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ABSTRACT: Hsp70 chaperones are heterotropic allosteric systems in which ATP and misfolded or aggregated
polypeptides are the activating ligands. To gain insight into the mechanism by which ATP and polypeptides
regulate Hsp70 chaperone activity, the effect of a short peptide on theKM for ATP was analyzed using
the Escherichia coliHsp70 called DnaK. In the absence of peptide, theKM

-P for ATP is 52 ( 11 nM,
whereas this value jumps to 14.6( 1.6 µM in the presence of saturating peptide. This finding supports
a mechanism in which ATP binding drives the chaperone in one direction and peptide binding pushes the
chaperone back in the opposite direction (and thus increasesKM), according to ATP+ DnaK‚P h ATP‚
DnaK‚Ph ATP‚DnaK* + P, where ATP‚DnaK‚P is an intermediate from which competing ATP hydrolysis
occurs (ATP‚DnaK‚P f ADP‚DnaK‚P). We show that this branched mechanism can even explain how
DnaK hydrolyzes ATP in the absence of peptide and that the true rate constant for DnaK-mediated ATP
hydrolysis (khy) in the absence of peptide may be as high as 0.5 s-1 (rather than 5× 10-4 s-1 as often
stated in the literature). What happens is that a conformational equilibrium outcompetes ATP hydrolysis
and effectively reduces the concentration of the intermediate by a factor of a thousand, resulting in the
following relation: kcat ) khy/1000 ) 5 × 10-4 s-1. How polypeptide substrates and the co-chaperone
DnaJ modulate DnaK to achieve its theoretical maximal rate of ATP hydrolysis, which we suggest is 0.5
s-1, is discussed.

The Escherichia coliHsp70 molecular chaperone DnaK
is an ATP-dependent molecular machine that functions to
prevent and reverse the misfolding and aggregation of cellular
proteins (for reviews, see refs1-3). Two co-chaperones,
DnaJ and GrpE, regulate DnaK’s activity. DnaJ, which is a
chaperone itself, presents a substrate to DnaK and simulta-
neously signals DnaK to hydrolyze ATP, which finalizes
substrate capture. GrpE is a nucleotide exchange factor that
catalyzes the release of tightly bound ADP (4, 5). The
essence of the Hsp70 chaperone cycle is that the chaperone
shuttles between an ADP-bound state, which has a high
affinity for substrate proteins (Kd ≈ nanomolar) and an ATP-
bound state, which has a low affinity for substrate proteins
(Kd ≈ micromolar) (6, 7). In each of these states, the
nucleotides themselves, ADP and ATP, are tightly bound
(Kd e 200 nM) (8, 9). It is likely that DnaK utilizes free
energy from ATP binding or hydrolysis to forcefully unfold
substrates (2, 10). In this sense, the DnaK/DnaJ/GrpE system
is similar to the GroEL/ES system, which has been shown
to fold substrates by forced unfolding (11).

DnaK consists of three domains: The 44-kDa nucleotide-
binding domain (NBD),1 the 12-kDa substrate-binding
domain (SBD), and the 13-kDa multihelical lid domain
comprise residues 1-384, 394-508, and 509-638, respec-

tively. Residues 385-393, which are highly conserved
among Hsp70s from different organisms, link the NBD to
the SBD. With two lobes separated by a deep cleft in which
nucleotide binds, the NBD binds and slowly hydrolyzes ATP
(12). With a â-sandwich domain topped by a multihelical
lid (13, 14), the C-terminal domain binds and sequesters the
substrate protein. A leucine-rich peptide (NRLLLTG), bound
within the â-sandwich, makes numerous contacts via its
main-chain atoms to side chains of DnaK residues that line
the channel (14).

Hsp70 chaperones such as DnaK are heterotropic allosteric
systems (15) in that ATP binds to the NBD, and this is sensed
in the SBD, resulting in weakened peptide binding (16).
Conversely, substrate binds to the SBD, and this is sensed
by ATP lodged in the NBD, resulting in accelerated DnaK-
mediated ATP hydrolysis (17). Although the structural
changes that enable this interdomain communication are
entirely mysterious, site-directed mutagenesis studies have
revealed mutations in the NBD (E171A, D201N) (18, 19),
the highly conserved linker region (LL390,391DD) (20), and
the SBD (K414I, N451K) (21) that either lower or abolish
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coupling between the two domains, as judged by the inability
of ATP to trigger the release of bound peptide (and decrease
DnaK’s tryptophan fluorescence), as well as the inability of
peptide to stimulate DnaK-mediated ATP hydrolysis.

Although kinetic analysis has been very useful in showing
how nucleotides modulate the conformation and reactivity
of Hsp70 chaperones (7-9, 22), many different Hsp70
mechanisms have been proposed and few attempts have been
made to distinguish between them. In the present study, we
have attempted to distinguish between two mechanisms that
have been proposed to explain chaperone interactions with
ATP and misfolded or unfolded substrates. One of these
mechanisms, referred to here as the branched mechanism,
contains competing parallel reactions and a ligand-activated
molecular switch (Figure 1A) (23-25), whereas, the other
mechanism, referred to as the catapult (Figure 1C), contains

sequential reactions, one of which is a unique unidirectional
peptide ejection step (26). Steady-state ATPase experiments
that were conducted in this study support the branched
mechanism and rule out the catapult mechanism.

