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ABSTRACT: Most, if not all, of the cellular functions of Hsp70 proteins require the assistance of a DnaJ
homologue, which accelerates the weak intrinsic ATPase activity of Hsp70 and serves as a specificity
factor by binding and targeting specific polypeptide substrates for Hsp70 action. We have used pre-
steady-state kinetics to investigate the interaction of theEscherichia coliDnaJ and DnaK proteins, and
the effects of DnaJ on the ATPase reaction of DnaK. DnaJ accelerates hydrolysis of ATP by DnaK to
such an extent that ATP binding by DnaK becomes rate-limiting for hydrolysis. At high concentrations
of DnaK under single-turnover conditions, the rate-limiting step is a first-order process, apparently a
change of DnaK conformation, that accompanies ATP binding and proceeds at 12-15 min-1 at 25 °C
and 1-1.5 min-1 at 5°C. By prebinding ATP to DnaK and subsequently adding DnaJ, the effects of this
slow step may be bypassed, and the maximal rate-enhancement of DnaJ on the hydrolysis step is∼15 000-
fold at 5 °C. The interaction of DnaJ with DnaK‚ATP is likely a rapid equilibrium relative to ATP
hydrolysis, and is relatively weak, with aKD of ∼20 µM at 5 °C, and weaker still at 25°C. In the presence
of saturating DnaJ, the maximal rate of ATP hydrolysis by DnaK is similar to previously reported rates
for peptide release from DnaK‚ATP. This suggests that when DnaK encounters a DnaJ-bound polypeptide
or protein complex, a significant fraction of such events result in ATP hydrolysis by DnaK and concomitant
capture of the polypeptide substrate in a tight complex with DnaK‚ADP. Furthermore, a broadly applicable
kinetic mechanism for DnaJ-mediated specificity of Hsp70 action arises from these observations, in which
the specificity arises largely from the acceleration of the hydrolysis step itself, rather than by DnaJ-
dependent modulation of the affinity of Hsp70 for substrate polypeptides.

DnaK is a constitutively expressedEscherichia coli
member of the highly conserved heat shock protein 70
(Hsp70)1 family of molecular chaperones. In addition to
protecting proteins from denaturation caused by heat or
certain other forms of stress, Hsp70 proteins have been
shown to function in various aspects of protein metabolism,
including synthesis and folding of nascent polypeptides,
intracellular protein trafficking, and protein degradation [(1-
5); for recent reviews, see (6, 7)]. Additionally, Hsp70
proteins participate in the disassembly of specific protein
and nucleoprotein complexes. For example, Hsc70, a con-
stitutively expressed form of eukaryotic Hsp70, removes
clathrin from endocytic vesicles (8, 9). DnaK is required for
the initiation of DNA replication in some phages, including

λ (10, 11) and P1 (12), where in both cases DnaK mediates
disassembly of protein complexes formed prior to replication
initiation.

In all of these processes, Hsp70s are thought to function
by undergoing repetitive association/dissociation cycles, first
binding and later releasing polypeptide substrates. Structural
analyses have shown that short synthetic peptides bind to
the C-terminal domain of Hsp70 in an extended conformation
(13, 14), which likely mimics the binding of physiological
substrates. These cycles of polypeptide binding and release
are coupled to the ATP binding and hydrolysis activities
associated with Hsp70 proteins. These latter activities have
been localized to the Hsp70 N-terminal domain (15-17).
The ATP-bound state of Hsp70 is characterized by relatively
weak binding of polypeptides, with rapid rates of association
and dissociation [koff ) 1-3 s-1 (18-20)]. The intrinsic rate
of ATP hydrolysis is very slow [0.02 min-1 at 25 °C for
DnaK (21, 22)], but polypeptides stimulate this activity up
to ∼25-fold (20, 23). Conversion of Hsp70 to the ADP-bound
form through hydrolysis dramatically decreases the dissocia-
tion rate of peptides and results in the formation of a
relatively stable Hsp70‚ADP‚polypeptide complex (24).
Completion of the catalytic cycle requires, sequentially,
release of ADP and rebinding of ATP. It is this latter event
that provokes the rapid dissociation of bound polypeptide
from Hsp70 (25).
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While the ATPase activity controls the polypeptide binding
cycle, the DnaK ATPase cycle is itself controlled by the DnaJ
and GrpE cochaperone regulatory proteins inE. coli. These
proteins affect the rates of specific steps in the ATPase cycle.
DnaJ increases the ATP hydrolysis rate (26) at least 200-
fold (27), favoring the ADP-bound state of DnaK. GrpE, on
the other hand, “recycles” DnaK by increasing the dissocia-
tion rate of ADP (26, 28), favoring the ATP-bound state.
An additional function of DnaJ is to confer specificity to
the action of DnaK by binding certain protein complexes
and targeting them for DnaK (29-31). Targeting by DnaJ
may in fact be a general requirement for DnaK action, as
DnaJ has been shown to bind polypeptides emerging from
the ribosome (32).

Like Hsp70s, DnaJ homologues are present in eukaryotic
cells in virtually every subcellular organelle, and in several
cases these proteins have been shown to interact with Hsp70s
both in vitro (33, 34) and in vivo (35, 36). Because DnaJ
proteins are modular in design, the extent of homology
betweenE. coli DnaJ and eukaryotic homologues is highly
variable. While all family members contain a “J-domain,”
which has been shown to be essential for stimulation of
DnaK’s ATPase activity (27, 37), some eukaryotic proteins
contain little or no additional homology. Still others are
conserved over the entire length of the amino acid sequence.
An example of the former case is the yeast endoplasmic
reticulum membrane protein Sec63p, which contains a
lumenal J-domain but bears no other resemblance to DnaJ
(38). Nevertheless, the functional properties of Sec63p share
remarkable similarities to those of DnaJ. Sec63p is required
for polypeptide transport into the endoplasmic reticulum in
a process that is also dependent on a lumenal Hsp70 protein
(39). Moreover, both biochemical (34) and genetic (35, 40)
interactions between the two proteins have been demon-
strated. In certain cases, substrate binding by DnaJ and DnaJ-
like proteins has been localized to sequences away from the
J-domain (41, 42). For example, the clathrin binding site of
auxilin, a 99 kDa protein which contains a J-domain and is
required for Hsc70-mediated uncoating of clathrin-coated
vesicles, has been localized to a 268-amino acid region
adjacent to the J-domain (43). From these and other results,
a model has emerged wherein the J-domain serves to recruit
Hsp70 to sites of action dictated by the substrate binding
domain(s) of the DnaJ-like protein (27, 44, 45). Because the
substrate binding domains of DnaJ homologues vary sig-
nificantly, this may account for the broad nature of the
substrates upon which Hsp70 proteins act. However, the
process by which this targeting occurs is not clearly
understood.

In this report, we have used a kinetic approach to further
investigate the interaction ofE. coli DnaJ and DnaK and
the effects of DnaJ on the ATP hydrolysis reaction of DnaK.
These studies have revealed that the stimulation by DnaJ is
much greater than was previously thought,∼15 000-fold at
5 °C, and is such that a change in the rate-limiting step occurs
as the DnaJ concentration is increased. Single-turnover
ATPase reactions are rate-limited at high concentrations of
DnaJ by a first-order step associated with the binding of ATP
to DnaK. We have also determined that the affinity of DnaJ
for the DnaK‚ATP complex is quite weak (KD

J ≈ 20 µM).
Taken together with previous findings, our results suggest a

model whereby the polypeptide target specificity conferred
by DnaJ upon DnaK arises in large measure from its capacity
to elicit a tremendous acceleration of ATP hydrolysis by
DnaK.

