence
directly with the hydrogen bond. This interpretation is reinforced
by the observation of the “flipping” of the Trp90 side chain in the
movie in the Supporting Information, apparently driven by its
interaction with Arg261.

Our simulations also reveal that a nucleotide-free NBD
samples a broad range of open conformations with fluctuations
that support the picture of the Hsp70 NBD as a four-subdomain
protein joined by flexible interfaces, consistent with models based
on NMR experiments (15). The greater flexibility of the nucleo-
tide-free versus nucleotide-bound NBD is also supported by the
observation of much higher thermal factors for crystal structures
of otherwise identical nucleotide-free (PDB entry 2qw9) versus
ADP-bound (PDB entry 2qwl) or ADP- Vi-bound NBDs (PDB
entry 2qwm) (/3). It is worth noting that the nucleotide-free
crystal structure (PDB entry 2qw9) is closed despite the absence
of bound nucleotides. Given the flexibility of the nucleotide-free
NBD indicated by Figure 4B, it is reasonable to interpret this as a
consequence of packing contacts in crystals of isolated NBDs.

The initial collapse observed in these simulations commences
within a surprisingly short time scale (~10 ns) accessible with
direct all-atom MD, with the ATP placed in the middle of the
open binding site. Completion of specific interactions of key
residues with ATP to the level seen in crystal structures
(Figure 3), however, would likely require time scales considerably
longer than 44 ns sampled in this study. One may thus envision a
scenario for the open—closed transition akin to those in protein
folding processes, where the dynamical processes are divided into
two main stages. In the first stage, the insertion of a nucleotide
ligand causes a relatively unspecific collapse of subdomains
toward the binding pocket. Diffusional drifts of the NBD would
then follow within the restricted conformational space in which
the subdomains have already “closed” but key interactions still
have not been completed (analogous to the molten globule phase
in protein folding). This second stage of drifts would be termi-
nated by a “lock-in” event when the full set of key interactions
become established and would involve time scales that are orders
of magnitude longer.

These latter steps would likely be coupled to the global
conformational changes of the intact Hsp70 that involve both
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the NBD and the SBD (2/). Computational investigations of
these slower steps will require different strategies, focused on
efficient samplings of conformational spaces and nucleotide—
protein residue interactions. An important conclusion from our
studies, nevertheless, is that MD simulations can reveal enough
details regarding novel conformational states to allow explicit
testing (and validation) by biochemical approaches.

SUPPORTING INFORMATION AVAILABLE

Coordinate file for the closed state NBD from a late-stage

snapshot (24 ns) of the ATP-bound trajectory (Figure 2C) and a
movie illustrating the closing of the ATP-bound NBD (blue lines
in Figure 4) from the initial open state (cartoons in gray color),
where the viewpoint corresponds to the direction from the
bottom to top in Figure 1. The frame rates are 0.1 ns/frame for
the first 24 and 0.4 ns/frame for 24—44 ns. This material is
available free of charge via the Internet at http://pubs.acs.org.
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