MATERIALS AND METHODS

Protein and Reagents.Reagents were of the highest purity
and were purchased from Sigma, unless stated otherwise.
DnaK was isolated using ATP-agarose affinity chromatog-
raphy followed by ion exchange chromatography, as de-
scribed (27). The sample buffer consisted of 25 mMN-(2-
hydroxyethyl) piperazine-N′-2-ethanesulfonic acid (HEPES)/
50 mM KCl/5 mM MgCl2/5 mM 2-mercaptoethanol at pH
7.0. The proteins were made nucleotide-free by exhaustive
dialysis (16 L of buffer over 4 days) (27) or by the method
of Gao et al. that employs 5′-adenylyl imidodiphosphate

FIGURE 1: Branched mechanism with and without saturating peptide are shown in (A) and (B), respectively. Sequential mechanism with
and without saturating peptide are shown in (C) and (D), respectively. In (C), I and II denote different intermediates. The asterisk in
ATP‚DnaK* denotes decreased fluorescence relative to the other states. P and P′ represent two different conformations of a polypeptide
substrate.
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(AMP-PNP) (28) and then stored in the HEPES sample
buffering containing 10% glycerol at-80 °C prior to use.
The endogenous nucleotide content in DnaK preparations
after either of these treatments was estimated by theA280/
A260 ratio. In every case,A280/A260 ) 1.5-1.7, which indicated
that DnaK was nucleotide-free (29). Glycerol was removed
by an overnight dialysis before using the protein. DnaK was
judged to be greater than 95% pure based on Coomassie blue
staining of SDS-PA gels.

The p5 peptide was purchased from Genemed Synthesis
Incorporated (S. San Francisco, CA), purified to>95% by
high performance liquid chromatography, and peptide mass
was verified by electrospray mass spectroscopy.

ATPase ActiVity Measurements.The ATPase assay was
performed as described by Karzai and McMacken (30).
Briefly, the reaction mixture (40µL) contained 50 nM DnaK
(2.0 pmol), 25 mM HEPES/KOH, 11 mM magnesium
acetate, 150 mM potassium glutamate at pH 7.6. For the ATP
concentration range 5-400 nM, a 500 nM stock solution of
ATP (ATP + [R-32P]-ATP) was used (specific activity 100
Ci/mmol). For the ATP concentration range of 600 nM to
17.5µM, a 50µM stock solution of ATP (ATP+ [R-32P]-
ATP) was used (3.6 Ci/mmol). For the ATP concentration
range of 100-250 µM, a 2.5 mM stock solution of ATP
(ATP +[R-32P]-ATP) was used (2.5 Ci/mmol). Samples were
preincubated 2 min at 25°C prior to the addition of ATP.
Aliquots (3 µL) were removed periodically and quenched
with 1 µL 0.2 M HCl, and then 2µL aliquots were subjected
to polyethyleneimine (PEI)-cellulose thin-layer chromatog-
raphy using a 1 M formic acid and 0.5 M lithium chloride
mobile phase. Radiolabeled ATP and ADP were detected
and quantified using a STORM 860 Phosphorimager. Product
formation traces were analyzed by linear-regression to
determine the initial rates of ATP hydrolysis (ν0, pmol ADP
min-1). Rates were divided by the picomoles of DnaK in
the reaction (ν0/[DnaK], min-1). Nonenzymatic hydrolysis
of ATP was determined for each experiment and did not
exceed 8( 1.5% after 4 h incubation. For experiments using
the p5 peptide, the p5 peptide concentration was 500µM.

CurVe Fitting and Error Analysis.Least-squares fitting
of data and determinations of standard errors of the fitted
parameters were conducted using the program KaleidaGraph
(Synergy Software, Reading, PA). Errors were propagated
according to methods outlined in Bevington (31).

RESULTS

The objective of this study was to test two different types
of mechanisms, branched and sequential, of chaperone action.
In the branched mechanism (Figure 1 A), ATP binds to a
DnaK‚P complex and forms an intermediate (ATP‚DnaK‚
P), which then undergoes competing parallel reactions that
produce products that possess very different kinetic and
spectral properties. Hydrolysis yields ADP‚DnaK‚P, from
which peptide dissociation is very slow. Hydrolysis occurs
without a spectral change in DnaK. Competing against
hydrolysis, a conformational change yields ATP‚DnaK*,
from which peptide dissociation is quite fast. This confor-
mational change partially quenches the tryptophan fluores-
cence of DnaK (indicated by an asterisk) (23, 24). In this
mechanism, peptide binding reverses the forward confor-

mational change and increases the amount of the intermediate
complex, which in turn increases the rate of DnaK-mediated
ATP hydrolysis () khy

+P × [ATP‚DnaK‚P]). Two ATP-
bound states exist in this mechanism, ATP‚DnaK‚P and ATP‚
DnaK*. The companion branched mechanism for the reaction
between DnaK and ATP in the absence of peptide is shown
in Figure 1B. The ATP-bound intermediate is the branch
point for each mechanism.

In the catapult mechanism (Figure 1C), which is a unique
form of a sequential mechanism, ATP rapidly binds to a
DnaK‚peptide complex and forms an intermediate (ATP‚
DnaK‚P)I. A conformational change then occurs that releases
the bound peptide and partially quenches the protein’s
tryptophan fluorescence, forming the low-affinity state (ATP‚
DnaK*) (26). The unique aspect of the catapult mechanism
is that this conformational change that releases the bound
peptide from the (ATP‚DnaK‚P)I intermediate is unidirec-
tional. Peptide substrates can rapidly bind (kon) to and rapidly
release (koff) from ATP‚DnaK*, and the binding of a peptide
molecule to ATP‚DnaK* increases the tryptophan fluores-
cence of the protein and creates a second intermediate (ATP‚
DnaK‚P)II. ATP hydrolysis converts this second intermediate
to the ADP-bound state. After ADP dissociates, ATP binds
and triggers the unidirectional release of the bound substrate
peptide (koff

/ ). This catapult step may occur at a different
rate than the reversible transient interaction (koff

/ * koff).
Three ATP-bound states exist in the catapult mechanism,
(ATP‚DnaK‚P)I, ATP‚DnaK*, and (ATP‚DnaK‚P)II. The
companion sequential mechanism for the reaction between
DnaK and ATP in the absence of peptide is shown in Figure
1D.