MATERIALS AND METHODS

Materials. Materials and their sources were as follows:
poly(ethylenimine)-cellulose thin-layer chromatography
sheets, EM Industries; ATP, Pharmacia Biotech; ADP,
Calbiochem; [R-32P]ATP (ATP*; >3000 Ci/mmol), Amer-
sham. All other biochemicals were from Sigma Chemical
Co.

Expression and Purification of Proteins. DnaK and DnaJ
were expressed and purified as described (22, 27). For
experiments in which observed rate constants or stoichiom-
etries of hydrolysis were expected to be dependent on the
concentration of free DnaK, endogenous nucleotide was
removed (22). E. coli GrpE protein was purified to near-
homogeneity from cells carrying amplified levels of this
cochaperone. The construction of the GrpE-overproducing
clone and a modified purification protocol for GrpE will be
described elsewhere (A. Mehl, unpublished results).

Determination of Protein Concentration. The concentra-
tions of DnaK and DnaJ were determined spectrophotometri-
cally as described (23, 27), using the calculated molar
extinction coefficient of 15 800 M-1 cm-1 for DnaK, and
the value of 14 000 M-1 cm-1 for DnaJ, determined by the
method of Gill and von Hippel (46).

General Kinetic Methods. Unless indicated otherwise,
experiments were carried out under single-turnover condi-
tions, with DnaK present in large excess over ATP* (22).
The standard reaction buffer (HM buffer) was 40 mM Hepes/
KOH, pH 7.6, 11 mM magnesium acetate, and 200 mM
potassium glutamate (K+Glu-). Time courses of ATP hy-
drolysis were performed either by initiating the reaction with
the addition of ATP* to DnaK, or by preincubating DnaK
with ATP* (during which time hydrolysis of ATP is very
slow) and initiating with DnaJ. Portions of the reaction
mixture were quenched with HCl, and the fraction of labeled
material converted to [R-32P]ADP (ADP*) was determined
by thin-layer chromatographic separation of ATP* from
ADP*, followed by quantitation using a Fuji Bas 1000
imager. Reactions were typically followed forg4 half-lives,
and uncorrected end points were found to be∼90% (see
below). Reactions measuring the intrinsic ATPase rate of
DnaK at 5 °C were followed to∼35% completion (8 h),
and an end point of 90% was assumed.

Rapid Time Scale Kinetic Experiments. Reactions that
occurred too rapidly to measure by hand (<10 s) were
monitored using a Kintek RQF-3 rapid quench-flow ap-
paratus (47, 48). Proteins and ATP* were loaded into separate
1 mL syringes which were used to fill the 15µL sample
loops. The drive syringes were pushed at a constant velocity,
mixing the sample solutions in a 1:1 ratio. The reactions were
automatically quenched after a defined reaction time (0.05-
120 s) with 80µL of a 0.3 N HCl solution present in a
separate drive syringe.

For reactions in which DnaK was preincubated with ATP*
prior to initiation of the reaction by addition of DnaJ, DnaK
and ATP* were mixed at a defined time and loaded into a 1
mL syringe. For each reaction time point, the time since
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DnaK and ATP* had been mixed was noted to permit
correction for ATP hydrolysis that had occurred in the
syringe prior to the addition of DnaJ (see below).

Analysis of Data.Data points corresponding to the fraction
of input ATP hydrolyzed at a given time (fracADPt) were
normalized using eq 1 for the fraction of the starting material
present as ADP (fracADP0, typically 0.01-0.03), and for
the fraction of unreactive material (represented as fracATP*∞;
typically ∼0.05) that remains at the origin in the thin-layer
chromatographic analysis. This unreactive material has little
or no affinity for DnaK (data not shown).

Data from those rapid-quench experiments initiated by
mixing DnaK‚ATP* with DnaJ were further corrected for
hydrolysis that occurred in the syringe prior to the addition
of DnaJ. For each reaction time point, the expected amount
of hydrolysis was calculated based on the amount of time
since ATP* and DnaK had been mixed and on the calculated
rate constant for intrinsic hydrolysis by DnaK at room
temperature2 (22). Rates of intrinsic hydrolysis were verified
at the completion of each time course (typically 25-30 min)
by measuring the fraction of ADP* in an aliquot of the
DnaK‚ATP* mix that had not been mixed with DnaJ. This
was generally within 5% of the expected value (∼35-40%
ADP*). The data from each time point were then corrected
for intrinsic hydrolysis using eq 2, where fracADPexp is the
calculated fraction of nucleotide present as ADP* at the time
the reaction was initiated with DnaJ.

Progress curves of ATP hydrolysis (fracADPnorm or
fracADPcorrected) were fitted using Enzfitter to an equation
describing first-order kinetics (eq 3), or in cases where a
lag was visible, to an equation including two consecutive
steps (eq 4), where in both casest is time and fracADPend

represents the reaction end point.

Data from multiple-turnover ATPase experiments were fitted
to eq 4, which was modified to include an additional term
representing steady-state hydrolysis. In this case, fracADPend

represents the amount of ATP hydrolyzed in the rapid initial
phase.

Analysis of Error.Results are reported plus or minus one
standard deviation from the curve fitting. It was generally
found that random deviation within an experiment was less

than that between experiments; the latter generally did not
exceed 20-30%.

RESULTS

Multiple-TurnoVer ATPase ActiVity of DnaK. It has previ-
ously been shown that DnaJ is capable of stimulating the
single-turnover ATPase activity of DnaKg200-fold (27).
However, substantial stimulation in the steady state requires
the simultaneous presence of GrpE (21, 23, 26); presumably
this is because product release (ADP or Pi) becomes rate-
limiting, and DnaJ does not stimulate these steps. To confirm
this, we performed ATPase experiments under multiple-
turnover conditions, with ATP* present in 5-fold molar
excess over DnaK. The time scale of these experiments
necessitated the use of a rapid quench-flow apparatus (see
Materials and Methods). We found that a fraction of the
ATP* was hydrolyzed quickly (within 30 s, Figure 1); this
fraction corresponded to 1.0( 0.1 mol of ATP/DnaK. This
stoichiometry was unaffected by changes in ATP concentra-
tion (data not shown). The steady-state rate of hydrolysis
following this initial turnover was 0.24( 0.02 mol of ATP‚
(mol of DnaK)-1‚min-1, similar to the rate constant for ADP
release from DnaK [0.4 min-1 in the absence of inorganic
phosphate (22)]. The results are thus consistent with a model
in which ADP release is rate-limiting in the steady state in
the presence of DnaJ. As expected, inclusion of GrpE in the
reaction did not affect the initial rate of hydrolysis. It did,
however, eliminate the plateau; hydrolysis proceeded rapidly
to completion, with a steady-state rate constant of ap-
proximately 5-6 min-1.3 This is consistent with previously
reported steady-state rates under similar conditions (21).