Evidence from pre-steady-state kinetic experiments in
support of a bidirectional conformational switch in DnaK
(eq 1) was previously reported (23).

One key finding was that for stopped-flow experiments that
probed the forward reaction, in which the ATP concentration
was varied in one syringe with a fixed concentration of
DnaK‚peptide complexes in the other syringe, the observed
rate (kobs) of ATP-induced fluorescence quenching followed

Another key finding was that for stopped-flow experiments
that probed the reverse reaction, in which the peptide
concentration was varied in one syringe with a fixed
concentration of ATP‚DnaK complexes in the other syringe,
the observed rate (kobs) of peptide-induced fluorescence
increase followed

The peptide on- and off-rate constants determined from
experiments that probed the forward reaction were exactly
equal to the peptide on- and off-rate constants determined

ATP + DnaK‚P h
K1

ATP‚DnaK‚P h
kon
∆Fv

∆FV
koff

ATP‚DnaK* + P

(1)

kobs) kon[P] +
koff[ATP]

K1 + [ATP]
(forward reaction) (2)

kobs) kon[P] + koff (reverse reaction) (3)
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from experiments that probed the reverse reaction. Although
such results support the branched mechanism, they do not
disprove the subtly different catapult mechanism. This is
because in the catapult mechanism ATP and peptide also
induce reciprocal changes in the tryptophan fluorescence of
DnaK. Experiments that do not depend on tryptophan
fluorescence are needed to distinguish between these two
mechanisms.

We posit that the branched and catapult mechanisms can
be distinguished via experiments that measure the steady-
state ATPase activity of DnaK as a function of the
concentration of ATP. That is, although the rate of ATP
hydrolysis by DnaK will obey Michaelis-Menton kinetics
for each mechanism, the two mechanisms will differ in how
peptide affects theKM for ATP. For example, in the branched
mechanism peptide partially reverses the two-step sequential
reaction that defines this mechanism (Figure 1A); thus,
saturating peptide should increase dramatically theKM for
ATP (KM

+P . KM
-P). However, in the catapult mechanism

peptide drives the reaction forward (Figure 1C), and thus
saturating peptide should decrease theKM for ATP (KM

+P ,
KM

-P). Steady-state kinetic experiments were conducted to
determine whether saturating peptide increases, decreases,
or has no effect on theKM for ATP.

Measurement of the Rate of DnaK-Mediated ATP Hy-
drolysis.DnaK-mediated ATP hydrolysis was measured by
using [R-32P]-ATP in conjunction with PEI-cellulose chro-
matography. ATP (ATP/[R-32P]-ATP) was added to a sample
of DnaK; aliquots were periodically removed and quenched
by the addition of SDS loading buffer. The radiolabeled
nucleotides were separated using a PEI-cellulose plate (see

Materials and Methods for additional details). Representative
time courses for DnaK-mediated ATP hydrolysis in the
absence of added p5 peptide, analyzed by linear regression,
are shown in Figure 2A. Initial rates of ATP hydrolysis (ν0/
[DnaK]0, s-1) are plotted against ATP concentration in Figure
2B. The hyperbolic plot is characterized bykcat

-P and KM
-P

values of 5.0( 0.2× 10-4 s-1 and 52( 11 nM, respectively.
By comparison,KM

-P values for ATP of 19( 2 nM (9) and
1 µM (32) were previously reported for DnaK.

Parallel experiments analyzed the effect of saturating
peptide on the rate of DnaK-mediated ATP hydrolysis. The
peptide concentration used (500µM) is much larger than
the Kd for p5 binding to ATP-bound DnaK (Kd ) 6 µM)
(26). Representative time courses for DnaK-mediated ATP
hydrolysis with saturating p5 peptide, analyzed by linear-
regression, are shown in Figure 2C. The plot ofν0/[DnaK]0
versus the concentration of ATP is characterized bykcat

-P and
KM

+P values of 0.0153( 0.0005 s-1 and 14.6( 1.6 µM,
respectively. Saturating peptide therefore increasedkcat and
KM 31- and 280-fold, respectively. Such a large increase in
KM supports the branched mechanism and is inconsistent with
the catapult mechanism.

Analysis of the Steady-State ATPase Data.To analyze the
different mechanisms in Figure 1, the King-Altman method
(33) was used to derive mathematical expressions forkcat

and KM for each mechanism. The assumptions were that
[ATP] > [DnaK], [P] . Kd (dissociation constant for peptide
binding to ATP-bound DnaK) or [P]) 0, andkADP

on ) 0.
Setting this latter rate constant to zero is reasonable because
the concentration of ATP is in vast excess over the small

FIGURE 2: Effect of peptide onKM for ATP. (A) Time courses for the hydrolysis of [R-32P]-ATP by DnaK in the absence of added peptide.
ATP was varied over the range 5-250 nM (], 5 nM; b, 10 nM;O, 20 nM;2, 50 nM;4, 100 nM; and9, 250 nM) at a fixed concentration
of DnaK (50 nM; 2.0 pmol per sample). Traces were fit to the equation for a straight line (solid line), where the slope is the velocity,ν
(pmol ADP min-1). (B) Plot of V0/[DnaK]0 versus ATP concentration. The solid line is the best fit to the Michaelis-Menton equation and
yielded KM

-P and kcat
-P equal to 52(11 nM and 0.030( 0.001 min-1 (R ) 0.928), respectively. (C) Time courses for the hydrolysis of

[R-32P]-ATP by DnaK in the presence of saturating p5 peptide (500µM). ATP was varied over the range 0.625-250 µM (], 0.625µM;
b, 1.25µM; O, 2.5µM; 9, 5 µM; 0, 10 µM; 2, 12.5µM; and&, 250µM) at a fixed concentration of DnaK (50 nM; 2 pmol per sample).
(D) Plot of V0/[DnaK]0 versus ATP concentration. The solid line is the best fit to the Michaelis-Menton equation and yieldedKM

+P andkcat
+P

equal to 14.6( 1.6 µM and 0.92( 0.03 min-1 (R ) 0.975), respectively. Insets in panels (B) and (D) show double-reciprocal plots.