Closer inspection of the early part of the progress curve
in the presence of DnaJ revealed that it is composed of two
phases, with a pronounced kinetic lag (Figure 1, inset). A
fit of the data to a modified eq 4 (see Materials and Methods)
yielded observed rate constants of 51( 12 and 10.8( 1.0
min-1 (λ1 andλ2). These observed rate constants represent
microscopic rate constants only if there are exactly two
kinetically significant steps in the process leading to ADP
production, both of which are irreversible (49). In this case,
it is likely that there are at least three steps which may be
kinetically significant (Figure 2). ATP binding to Hsc70 and
DnaK has been shown to involve at least two steps, including
a first-order isomerization step following initial encounter
(20, 50). DnaJ association with DnaK‚ATP is apparently a
rapid equilibrium step with respect to the chemical step (see
below), so a third step which may be kinetically significant
is hydrolysis of nucleotide.

To establish whether diffusion-limited binding of ATP (k1)
is kinetically significant, similar multiple-turnover experi-
ments were performed using higher concentrations of ATP.
These increases had little effect onλ2 (11.4( 1.0 and 14.4
( 7.3 min-1 at 10 and 20µM ATP, respectively). There

2 The calculation of the intrinsic hydrolysis rate was made at room
temperature because the sample syringes on the rapid quench instrument
are located outside the thermostated region. Each sample aliquot was
equilibrated to 25°C for a time equivalent to one reaction cycle (∼2
min) prior to injection. No correction was made for the increased
intrinsic hydrolysis during this time relative to that at room temperature.

3 Calculation of an initial steady-state rate requires that product
inhibition not be significant; thus, reactions are typically followed only
to 5-10% conversion to product. Under the conditions of this
experiment, the presence of a kinetic lag precluded the use of this
portion for steady-state rate calculations. The time course of hydrolysis
is essentially linear to 50-60% ADP, and control experiments have
shown that GrpE virtually eliminates product inhibition in the absence
of DnaJ under similar conditions. Thus, product inhibition is unlikely
to significantly affect calculation of this rate.

fracADPnorm )
fracADPt - fracADP0

(1 - fracATP*∞) - fracADP0

(1)

fracADPcorrected)
fracADPnorm - fracADPexp

1 - fracADPexp
(2)

fracADPnorm ) fracADPend(1 - e-kobst) (3)

fracADPnorm ) fracADPend(1 +
λ2e

-λ1t - λ1e
-λ2t

λ1 - λ2
) (4)
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was not a dramatic effect onλ1 either; however, quantitation
became unreliable as the fraction of ATP* associated with
the initial phase decreased to 5% of the total at 20µM ATP.
Increasing the concentration of DnaJ 2.5-fold also had little
or no effect onλ1 or λ2 (data not shown). Taken together,
the results suggest that there are at least two kinetically
significant first-order events on the pathway to ATP hy-
drolysis and indicate that DnaJ stimulates the rate of
hydrolysis at least 500-fold (k2

J g 11 min-1). This experi-
ment only sets a minimum for the DnaK ATP hydrolysis
rate in the presence of DnaJ, since it is not clear which
observed rate constant, if either, represents the hydrolysis
step specifically. Subsequent experiments, described below,
suggest thatλ2 represents a conformational change of DnaK
elicited by ATP binding and thatλ1 is associated with ATP
hydrolysis.

Effects of DnaJ on ATP Binding and Release by DnaK.
We have previously shown that in the absence of DnaJ, ATP
release is slightly slower than hydrolysis (k2 ) 0.02 min-1;
koff

ATP ) 0.008 min-1),4 such that approximately 75% of ATP
bound by DnaK is hydrolyzed rather than being released (22).
To further delineate the pathway of greatest flux leading to
hydrolysis (Figure 2), we examined the partitioning of bound
ATP in the presence of DnaJ. Limiting ATP* was preincu-
bated with DnaK to allow for binding, followed by the
simultaneous addition of DnaJ and a vast excess of unlabeled
ATP. The partitioning of ATP* was monitored by following
the hydrolysis reaction to a plateau, which was determined
to be essentially 100% conversion to ADP* (data not shown),
demonstrating thatk2

J . koff
ATP, J. This partitioning was inde-

pendent of moderate changes in the DnaJ concentration, as

expected since bothk2 and koff
ATP are much slower thank2

J.
This experiment, however, does not rule out an effect of DnaJ
on the ATP release rate, since a substantial increase would
be difficult to detect due to the large increase in the
hydrolysis rate. Assuming a detection limit of 1-2% ADP
at the plateau, the stimulation of hydrolysis must be at least
20-fold greater than any stimulation of ATP release. While
it does not rule out an effect of DnaJ on ATP release, this
result demonstrates that when the DnaK‚ATP complex
encounters DnaJ, ATP is rarely released from DnaK; it is
either hydrolyzed or DnaK‚ATP dissociates from DnaJ
before ATP is hydrolyzed or released.

The finding that hydrolysis of bound ATP is much faster
than release when DnaJ is present leads to the prediction
that at subsaturating DnaK concentrations a single turnover
should be limited by the binding of ATP (i.e.,kcat/KM )
kon

ATP). This was verified experimentally by comparing
observed rates of ATP binding and hydrolysis at subsatu-
rating concentrations of DnaK. DnaK and DnaJ were
preincubated, and reactions were initiated with limiting
ATP*. Aliquots were quenched with HCl to measure
hydrolysis, or excess unlabeled ATP to measure binding (48).
As shown in Figure 3A, at a given concentration of DnaK,
the disappearance of unbound ATP* (circles;kobs ) 1.4
min-1) is closely matched with the appearance of ADP*
(triangles;λ2 ) 1.5 min-1). A kinetic lag was reproducibly
visible in the reactions monitoring hydrolysis. The observed
rate constant of the lag (λ1) was essentially independent of
[DnaK], but increased with [DnaJ] between 0.2 and 2µM
(data not shown), suggesting that the lag reflects a process

4 This previous analysis was performed assuming single-step binding
and release. With the additional step included, the observed rate constant
is a composite of the two steps, orkoff

ATP ≈ k-1
/ k-1/(k1

/ + k-1).

FIGURE 1: Multiple-turnover ATPase activity of DnaK in the
presence of DnaJ. Reaction mixtures contained 1µM DnaK, 5µM
ATP*, and 2µM DnaJ (O), or 2 µM DnaJ and 2µM GrpE (1).
The reactions were performed in HM buffer using a rapid-quench
apparatus as described under Materials and Methods. In the presence
of DnaJ and absence of GrpE, a burst of ADP* is produced that is
stoichiometric with DnaK. This initial phase of hydrolysis includes
a kinetic lag (inset; circles). Including GrpE in the reaction mixture
did not significantly affect the lag (inset; triangles) or the initial
phase of hydrolysis, but did cause hydrolysis to proceed rapidly to
completion. The dashed line is shown only to guide the eye.