Branched Mechanism Makes Hsp70 Proteins Weak ATPases Biochemistry, Vol. 44, No. 33, 200511227



amount of ADP generated in a few cycles. The four
Michaelis-Mention equations are given in Figure 1A-D.

We show below that values forkhy
+P and k-1 in the

branched and catapult mechanisms can be calculated using
information determined in this and previous studies. For the
branched mechanism with saturating peptide (Figure 1A), a
calculated value for the intrinsic hydrolysis rate constant
khy

+P was obtained from the following equation:

The right-hand side of the above equation is the theoretical
expression forkcat

+P, which was derived using the King-
Altman method (Figure 1A), whereas the left-hand side of
the equation is the measured value forkcat

+P (Figure 2C,D).
Substituting for kADP

off () 0.022 s-1) (27) in the above
equation and solving forkhy

+P yields 0.0506 s-1. This
calculated constant was then used to determinek-1, the rate
constant for ATP dissociation from the peptide-bound
intermediate. The theoretical relation forKM

+P was set equal
to the experimentally determined value for this constant
() 14.6 µM):

Substituting forkADP
off () 0.022 s-1), k1 () 0.125µM s-1),

andkhy
+P () 0.0506 s-1) into the above equation and solving

yields k-1 ) 6.0 s-1. For comparison, the calculated value
of the rate constant for ATP dissociation from the intermedi-
ate complex of bovine brain Hsc70 is 1.1 s-1 (22). Rate
constants for the branched mechanism with saturating peptide
are given in Table 1.

Notice that for the branched mechanism without added
peptide (Figure 1B) there are three unknown rate constants
(k-1, k-2, andkcat

-P) but only two equations, i.e., one equation
for kcat

-P and another for KM
-P. If it is assumed that ATP

dissociates from the peptide-free intermediate complex (ATP‚

DnaK) with k-1 ) 6.0 s-1, then values forkcat
-Pandk-2 can

be determined. Thus, for the branched mechanism (Figure
1B), the theoretical expression for thekcat

-P/KM
-P ratio was

used to solve forkhy
-P:

Substituting in the above equation fork1 () 0.125µM-1 s-1)
and k-1 () 6 s-1) and solving forkhy

-P yields 0.5 s-1. It is
intriguing that in this mechanismkcat

-P () 5 × 10-4 s-1) is
one thousand times smaller than the intrinsic rate constant
for DnaK-mediated ATP hydrolysis,khy

-P () 0.5 s-1).
A calculated value fork-2 () 0.02 s-1) was also obtained

after substituting values of known constants into the theoreti-
cal expressions forkcat

-P or KM
-P (Figure 1B) and solving for

this constant. The rate constants associated with the branched
mechanism are presented in Table 1.

We pointed out that for the branched mechanism without
peptide there are two equations and three unknowns (k-1,
k-2, and khy

-P), and that our strategy was to use the calcu-
lated value fork-1 () 6.0 s-1), which was determined with
saturating peptide, to determine the other two constants. It
should be noted that changingk-1 leads to new values for
k-2 andkhy

-P. Specifically, decreasingk-1 to 3 s-1 and using
reported values fork1 () 0.125µM-1 s-1), k2 () 19 s-1),
andkADP

off () 0.022 s-1) leads tok-2 andkhy
-P equal to 0.04

and 0.25 s-1, respectively. In the analysis, we assumed a
value of 6 s-1 for k-1 but also recognized that a 2-fold
decrease in this constant produces a 2-fold increase and
decrease ink-2 andkhy

-P, respectively.
The steady-state ATPase data obtained with saturating

peptide was also analyzed in the context of the catapult
mechanism (Figure 1C). The theoretical expression for
kcat

+P(catapult) was set equal to the experimental value for
this constant (eq 7), and the equation was used to determine
khy

+P. Substituting values forkADP
off () 0.022 s-1) and koff

/

() 6.7 s-1) (26) in eq 7 and solving forkhy
+P yields 0.0506

s-1.

This calculated constant was then used to determinek-1, the
rate constant for ATP dissociation from the intermediate.
Specifically, the theoretical relation forKM

+P was set equal
to the experimentally determined value for this constant
() 14.6 µM):

Substituting in the above equation fork1 () 0.125µM-1 s-1),
kADP

off () 0.022 s-1), koff
/ () 6.7 s-1), andkhy

+P () 0.0506 s-1)
and solving fork-1 yields 793 s-1.

Table 1: Rate Constants for the Various Mechanisms

Saturating Peptide

catapult (Figure 1 A) branched (Figure 1 C)

rate constant comments rate constant

k1 ) 1.25× 105 M-1 s-1 refs9, 27 k1 ) 1.25× 105 M-1 s-1

k-1 ) 6.0 s-1 calculated k-1 ) 793 s-1

khy
+P ) 0.050 s-1 calculated khy

+P ) 0.0506 s-1

kADP
off ) 0.022 s-1 ref 27 kADP

off ) 0.022 s-1

catapult step ref26 koff* ) 6.7 s-1

koff ) 5.7 s-1 ref 26 koff ) 6.0 s-1

kon) 1.1× 106 M-1 s-1 ref 26 kon) 1.1× 106 M-1 s-1

No Peptide

branched (Figure 1B) sequential (Figure 1D)

k1 ) 1.25× 105 M-1 s-1 refs9, 27 k1 ) 1.25× 105 M-1 s-1

k-1 ) 6.0 s-1 calculated k-1 ) 793 s-1

k2 ) 19 s-1 ref 27 k2 ) 19 s-1

k-2 ) 0.02 s-1 calculated k-2 ) -3.6× 10-4 s-1

khy
-P ) 0.5 s-1 calculated khy

-P ) 0.0005 s-1

kADP
off ) 0.022 s-1 ref 27 kADP

off ) 0.022 s-1

kcat
+P (branched)) 0.0153 s-1 )

khy
+P kADP

off

kADP
off + khy

+P
(4)

KM
+P (branched)) 14.6µM ) (k-1 + khy

+P

k1 )( kADP
off

kADP
off + khy

+P)
(5)

kcat
-P

KM
-P

(branched)) 5 × 10-4 s-1

0.052µM
)

khy
-Pk1

k-1 + khy
-P

(6)

kcat
+P (catapult)) 0.0153 s-1 ) khy

+P(1 +
khy

+P

kADP
off

+
khy

+P

koff
/ )-1

(7)

KM
+P (catapult)) 14.6µM )

khy
+P (koff* + k-1)

k1[koff* + khy
+P(koff* + kADP

off

kADP
off )]

(8)
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To complete our analysis, the sequential mechanism was
also analyzed to determine values forkhy

-P and k-2 (Figure
1D), with the assumption that in the absence of peptidek-1

also equals 793 s-1. The derived theoretical expressions for
kcat

-P and KM
-P, set equal to their respective experimental

values, are shown below.

Substituting values fork1 () 0.125µM-1 s-1), k-1 () 793
s-1), k2 () 19 s-1), andkADP

off () 0.022 s-1) into eqs 9 and 10
yields two equations with two unknowns (khy

-P and k-2).
Solving the equations one finds thatkhy

-P andk-2 equal 5×
10-4 s-1 and-3.4 × 10-4 s-1, respectively. Notice that in
this sequential mechanism,kcat

-P ) khy
-P () 5 × 10-4 s-1).

Rate constants associated with this mechanism are shown
in Table 1 (lower right-hand column).

Simulations.Simulations were conducted using the pro-
gram KINSIM (34) to compare the branched and sequential
mechanisms. The rate constants used for the simulations are
in Table 1. Simulated steady-state reactions were conducted
by varying ATP (0.001-250 µM) with DnaK fixed (0.05
µM). Each simulation produced an ADP formation ([ADP]
(t) + [ADP‚DnaK‚(P](t)) trace, and the initial slope of each
trace yielded the rate of ATP hydrolysis (ν0). Rates were
divided by the concentration of DnaK (V0/[DnaK]0) and
plotted against [ATP]. Reactions were allowed to proceed
for 20-80 min (no peptide) or 5 min (excess peptide).

Steady-State: Comparison of the Branched and Sequential
Mechanisms (Without Peptide) (Figure 1B,D). This simula-
tion compared the ATPase activity of DnaK according to
the branched and sequential mechanisms with the no added
peptide condition. The branched mechanism was simulated
usingk1 ) 0.125µM-1 s-1, k-1 ) 6.0 s-1, k2 ) 19 s-1, k-2

) 0.02 s-1, khy
-P ) 0.5 s-1, andkADP

off ) 0.022 s-1 (lower left-
hand column, Table 1). The sequential mechanism was
simulated usingk1 ) 0.125µM-1 s-1, k-1 ) 793 s-1, k2 )
19 s-1, k-2 ) 0 s-1, khy

-P ) 0.0005 s-1, andkADP
off ) 0.022 s-1

(lower right-hand column, Table 1). For the sequential
mechanism withk-1 equal to 793 s-1, we showed thatk-2

equaled-3.6× 10-4 s-1; however, out of necessityk-2 was
set equal to zero in the simulations. For each simulation, at
time zero the DnaK concentration was set equal to 0.05µM,
the concentrations of all other species were set equal to zero,
and the concentration of ATP was varied from 1 to 1000
nM. The plots ofV0/[DnaK]0 versus ATP concentration,
obtained from these two simulations, show that the branched
mechanism, but not the sequential mechanism, mimics quite
closely the data obtained from experiment (Figure 3A).

Steady-State: Comparison of the Branched and Catapult
Mechanisms (Figure 1A,C). This simulation compared the

influence of saturating peptide on the ATPase activity of
DnaK according to the branched and catapult mechanisms
([P] ) 500 µM). The branched mechanism was simulated
usingk1 ) 0.125µM-1 s-1, k-1 ) 6.0 s-1, koff ) 5.7 s-1, kon

) 1.1 × 106 M-1 s-1, khy
-P ) 0.0506 s-1, andkADP

off ) 0.022
s-1 (upper left-hand column, Table 1). The catapult mech-
anism was simulated usingk1 ) 0.125µM-1 s-1, k-1 ) 793
s-1, koff* ) 6.7 s-1, koff ) 6.0 s-1, kon ) 1.1× 106 M-1 s-1,
khy

-P ) 0.0506 s-1, andkADP
off ) 0.022 s-1 (upper right-hand

column, Table 1). At time zero, the DnaK concentration was
set equal to 0.05µM, the concentrations of all other species
were set equal to zero, and the concentration of ATP was
varied from 1 to 250µM. The plots ofV0/[DnaK]0 versus
ATP concentration, obtained from these two simulations,
show that the branched mechanism, but not the catapult
mechanism, mimics quite closely the data obtained from
experiment (Figure 3B). The combined simulations in Figure
3 show the versatility of the branched mechanism, i.e., it
accounts for DnaK’s ATPase activity with or without added
peptide. In contrast, the catapult and its companion sequential

kcat
-P (sequential)) 5 × 10-4 s-1 )

khy
-P(1 +

khy
-P

kADP
off

+
k-2 + khy

-P

k2 )-1

(9)