FIGURE 2: Kinetic scheme for ATP hydrolysis by DnaK in the
presence of DnaJ. The boldface arrows indicate the kinetic pathway
of greatest flux leading to hydrolysis under the conditions of these
experiments [excess DnaJ (0.5-20 µM) over DnaK], for reasons
described in the text. Rate constants are labeled for the intrinsic
reaction of DnaK as described previously (22), except that ATP
binding is shown as two steps, following the nomenclature
established for eukaryotic Hsc70 (50). The kinetic constants above
and below the scheme, accompanying the long arrows, represent
experimentally determined values for rates of binding and release
of ATP, and are composites of microscopic rate constants. Hy-
drolysis steps (k2 andk2

J) are shown as being irreversible because
we and others have been unable to detect net synthesis of ATP
from ADP and Pi (17, 20, 22) in the presence or absence of DnaJ
(data not shown). Following ATP hydrolysis, DnaK is no longer
shown as “DnaK*” because it is likely that there is a conformational
change associated with hydrolysis of nucleotide (20). This is not
meant to imply that DnaK necessarily reverts to its original
conformation at this step. The constantsk1 andk1

J are second-order
rate constants for binding of ATP, andKD

J represents the equilib-
rium dissociation constant for DnaJ and DnaK‚ATP. Free ATP and
free DnaJ are not shown explicitly.
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associated with ATP hydrolysis rather than ATP binding.
Plots of observed rates of binding and observed rates of
hydrolysis as a function of [DnaK] are superimposable
(Figure 3B), demonstrating that under these conditionskcat/
KM ) kon, as predicted from the partitioning experiment.
Furthermore, the slope of the line yields a value forkon

ATP of
1.5× 107 M-1 min-1, very similar to the value of 8.0× 106

M-1 min-1 measured in the absence of DnaJ (22). Thus, at
the concentration of DnaJ used in these experiments (0.5
µM), there is minimal effect of DnaJ on the rate of ATP
binding. Variation of DnaJ concentration across a 10-fold
range produced only a 10% increase in the observed rate of
ATP binding (Figure 3B), a further indication that DnaJ does
not dramatically affect this rate or is not bound to DnaK at
these concentrations.

Detection of a Change in the Rate-Limiting Step for Single-
TurnoVer ATPase ActiVity. To determine the maximal amount
of ATPase stimulation by DnaJ, single-turnover experiments
were performed as a function of [DnaJ]. DnaJ was preincu-
bated with DnaK, and reactions were initiated with the
addition of limiting ATP*. At low [DnaJ] (e5 µM), progress
curves were composed of two phases, including a kinetic

lag; at higher DnaJ concentrations, the lag was poorly
resolved, and the progress curves were reasonably well
described by a single rate constant (kobs ) 11.7( 0.4 min-1

at 10µM DnaJ; Figure 4A). Increasing the concentration of
DnaJ above 5µM did not result in a further increase inkobs

(Figure 4C, triangles). Rather, the reaction rate constant
appeared to plateau at∼11-13 min-1, very similar to the
maximal rate constant observed previously in multiple-
turnover reactions. As observed under multiple-turnover
conditions, this plateau was not due to second-order binding
of ATP becoming rate-limiting, since increasing the con-
centration of DnaK had no effect onkobs (data not shown).

Though second-order binding of ATP was not rate-
limiting, it remained possible that a first-order step prior to
ATP hydrolysis becomes rate-limiting at high [DnaJ]. Since
it is likely that at least one conformational change of DnaK
accompanies ATP binding (18, 20), this first-order confor-
mational change represents an additional step which could

FIGURE 3: Comparison of ATP binding and hydrolysis rates at low
[DnaK]. (A) At 0.1 µM DnaK and 0.5µM DnaJ, the disappearance
of unbound ATP* (O) is matched by the appearance of ADP* (3).
Reactions were performed using limiting ATP*, and time points
were quenched with excess unlabeled ATP, to monitor binding, or
with HCl, to monitor hydrolysis (see Materials and Methods).
Equation 2 was fitted to the binding data, yielding a pseudo-first-
order rate constant of 1.39( 0.02 min-1. Equation 3 was fitted to
the hydrolysis data, which includes a kinetic lag, yielding observed
rate constants of 7.0( 0.5 and 1.53( 0.04 min-1. The smaller of
the two rate constants reflects rate-limiting binding of ATP, while
the larger represents an additional step(s), as described in the text.
(B) Plot of observed ATP binding (O) and hydrolysis (1) rate
constants as a function of DnaK concentration. Reactions were
performed as in (A), using 0.5µM DnaJ. The observed pseudo-
first-order rate constant for ATP binding was found to vary linearly
with [DnaK], yielding a second-order rate constant of 1.5× 107

M-1 min-1. At 0.2 µM DnaK, lowering [DnaJ] to 0.2µM (0) or
raising it to 2µM (4) had negligible effect on the observed rate of
ATP binding.

FIGURE 4: Single-turnover ATPase activity of DnaK in the presence
of DnaJ at 25°C. (A) DnaK (5 µM) and DnaJ (10µM) were
preincubated together, and reactions were subsequently initiated
with limiting ATP* using a rapid-quench apparatus (see Materials
and Methods). A first-order rate equation (eq 3) was fitted to the
data, yieldingkobs ) 11.7 ( 0.4 min-1. (B) Limiting ATP* was
added to DnaK (1µM), and reactions were subsequently initiated
with the addition of DnaJ (10µM) using a rapid-quench apparatus.
Individual time points were corrected for the amount of ATP
hydrolysis that had occurred prior to the addition of DnaJ (see
Materials and Methods). Equation 3 was fitted to the data, yielding
kobs) 26.4( 1.2 min-1. (C) Comparison of observed rate constants
from reactions initiated with ATP (1) or DnaJ (O) as a function of
DnaJ concentration. Results were plotted from reactions performed
as described in (A) or (B).
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be rate-limiting. To address this possibility, we performed
an analogous series of reactions in which DnaK was first
preincubated with limiting ATP*, and rapid ATP hydrolysis
was subsequently initiated by the addition of DnaJ. With
this experimental protocol, if the rate-limiting step was
associated with ATP binding, it would not contribute tokobs,
since the ATP binding step would already have occurred
during the preincubation.

When single-turnover ATPase reactions were initiated with
DnaJ, progress curves were first-order at all DnaJ concentra-
tions tested (2-20 µM), and at high [DnaJ] reactions were
significantly faster than were analogous reactions initiated
with ATP. For example, at 10µM DnaJ,kobs was 26.4(
1.2 min-1 (Figure 4B, compare with Figure 4A). No hint of
a plateau was observed, askobs rose linearly with [DnaJ] to
g20 µM with a slope of∼3.3 × 106 M-1 min-1 (Figure
4C). At the highest concentration of DnaJ tested (20µM),
kobs was 75.7( 5.6 min-1, indicating that the maximal
stimulation of hydrolysis by DnaJ is greater than∼4000-
fold. We have previously shown that the concentration of
DnaK used in these experiments (2µM in the preincubation
with ATP*) is saturating for binding of ATP (22); not
surprisingly, variation of [DnaK] from 0.5 to 2µM had no
effect onkobs (data not shown).

Determination of Maximal Stimulation by DnaJ at 5°C.
In an attempt to more precisely delimit the maximal extent
of DnaJ-mediated stimulation of ATP hydrolysis by DnaK,
we examined the impact of DnaJ on the DnaK ATPase at 5
°C, performing assays similar to those described in the
preceding section. At this lower temperature, reactions were
sufficiently slow that they could be performed by hand, in
smaller volumes, which both permitted a simplified kinetic
analysis and helped conserve reagents.

Reactions were performed, as at 25°C, either by initiating
with ATP* or by adding DnaJ to a preformed DnaK‚ATP*
complex (Figure 5A). Qualitatively, the results were similar
to those obtained at 25°C. Reactions were first-order,5 and
at low concentrations of DnaJ (e2 µM), kobswas independent
of the nature of the initiator (ATP* or DnaJ). However, at
higher [DnaJ], a striking divergence was observed. Reactions
initiated with ATP* proceeded no faster than∼1 min-1. In
contrast,kobs for those reactions initiated with DnaJ followed
a hyperbolic dependence on DnaJ, yielding values of 18.7
( 1.6 µM for KA and 15.2( 0.8 min-1 for kcat (Table 1).
The parameterkcat represents the maximal ATPase rate in
the presence of DnaJ (k2

J); the physical relevance of theKA

term is discussed below. The intrinsic ATPase rate of DnaK
at 5 °C was determined to be 9.9× 10-4 min-1 (data not
shown; Table 1); therefore, DnaJ accelerates the ATP
hydrolysis rate∼15 000-fold at 5°C.