KM
-P (sequential)) 0.052µM )

k-1k-2 + k-1khy
-P + k2khy

-P

k1(k2khy
-P

kADP
off

+ k2 + k-2 + khy
-P)

(10)

FIGURE 3: Simulated steady-state ATPase activity. (A) Simulations
of the branched and sequential mechanisms without added peptide
are shown (Figure 1B,D). The rate constants used to simulate the
branched mechanism werek1 ) 0.125µM-1 s-1, k-1 ) 6.0 s-1, k2

) 19 s-1, k-2 ) 0.02 s-1, khy
-P ) 0.5 s-1, andkADP

off ) 0.022 s-1.
The rate constants used to simulate the sequential mechanism were
k1 ) 0.125µM-1 s-1, k-1 ) 793 s-1, k2 ) 19 s-1, k-2 ) 0 s-1, khy

-P

) 0.0005 s-1, andkADP
off ) 0.022 s-1. For each simulation, at time

zero [DnaK] ) 0.05 µM, the concentrations of all other species
were set equal to zero, and [ATP]) 0.001-1.0 µM. Calculated
ν0/[DnaK]0 values fall on the hyperbolic curves (__, branched; - - -
, sequential).b, data from Figure 2B. (B) Simulations of the
branched and catapult mechanisms with saturating peptide are
shown (Figure 1A,C). The rate constants used for the branched
mechanism werek1 ) 0.125µM-1 s-1, k-1 ) 6.0 s-1, koff ) 5.7
s-1, kon ) 1.1× 106 M-1 s-1, khy

-P ) 0.0506 s-1, andkADP
off ) 0.022

s-1. The rate constants used for the catapult mechanism werek1 )
0.125µM-1 s-1, k-1 ) 793 s-1, koff* ) 6.7 s-1, koff ) 6.0 s-1, kon

) 1.1× 106 M-1 s-1, khy
-P ) 0.0506 s-1, andkADP

off ) 0.022 s-1. At
time zero, the DnaK concentration was set equal to 0.05µM, the
concentrations of all other protein species were set equal to zero,
the concentration of ATP was varied from 1 to 250µM, and [P])
500µM. Calculatedν0/[DnaK]0 values fall on the hyperbolic curves
(__, branched; ---, catapult).b, data from Figure 2D.
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mechanism fail to account for DnaK’s ATPase activity under
these different conditions.

Additional simulations were conducted to highlight the
dramatic differences between the branched and sequential
mechanisms in the absence of peptide. These simulations
were carried out under single turnover conditions, i.e., DnaK
was varied (0.005-20 µM) with ATP fixed (0.005µM).
ADP dissociation was not considered. Simulated reactions
were allowed to proceed until a plateau was reached, and
each reaction produced an ADP‚DnaK formation curve that
was well fit by a single exponential. Values forkcat

obs,
obtained from the exponential fits, were plotted against
[DnaK].

Single TurnoVer: Comparison of the Branched and
Sequential Mechanisms (Without Peptide) (Figure 1 B,D).
This simulation compared the ATPase activity of DnaK
according to the branched and sequential mechanisms under
single turnover conditions for the no added peptide condition.
The only rate constant that differed between the two
simulations waskhy

-P, which was set equal to 0.5 s-1

(branched) or 0.0005 s-1 (sequential); otherwise, all other
rate constants were identical (k1 ) 0.125µM-1 s-1, k-1 )
6.0 s-1, k2 ) 19 s-1, k-2 ) 0.02 s-1, andkADP

off ) 0.022 s-1).
For each simulation, at time zero, the ATP concentration
was set equal to 0.005µM, the concentrations of all other
species were set equal to zero, and the concentration of DnaK
was varied from 0.005 to 2.0µM. These two different
mechanisms with very differentkhy

-P values yield almost
superimposable plots ofkcat

obs versus [DnaK] (Figure 4A).
For comparison, a simulation was also conducted of the

sequential mechanism without peptide in whichkhy
-P was set

equal to 0.5 s-1 (Figure 4B); the other rate constants and
initial conditions as described above, except DnaK was varied
over a larger range. The simulations show that in the absence
of peptide the branched mechanism withkhy

-P equal to 0.5
s-1 yieldskcat equal to 0.0005 s-1, and this is true for single
turnover and steady-state experiments because the branch
point occurs before the ADP dissociation step.

DISCUSSION

The large increase in theKM for ATP due to saturating
peptide supports the branched mechanism of chaperone
action (Figure 1A,B). Although the catapult mechanism
matches theKM

+P value for ATP () 14.6 µM) if k-1 equals
793 s-1, this value is far too large given that the dissociation
of ADP from DnaK does not exceed 127 s-1 even when the
nucleotide exchange catalyst GrpE is bound to DnaK (35).
The results in this study support the branched mechanism
and rule out the catapult mechanism. Several aspects of this
work are discussed below.

A Conformational Equilibrium in the ATPase Domain of
DnaK. In our analysis of the steady-state ATPase results,
the rate constant for the ATP‚DnaK f ATP‚DnaK* transi-
tion, k2, equaled 19 s-1. It is important to mention how this
constant was determined. Stopped-flow studies have shown
that when ATP is mixed with nucleotide and peptide-free
DnaK that two distinct phases of tryptophan fluorescence
quenching occur (26, 27). The observed rate constant for
the rapid phase exhibited a hyperbolic dependence on ATP
concentration, with an asymptote2 equal to 19 s-1, whereas
the observed rate constant for the slow phase (0.5-0.7 s-1)
exhibited almost no dependence on ATP concentration. In
contrast, when ATP is mixed with nucleotide-free DnaK-
peptide complexes only one phase of tryptophan fluorescence
quenching occurs (23). In this case, the observed rate constant
exhibits a hyperbolic dependence on ATP concentration, with
an asymptote equal to 3-10 s-1. To explain this effect of
the peptide substrate on the kinetics of ATP binding, a
conformational equilibrium that precedes a two-step sequen-
tial reaction was proposed (eqs 11, 12) (23, 36). The asterisk
in reaction 12 denotes quenched tryptophan fluorescence
compared to the other DnaK states.