During the course of these experiments it was observed
that replacement of potassium glutamate (K+Glu-) with KCl
had a significant effect on the observed hydrolysis rate at 5
°C in the presence of DnaJ. To further investigate this effect,
we performed ATPase reactions in KCl as a function of
[DnaJ], again initiating reactions with the addition of DnaJ or ATP* (Figure 5B). When initiation was with DnaJ, the

dependence ofkobson [DnaJ] was again hyperbolic, yielding
values forKA andkcat of 18.5( 4.5µM and 1.2( 0.2 min-1,
respectively. Thus, there is little or no effect of replacing
Glu- with Cl- on KA; however,k2

J is reduced∼13-fold.
This difference is specific to the presence of DnaJ, as the

5 In some experiments at 5°C, a poorly resolved kinetic lag was
visible. However, its presence was irreproducible, and in cases where
it was present there was no detectable dependence on the concentration
of DnaJ. Furthermore, it was not observed at 25°C using rapid-quench
techniques. Therefore, it is most likely an artifact of manual mixing.

FIGURE 5: Single-turnover ATPase activity of DnaK in the presence
of DnaJ at 5°C, and effect of anion. (A) Reactions were performed
in HM buffer, containing 200 mM K+Glu-, and were initiated with
the addition of DnaJ (O) or ATP* (1). In all cases [DnaK] was 1
µM, ATP* was limiting, and reactions were sufficiently slow that
they could be monitored by hand. (B) Reactions were performed
as described for (A), except that K+Glu- was replaced with 200
mM KCl. Note that the ordinates of (A) and (B) differ by>10-
fold. (C) To illustrate the effect of anion, observed rate constants
from (A) for reactions initiated with DnaJ (O) or ATP (1) were
divided by those from (B).

Table 1: Summary of Rate and Equilibrium Constantsa

25 °C 5 °C

kon
ATP (M-1 min-1) 8.0× 106 b NDc

koff
ATP (min-1) 0.008b ND

k2 (min-1) 0.018b 0.00099
k1
/ (min-1) 14 1.5

KD
J (µM) >20 20

k2
J (min-1) ∼300d 15

koff
ATP,J <3 ND

a Obtained in 50 mM Hepes/KOH, pH 7.6, 11 mM magnesium
acetate, and 200 mM potassium glutamate.b Data from ref22. c ND,
not determined.d This value is calculated from the rate constant for
ATP hydrolysis for DnaK at 25°C, k2, and from the 15 000-fold
stimulation of ATP hydrolysis provided by saturating levels of DnaJ
at 5 °C (see text).
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intrinsic ATPase rate of DnaK at 5°C in the presence of
Cl- was determined to be identical to that measured in Glu-

(data not shown). At 25°C, the effect of Cl- on k2
J was

present, but less dramatic (∼4-fold; data not shown).
What Does KA Represent?At 5 °C, a hyperbolic de-

pendence of the observed rate constant for hydrolysis on
[DnaJ] was observed when reactions were initiated with
DnaJ. The resulting fits yielded values forKA of ∼20 µM
in the presence of both Glu- and Cl-. In general,KA, like
KM, can be a complex parameter containing terms represent-
ing both binding of substrate and first-order steps on the
reaction pathway (48). In this perspective, the activating
cochaperone, DnaJ, is considered to be the “enzyme”, DnaK‚
ATP is the “substrate”, and reactions are single turnover,
with DnaJ “enzyme” in excess. The argument outlined below
suggests that initial binding of DnaJ to DnaK‚ATP is in rapid
equilibrium with respect to hydrolysis of ATP, and, thus,
KA representsKD

J , the equilibrium dissociation constant for
DnaJ binding to DnaK‚ATP.

The observation that progress curves were first-order
indicates that there is only one kinetically significant step
leading to hydrolysis under these conditions. At least two
events must occur (eq 5): DnaJ binds DnaK‚ATP, and ATP
is hydrolyzed.

Additionally, there may be one or more conformational
changes associated with DnaJ binding or leading to ATP
hydrolysis; however, this is the simplest mechanism that
accounts for the data. In general, given the mechanism in
eq 5,kobs will be dependent on the concentration of DnaJ in
the manner shown in eq 6.

Since there is only one kinetically significant step on the
pathway,koff

J must be substantially different fromk2
J (either

much greater thank2
J or much less thank2

J). This leads to
two possible explanations for the dependence ofkobs on
[DnaJ]. (1) Binding of DnaJ, a second-order process, is rate-
limiting at low [DnaJ]. This requires that DnaJ binding is
essentially irreversible (koff

J , k2
J), and in this case eq 6

reduces tokobs ≈ k2
J[DnaJ]/([DnaJ] + (k2

J/kon
J )). This is

directly analogous to the Michaelis-Menten equation, in
which kcat ) k2

J andKM ) KA ) k2
J/kon

J . In this scenario, the
limiting slope of the hyperbola at low [DnaJ] is the second-
order rate constantkon

J . (2) Binding of DnaJ is in rapid
equilibrium (koff

J . k2
J), and hydrolysis or a first-order

process leading to hydrolysis is rate-limiting. Equation 6
reduces tokobs ≈ k2

J[DnaJ]/([DnaJ]+ KD
J ), whereKD

J ) koff
J /

kon
J . Under these conditions, the limiting slope of the line at

low DnaJ concentration, i.e., the apparent second-order rate
constant, is equal tok2

J/KD
J .

We consider rate-limiting binding (case 1) unlikely for
three reasons. First, the determined slope at low [DnaJ] (3.3
× 106 M-1 min-1 at 25°C; 8.1× 105 M-1 min-1 at 5 °C)

is nearly 5 orders of magnitude below the diffusion-limited
association rate of two similarly sized molecules (51), and
is thus unlikely to representkon

J . Furthermore, the apparent
second-order rate constant is 4-fold higher at 25°C than at
5 °C. The true second-order rate constant for association
would be expected to vary proportionally with temperature
(in kelvin), and would be nearly unchanged between 5 and
25 °C. Nonetheless, however improbable, both of these
observations could potentially be explained by a model in
which rate-limiting binding is preceded by an unfavorable
conformational change in DnaJ that is required for binding.
This would lower the concentration of active DnaJ, explain-
ing the very low apparent second-order rate constant, and
the temperature dependence could be explained by an effect
on the equilibrium of the conformational change.

The third reason rate-limiting binding of DnaJ is unlikely
is related to the effect of replacing glutamate anion with
chloride anion. This replacement was observed to decrease
the plateau ofkobs∼13-fold at 5°C; in either case, the plateau
representsk2

J. The limiting slope at low [DnaJ],kcat/KA, was
observed to decrease by a similar amount (Figure 5B). In a
model invoking rate-limiting binding of DnaJ,kcat/KA ) kon

J

and, in contrast to our results,kcat/KA should have remained
constant. The observed decrease inkcat/KA requires thatkon

J

was fortuitously decreased by a similar amount ask2
J. Even

with the assumption of a prior conformational change in
DnaJ, a fortuitous change in the equilibrium constant for the
rearrangement is required to explain the change inkcat/KA.
In contrast, a rapid-equilibrium model (i.e., explanation 2)
predicts thatkcat/KA ) k2

J/KD
J , and so a change ink2

J would
result in a similar change inkcat/KA. For these reasons, we
favor a model in which binding of DnaJ to DnaK‚ATP is in
rapid equilibrium with respect to ATP hydrolysis, and
thereforeKA ) KD

J (∼20 µM at 5 °C).
Effect of Cl- on the Change in Rate-Limiting Step.In the

presence of Glu- at 5°C, there was a striking divergence of
kobs as a function of [DnaJ] depending on whether reactions
were initiated with the addition of DnaJ or ATP* (Figure
5A). This was postulated to represent a change in the rate-
limiting step in the case of reactions initiated with ATP*, to
a first-order step of∼1 min-1 at 5°C that is associated with
ATP binding (since the step apparently proceeds essentially
to completion when ATP* is mixed with DnaK prior to the
addition of DnaJ). This first-order step is therefore assigned
ask1

/ and represents the conformational change that occurs
upon ATP binding (Figure 2). Replacement of Glu- with
Cl- leads to a 13-fold decrease ink2

J, so even at high DnaJ
concentrations,kobs for reactions initiated with DnaJ is<1
min-1 (Figure 5B). We therefore predicted that in the
presence of Cl-, k2

J would remain rate-limiting in reactions
initiated with ATP*, even at DnaJ concentrations signifi-
cantly higher than 2µM, which was the point of rate
divergence in the presence of Glu- (Figure 5A). This
prediction was borne out experimentally to DnaJ concentra-
tions as high as 15µM, since, in the presence of Cl-, the
plots ofkobs as a function of [DnaJ] indicate that the nature
of the initiator has little or no effect on the observed ATPase
rate (Figure 5B). At 15-20 µM DnaJ, however,kobsmay be
significantly lower when the reaction is initiated with ATP.
This suggests that Cl- could have a minor effect onk1

/,
decreasing it from∼1 to ∼0.4 min-1 at 5 °C.

DnaJ+ DnaK‚ATP y\z
kon

J

koff
J

DnaJ‚DnaK‚ATP 9'
k2

J

DnaJ‚DnaK‚ADP‚Pi (5)

kobs≈
kon

J [DnaJ]k2
J

kon
J [DnaJ]+ koff

J + k2
J

(6)
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Because replacing Glu- with Cl- has a much larger effect
on k2

J than onk1
/, a comparison ofkobs in the presence of

glutamate anion versus that in chloride anion, i.e.,kobs
Glu/kobs

Cl ,
may be generally useful as a method for determining whether
k2

J is rate-limiting under a given set of conditions. In
reactions initiated with DnaJ,kobs

Glu/kobs
Cl is essentially con-

stant across the range of DnaJ concentrations tested, con-
sistent with the idea thatk2

J remains rate-limiting (Figure
5C). In contrast, for reactions initiated with ATP*,kobs

Glu/kobs
Cl ,

is dependent on the concentration of DnaJ, decreasing from
∼10 at low [DnaJ] to∼3 at 15 µM DnaJ. Thus, as the
concentration of DnaJ is increased under these conditions,
there is a change in the rate-limiting step to one (k1

/) which
is less affected by the nature of the anion.

DISCUSSION

A Kinetic Model for ATP Hydrolysis by DnaK in the
Presence of DnaJ. By measuring the ATPase rate of DnaK
under single-turnover conditions in the presence of various
concentrations of DnaJ, we have determined (Table 1)
approximate values at 5°C for the first-order rate constant
for hydrolysis of ATP from the DnaJ‚DnaK‚ATP complex
(k2

J ≈ 15 min-1) and have defined the equilibrium dissocia-
tion constant for the complex formed between DnaJ and
DnaK‚ATP (KD

J ≈ 20 µM). Additionally, we have found
that at sufficient concentrations of DnaJ, ATP binding is rate-
limiting for hydrolysis when ATP is added to a reaction
containing DnaK and DnaJ.

These results have been interpreted in the context of Figure
2 (see also Table 1), where the boldface arrows indicate the
predominant pathway under these experimental conditions.
ATP binding to DnaK proceeds in at least two steps (20,
52). It is not clear whether DnaJ associates with DnaK prior
to ATP binding by DnaK; however, because the concentra-
tions of DnaJ in most experiments were substantially lower
thanKD

J and no significant effects of DnaJ on the kinetics
of ATP binding to DnaK have been detected, the simplest
model involves ATP binding primarily to free DnaK. In any
case, DnaJ association with DnaK‚ATP appears to be in rapid
equilibrium with respect to ATP hydrolysis (i.e.,koff

J . k2
J),

so even if DnaJ is associated with DnaK prior to ATP
binding, it is likely to dissociate before ATP is hydrolyzed.
No evidence was obtained in partitioning experiments for
any significant flux through the lower pathway in the reverse
direction leading to the dissociation of ATP from the DnaJ‚
DnaK complex (i.e.,koff

ATP,J , k2
J). Thus, all the experiments

described are consistent with a model in which nearly all
hydrolytic events result from DnaJ associating with a
preformed DnaK‚ATP complex, which partitions exclusively
toward hydrolysis. This general model is consistent with
proposals that DnaJ functions as a specificity factor to target
polypeptide substrates to DnaK, as discussed in more detail
below (seeA Kinetic Model for DnaJ-Mediated Specificity).

Rate-Limiting ATP Binding.As the concentration of DnaJ
is increased, ATP binding by DnaK becomes rate-limiting
for hydrolysis (Figures 3B, 4, and 5). At low concentrations
of DnaK (<1 µM), a linear dependence ofkobs on [DnaK]
exists, but at higher DnaK concentrations, the dependence
is lost, consistent with a multistep binding pathway, as
previously described for both DnaK (20, 52) and eukaryotic

Hsc70 (50). The plateau ofkobs thus measures a first-order
step that follows the initial encounter, and is∼12-15 min-1

at 25°C (Figure 4C). It is likely that this represents the slow
first-order step previously identified in kinetic studies of ATP
binding to DnaK (20, 53). Slepenkov and Witt (52) have
reported a rate constant of 40( 12 min-1, only slightly larger
than measured here. The small difference may be due to the
presence of DnaJ in our experimental system, or to differ-
ences in buffer conditions or K+ concentration. Theysson et
al. (20) reported a somewhat higher rate constant of 90 min-1.
However, they reported that peptides accelerate this step
significantly; moreover, it has been inferred (22) that the
DnaK preparations used in those studies may have contained
small amounts of endogenous peptides, which, if so, could
explain the higher rate. Taken together, the available evidence
suggests that DnaK undergoes a slow isomerization upon
binding ATP, an isomerization that is rate-limiting for
hydrolysis when sufficient DnaJ is present.