It was proposed that the ATPase domain of DnaK slowly
opens and slowly closes (eq 11), without causing a spectral
changes in the protein, yielding about equal amounts of the
two conformations at 25°C. A closed-to-open equilibrium

2 The fast phase of ATP-induced tryptophan fluorescence quenching
occurs in the second step of reaction 12. The asymptote of the plot of
the observed rate of the fast phase versus [ATP] isk2 + k-2 ) 19 s-1.
We reasonably assume thatk2 . k-2; thus,k2 was set to 19 s-1.

FIGURE 4: Simulated single-turnover ATPase activity. (A) The
branched and sequential mechanisms without added peptide (Figure
1B,D) were simulated with the following rate constants:k1 ) 0.125
µM-1 s-1, k-1 ) 6.0 s-1, k2 ) 19 s-1, k-2 ) 0.02 s-1, andkADP

off )
0.022 s-1 (branched and sequential); andkhy

-P ) 0.5 s-1 (branched)
or 0.0005 s-1 (sequential). For each simulation, at time zero [ATP]
) 0.005µM, the concentrations of all other species were set equal
to zero, and [DnaK]) 0.005-2.0 µM. Simulated ADP‚DnaK
formation traces were fit to a single-exponential function. ATP
hydrolysis rates fall on the hyperbolic curves (_b_, branched;
- -O- -, sequential). (B) Simulation of the sequential mechanism
without peptide withkhy

-P ) 0.5 s-1 (Figure 1D). All other rate
constants and initial conditions were the same as those described
in (A). ATP hydrolysis rates fall on the hyperbolic curve (- -O- -).

cDnaK h
kco

slow
kco

oDnaK kco ≈ koc ≈ 0.67 s-1 (11)

ATP + oDnaK h
k-1

k1

ATP‚DnaK h
k-2
∆v

∆FV
k2

ATP‚DnaK*

k2 ) 19 s-1 (12)
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had been reported for the structurally similar ATP binding
domain of hexokinase (37). The existence of two conforma-
tions of nucleotide-free DnaK was also obtained from a
chemical cross-linking study (38). When added to an
equimolar mixture of these two conformations, ATP rapidly
reacts with the open isomer (reaction 12), and this reaction
produces the rapid phase of tryptophan fluorescence quench-
ing. The remaining molecules are stalled in the closed
conformation and must open before ATP can bind. This slow
opening thus causes the slow phase of ATP-induced tryp-
tophan fluorescence quenching. Additional insights into this
problem came from a recent NMR investigation that
demonstrated the existence of a slow conformational equi-
librium (< 10 s-1) in the ATPase domain ofThermus
thermophilusDnaK (39).

It was proposed that the addition of peptide to the system
shifts nucleotide-free DnaK molecules to the open conforma-
tion (cDnaK + P h oDnaK‚P), and this abolishes the slow
phase of ATP binding (23). In this model, in the presence
of excess peptide, ATP rapidly binds to DnaK‚P complexes
in the two-step reaction shown in Figure 1A (or eq 1). This
conformational equilibrium in the ATPase domain was not
considered in the present analysis because ATP and peptide
were in vast excess over DnaK.

This study has revealed new insights into how DnaK
hydrolyzes ATP in the absence of polypeptides. The principal
discovery was that the branched and sequential mechanisms
are indistinguishable under certain conditions. That is, each
mechanism mimics the observed steady-state ATPase kinetics
and yieldskcat

-P equal to 0.0005 s-1, when the only rate
constant that differed between the two mechanisms was
khy

-P, which was set equal to 0.0005 s-1 and 0.5 s-1 in the
sequential and branched mechanisms, respectively. Thus, in
the sequential mechanismkcat

-P ) khy
-P, whereas in the

branched mechanismkcat
-P , khy

-P. Parallel competing reac-
tions produce this large disparity betweenkcat

-P and khy
-P.

Specifically, the conformational transition (19 s-1) outcom-
petes hydrolysis (0.5 s-1), which in turn creates a concentra-
tion imbalance, [ATP-DnaK*]. [ATP-DnaK], that causes
the decrease in the rate of ATP hydrolysis. The expressions
derived from the King-Altman analysis (Figure 1) can help
us understand the exact relationship betweenkcat

-P, khy
-P, and

the other rate constants. For steady-state reactions in the
branched pathway without peptide,νmax

-P depends on [ATP]
according to

wherekcat
-P is defined by

Substituting values forkhy
-P () 0.5 s-1), kADP

off () 0.022 s-1),
k2 () 19 s-1), andk-2 () 0.02 s-1) into the right-hand side
of eq 14 yieldskcat

-P equal to 0.0005 s-1. In making this
calculation, one sees that thek2/k-2 term dominates the others.
Another way to see thatkcat

-P , khy
-P in the branched

mechanism is to consider single turnover conditions, where

kcat
-P is defined by

where the term in parentheses is the fraction of molecules
that exist as the ATP‚DnaK intermediate. Withk2 andk-2

equal to 19 and 0.02 s-1, respectively, only≈ 1/1000
molecules exist as the intermediate. The rapid forward
conformational change and its slow reversal out compete
hydrolysis, and this is the reason for the large inequality
betweenkcat

-P andkhy
-P.

It was well-known that peptide stimulates DnaK-mediated
ATP hydrolysis, up to 30-fold, which is what we found
(kcat: 5 × 10-4 f 1.53× 10-2 s-1). On the other hand, an
unexpected effect is that peptide appears todecreasethe true
rate constant for DnaK-mediated ATP hydrolysis. For
example, for the branched mechanismkhy

-P equals 0.5 s-1,
whereas in the presence of saturating peptide it is ap-
proximately 10-fold less, 0.0506 s-1. One explanation for
this seemingly paradoxical effect is that the maximal rate of
ATP hydrolysis cannot be achieved when the intermediate
is occupied with a peptide. This could be because the ATP‚
DnaK‚P intermediate adopts a subtly different conformation,
perhaps involving the ATPase domain, than the peptide-free
intermediate (ATP‚DnaK). Our analysis leads to the conclu-
sion that peptide has opposing effects in the branched
mechanism: (i) Peptide binding drives ATP‚DnaK* mol-
ecules to the ATP‚DnaK‚P intermediate, and this increases
kcat. (ii) But peptide binding also shifts DnaK into a
conformation from which ATP hydrolysis is suboptimal
(khy

+P ) 0.0506 s-1). The inability of polypeptides them-
selves to fully activate the ATPase activity of Hsp70s is well-
known.

The co-chaperone DnaJ dramatically stimulates DnaK-
mediated hydrolysis (20, 40), and it is known that the J
domain of DnaJ interacts with a highly conserved site on
the ATPase domain of DnaK (20, 41, 42). Perhaps what DnaJ
does is to close the ATPase domain of an ATP-bound DnaK‚
substrate complex, and the forced closure optimizes ATP
hydrolysis (0.0506f 0.5 s-1). In our model of chaperone
action, one would predict that in a single turnover experiment
employing DnaJ and substrate peptide thatkhy

+P+J ) khy
-P )

0.5 s-1. This value can be compared to values obtained from
two studies. In one single turnover study (40), it was shown
that DnaJ, in the absence of (poly)peptide substrate, increases
khy by 15 000-fold at 5°C (1.6 × 10-5 [khy

-P] f 0.25 s-1

[khy
+J]), and it was estimated thatkhy

+J could be as large as 5
s-1 at 25 °C. In another single turnover study (20), it was
shown that DnaJ, together with the substrate proteinσ32,
stimulates DnaK’s ATPase activity 1000-fold and that
khy

+P+J was between 0.27 and 0.79 s-1. Regarding this latter
study, the 1000-fold increase inkhy to an average value of
0.53 s-1 agrees with the findings from this study.

The analysis presented here raises the possibility that
Hsp70 chaperones are weak ATPases because a conforma-
tional equilibrium reduces its ATPase activity a 1000-fold
from its maximal activity. In this type of system, the co-
chaperone DnaJ has two distinct functions (Figure 5). First,
DnaJ reverses the intermediate-to-low-affinity state confor-
mational equilibrium in DnaK, which dramatically increases

νmax
-P )

kcat
-P[ATP]

KM
-P + [ATP]

(13)

kcat
-P ) khy

-P(1 +
khy

-P

kADP
off

+
k2

k-2)-1

(14)

kcat
-P ) khy

-P( k-2

k-2 + k2
) (15)
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the concentration of the intermediate, from which hydrolysis
occurs. (Peptides can also do this.) Second, DnaJ promotes
a conformational change in the intermediate, for example,
forced closure of the ATPase domain or some other con-
formational change. (Peptides cannot do this.) Each of these
processes must occur together to drive DnaK to its maximal
rate of ATP hydrolysis, which we suggest is∼0.5 s-1. Note
that if DnaJ is a true catalyst as hinted at by Russell et al.
(40), then a maximal rate of ATP hydrolysis by DnaK greater
than 0.5 s-1 could be achieved (khy

+P+J . khy
-P) (Figure 5).

Our model for how DnaJ activates DnaK within the
context of the branched mechanism agrees with the bipartite
signaling mechanism for DnaJ action proposed by Karzai
and McMacken (30). They proposed that the stimulation of
DnaK-mediated ATP hydrolysis by DnaJ comes about as
the result of two separate interactions between these two
chaperones. Maximal activation of ATP hydrolysis by DnaK
comes about when it simultaneously interacts both with the
J domain of DnaJ and with a flexible peptide that can adopt
an extended conformation. On the basis of the findings in
this study, the flexible peptide shifts the intermediate-to-low-
affinity state equilibrium to the intermediate, and the J
domain promotes a conformational change in the intermediate
that permits hydrolysis to occur at its natural rate in the DnaK
system (∼0.5 s-1 at 25°C).

A comparison of the rate constants determined for ATP
binding to peptide-free DnaK to comparable constants in the
peptide-free bovine Hsc70 system shows similar values for
the various constants and almost identicalKd values. For
example, for DnaKk1, k-1, k2, and k-2 equal 1.25× 105

M-1 s-1, 6 s-1, 19 s-1, and 0.02 s-1, which yield aKd of 51
nM () k-1/k1 k-2/k2), whereas for bovine Hsc70,k1, k-1, k2,

andk-2 equal 7× 105 M-1 s-1, 1.1 s-1, 0.66 s-1, and 0.02
s-1 (22), which yield a Kd of 48 nM. Notice that our
calculatedKd () 51 nM) for ATP interacting with DnaK
falls within the range of reported values (1-200 nM) (8, 9,
38).

In summary, evidence was reported that the Hsp70 DnaK
interacts with ATP and peptide substrate according to a
branched mechanism rather than a sequential one such as
the catapult mechanism. The branched mechanism, which
is defined by a DnaK intermediate that undergoes two parallel
competing reactions that produce different products, permits
an intrinsic rate constant for ATP hydrolysis (khy

-P), in the
absence of peptide or DnaJ or both, of up to 0.5 s-1. Thus,
we propose that DnaK (and perhaps all Hsp70s) is a “weak”
ATPase because of a conformational equilibrium that out
competes ATP hydrolysis and dramatically decreases the rate
of ATP hydrolysis.
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