Is ATP Binding Rate-Limiting for ATP Hydrolysis in ViVo?
It is generally thought that a pool of DnaK‚ATP exists in
vivo, and that the chaperone action of DnaK results from
the binding of this DnaK form to a polypeptide substrate (in
the presence or absence of DnaJ). This is akin to in vitro
experiments where hydrolysis is initiated with the addition
of DnaJ, a condition where the isomerization of DnaK
associated with ATP binding is not rate-limiting. However,
it is possible that for some functions of DnaK, multiple cycles
of polypeptide binding and release (and hence ATPase
cycles) are required. This can be imagined, for example, for
protection of heat-denatured proteins from aggregation or
for the process of protein folding. DnaK‚ATP binds unfolded
or partially folded nascent polypeptides, and subsequent ATP
hydrolysis produces the ADP form of DnaK that binds
polypeptides most tightly, thereby interfering with protein
aggregation [reviewed in (6, 7)]. With some frequency, the
polypeptide is released by DnaK, providing a fresh op-
portunity to fold or to interact with other chaperones or
chaperonins (such as with GroEL, a member of the ubiqui-
tous cpn60 family). Alternatively, the released polypeptide
may rebind to DnaK. The available evidence indicates that
DnaJ and GrpE play central roles in facilitating multiple
ATPase cycles. It is certainly conceivable that the rates of
both ATP hydrolysis and ADP release are increased by the
action of these cochaperones to.15 min-1, such thatk1

/

could become rate-limiting for the overall cycle in vivo.
Consistent with this notion, the maximal steady-state ATPase
rates reported in the presence of both DnaJ and GrpE are in
this range [(21); A. W. Karzai and R. McMacken, unpub-
lished results]. The capacity of peptide to stimulatek1

/ (20)
may be key, since our data indicate that, under optimal
conditions, this step becomes the slowest step in the DnaK
ATPase cycle.

Magnitude of the ATPase Rate Enhancement by DnaJ. The
maximal stimulation of the ATPase rate of DnaK was
determined to be∼15 000-fold at 5°C. At 25 °C, the
dependence ofkobs on [DnaJ] was linear to the highest
concentration of DnaJ used; thus, a direct measurement of
the maximal stimulation was not made. It is notable,
however, that an Arrhenius plot of the intrinsic ATPase rate
constant for DnaK is linear from 5 to 40°C [(22) and this
work]. Furthermore, measurement of the ATPase rate in the
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presence of a fixed (nonsaturating) concentration of DnaJ
produced a linear Arrhenius plot from 5 to 15°C, with an
activation energy similar to that for the intrinsic reaction (R.
Russell and R. McMacken, unpublished results). It is
therefore unlikely that the maximal stimulation by DnaJ at
25 °C is dramatically different from that measured at 5°C.
However, since the affinity of DnaJ for DnaK‚ATP appears
to decrease marginally with increasing temperature, the
temperature dependence, and hence the maximal stimulation
at 25°C, may be slightly underestimated.

We have previously shown that in the presence of
physiologically relevant concentrations of Pi (5-10 mM) the
intrinsic rates of ATP hydrolysis and ADP release by DnaK
are essentially equal at 25°C (both are∼0.02 min-1) (22).
A recent report from Slepenkov and Witt (52) is in general
agreement with this finding. They determined that the rate
of ADP release is within 3-5-fold of the rate of ATP
hydrolysis in the presence of Pi over the 25-35 °C
temperature range. It is interesting that the approximate
balance in ATP hydrolysis and ADP release rates is still
maintained during maximum stimulation of DnaK by its
cochaperone activators. A recent study has determined the
maximum stimulation of ADP release by GrpE to be∼5000-
fold (28), quite similar to the maximal stimulation of ATP
hydrolysis we have observed for DnaJ.

Because ATP hydrolysis and ADP release are by far the
slowest steps in the intrinsic ATPase cycle of DnaK, the
protein partitions between ATP- and ADP-bound forms in
the steady-state (where the ADP-bound form may also
contain bound Pi, depending on the concentration of inorganic
phosphate). Furthermore, in the absence of cochaperones, it
is the ratio between the rate constants corresponding to these
two steps that under a given set of conditions determines
the ratio of ATP- and ADP-bound DnaK forms (22). The
properties of these two forms differ substantially in their
polypeptide binding properties. The ATP-bound form is
characterized by weak binding to polypeptides [KD in the
micromolar range (18, 20)], while the ADP-bound form binds
polypeptides much more stably (54). In vivo, it may be
necessary to maintain or, at times, rapidly create a reservoir
of ATP-bound DnaK that is primed to act on target
polypeptides. This may be especially important under condi-
tions where there exists a significant population of ADP‚
DnaK tightly associated with polypeptides. Regulation of the
concentrations and lifetimes of these two states may be
critical to optimal cellular protein metabolism. Action of the
DnaJ and GrpE cochaperones to stimulate ATP hydrolysis
or ADP release, respectively, would presumably be required
to achieve the ideal kinetic balance (55).

Physical Basis for Stimulation of ATP Hydrolysis. Two
nonmutually exclusive models explain the stimulation of
DnaK’s ATP hydrolysis rate by DnaJ. In model 1, DnaJ
accelerates ATP hydrolysis by participating directly in the
chemical transformation. Presumably, this would involve one
or more amino acids of DnaJ contacting ATP bound at the
active site of DnaK and stabilizing developing negative
charge in the transition state. Indeed, this type of mechanism
has been demonstrated for an unrelated multiprotein system
that has several functional similarities to the Hsp70 system.
The GTP hydrolysis rate of signaling proteins in the Ras
superfamily is stimulated by activating proteins (GAPs) that
insert arginine residues into the GTPase active site (56, 57).

It is notable, however, that these GAPs stimulate GTP
hydrolysis by a second means as well. Besides participating
in the chemical step directly, the GAPs also affect the
conformation of Ras, stabilizing portions of the Ras structure
that are thought to be critically involved in the conforma-
tional changes associated with GTP hydrolysis (56, 57) [see
Sprang (58) for a recent review]. Likewise, stabilization of
a specific DnaK conformation required for ATP hydrolysis
would provide an alternative mechanism (model 2) to explain
DnaJ’s stimulatory effects.

For several reasons, direct participation of DnaJ-like
proteins in ATP hydrolysis seems unlikely. Unlike GTP
bound to Ras, ATP bound to Hsp70 is buried within a deep
cleft with little accessibility to solvent (15). Without major
structural rearrangements, it is difficult to imagine direct
contacts between ATP and the J-domain, the region of DnaJ
absolutely needed for stimulation of ATP hydrolysis. Fur-
thermore, the solution structure of the J-domain has shown
it to be compact and lacking obvious candidates for a
protruding finger (59). Finally, peptides stimulate ATP
hydrolysis by Hsp70 proteins, despite binding to a structural
domain distinct from the ATP binding domain. Thus, there
is little doubt that at least some stabilization of the transition
state can be accomplished without direct participation in the
hydrolysis reaction.

A Kinetic Model for DnaJ-Mediated Specificity. In several
well-characterized examples, DnaJ is capable of binding with
high affinity to a polypeptide or polypeptide complex upon
which DnaK subsequently acts (11, 29-31). For example,
during the initiation of phageλ DNA replication, DnaJ binds
to a nucleoprotein complex consisting ofλ O and P
replication proteins,E. coli DnaB helicase, andoriλ DNA
(11, 29). This DnaJ-containing preinitiation complex can be
isolated by size-exclusion chromatography. The subsequent
addition of DnaK‚ATP (along with other proteins required
for priming and DNA chain elongation) allows DNA
replication to proceed. These and other results have led to a
model in which DnaJ serves as a specificity factor for DnaK
by binding specific substrates and targeting DnaK to these
substrates. Such a mechanism is likely to serve as a general
paradigm for Hsp70 action. For example, various eukaryotic
DnaJ homologues have been shown to interact with Hsp70
proteins and either demonstrated to bind specific substrates
(43) or found to be localized at intracellular membranes as
part of a protein complex involved in polypeptide translo-
cation (60, 61). In either case, the DnaJ-like protein is present
in high local concentration at the site of targeted action and
is, most likely, serving as a specificity factor for Hsp70.

But how might DnaJ target polypeptides to which it is
bound for action by DnaK? Productive binding of DnaK to
a polypeptide substrate is likely to occur when DnaK
hydrolyzes ATP while bound weakly to the polypeptide,
resulting in the formation of a tight DnaK‚ADP‚Pi‚
polypeptide complex. To generate specificity, DnaJ must
facilitate binding of DnaK‚ATP to a DnaJ‚polypeptide
complex and stimulate subsequent ATP hydrolysis, relative
to the equivalent reaction of DnaK‚ATP alone with a similar
but nontargeted polypeptide. DnaJ could generate specificity
by affecting either or both of two steps: it could increase
the affinity of DnaK‚ATP for a polypeptide to which DnaJ
is bound, or it could increase the ATP hydrolysis rate
specifically in response to the targeted polypeptide. We
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suggest that much of the specificity imparted by DnaJ arises
directly from the enormous increase in the ATP hydrolysis
rate of DnaK, rather than by an increase in the affinity of
DnaK for targeted polypeptides, as explained below.

The free energy barrier for formation of a productive (i.e.,
tight) complex between DnaK‚ATP and a polypeptide
involves two steps: binding of DnaK‚ATP to the polypeptide
and ATP hydrolysis (Figure 6). In the absence of DnaJ,
DnaK‚ATP dissociates from polypeptides much faster than
ATP is hydrolyzed (18, 20, 27), a situation that we depict
with a higher free energy barrier for ATP hydrolysis than
for polypeptide binding (-DnaJ profile in Figure 6). DnaJ
could generate specificity by increasing the hydrolysis rate
(khyd) to lower the highest free energy barrier (+DnaJ profile
in Figure 6). The large acceleration of ATP hydrolysis
reported here strongly suggests that this indeed is one
mechanism by which specificity is obtained. Additionally,
DnaJ could generate specificity by decreasing the dissociation
rate of DnaK‚ATP from a targeted polypeptide (koff) to
stabilize both the complex and the subsequent transition state
for ATP hydrolysis (dashed curve, Figure 6). A reasonable
way for DnaJ to decreasekoff would be to supply additional
binding interactions in a ternary complex with a targeted
polypeptide and DnaK‚ATP.

However, there is a theoretical limit to the amount of
specificity that can be generated by increases inkhyd or
decreases inkoff. For example, oncekhyd becomes larger than
koff, ATP is hydrolyzed essentially every time DnaK‚ATP
binds the targeted polypeptide. Under these conditions, the
highest free energy barrier is for binding the target polypep-

tide (horizontal dashed line in Figure 6), so no further
increases in specificity can be generated by effects onkhyd

or koff. Strikingly, this theoretical limit appears to be reached
solely as a consequence of the DnaJ-mediated increase in
ATP hydrolysis rate (+DnaJ profile in Figure 6), since the
maximum value of thekhyd rate constant observed here is
similar to, or even larger than, previously reported values
for dissociation of DnaK‚ATP from various polypeptides (18,
20, 62). A decrease inkoff, when accompanied by an
increasedkhyd (dashed curve in Figure 6), would not result
in enhanced specificity because target binding is already rate-
limiting under these conditions. Nevertheless, it is likely that
the presence of DnaJ in a ternary complex of DnaK‚ATP
and a targetdoeslead to a decreasedkoff, since DnaJ, by
definition in this model, interacts with both DnaK and
polypeptide.

Although decreases inkoff would not be expected to
enhance specificity, it is possible that DnaJ additionally
enhances specificity by increasingkon, the rate constant for
target binding by DnaK‚ATP. One possibility is that DnaJ
binding may induce conformational changes in the target that
expose a previously hidden DnaK binding site. The available
kinetic evidence indicates that peptide binding to DnaK‚ATP
is relatively slow (18, 62), 3-4 orders of magnitude below
the expected encounter frequency (51), so there clearly is
opportunity for DnaJ to facilitate this step. Nevertheless, the
large size of the increase in ATP hydrolysis rate suggests
that DnaJ achieves much of its specificity directly from this
increase, by binding to target sites and transiently interacting
with a DnaK‚ATP‚polypeptide complex to elicit ATP hy-
drolysis from DnaK. In the absence of DnaJ, DnaK‚ATP
binds and releases a polypeptide many times before ATP is
hydrolyzed to yield a productive complex. In contrast, the
binding interaction of DnaJ with the target serves to
effectively localize the J-domain to a position where it can
trigger ATP hydrolysis essentially every time DnaK interacts
with the target polypeptide. This model has received support
in a recent study (63), published after submission of this
article. Misselwitz et al. have demonstrated that the yeast
Sec63p J-domain catalytically activates yeast Kar2p (BiP),
an ER-resident Hsp70 family member, to bind to peptides
or proteins that Kar2p does not bind stably on its own.
Because the J-domain apparently does not itself interact with
targeted polypeptides, this result suggests further that DnaJ
proteins also can provide substrate specificity without binding
directly to the target polypeptide, presumably acting through
the kinetic mechanism proposed above. In a similar fashion,
isolated J-domain has been previously shown to activate
binding of DnaK to theσ32 heat shock transcriptional
regulator (64).

Other observations support this kinetic model for substrate
specificity, which has some similarities to a model recently
reported by Pierpaoli et al. (55), and suggest that the model
may be broadly applicable to Hsp70 action. First, theKD

for the association of DnaJ and DnaK‚ATP is>20µM. This,
along with other evidence, indicates that this binding
interaction is in rapid equilibrium, consistent with the idea
that DnaJ does not recruit DnaK by virtue of a high-affinity
interaction. It may, in fact, be advantageous for DnaJ to have
a relatively low affinity for DnaK‚ATP. Stable association
of the two in solution would lead to ATP hydrolysis by
DnaK, presumably a futile reaction in the absence of a

FIGURE 6: A model for generation of specificity of Hsp70 (DnaK)
action by DnaJ. When DnaJ is bound to a target protein, the rate
of ATP hydrolysis by DnaK is greatly accelerated when DnaK
interacts with DnaJ while bound to the same target polypeptide
(curve labeled “+DnaJ”). The difference in free energy barrier
height in the presence and absence of DnaJ is representative of the
specificity imparted. The magnitude of the rate acceleration may
be sufficient to lower the free energy barrier for ATP hydrolysis
to roughly the same level as that for release of DnaK‚ATP from
the target polypeptide. The specificity then reaches a maximum as
the rate-limiting step changes from ATP hydrolysis to the binding
of DnaK to the target polypeptide (horizontal dashed line). Further
increases in the ATP hydrolysis rate, or in the affinity of DnaK for
target polypeptides through reductions in the dissociation rate
(dashed curve), would yield no further improvement of specificity,
because the rate-limiting polypeptide binding step precedes these
other steps.
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polypeptide substrate. In several cases, it has been shown
that ATP is required for the detection of a complex between
Hsp70s and DnaJ-like proteins (45, 53, 65); however, further
analysis has shown that the nucleotide is primarily ADP in
such a complex (45). This is consistent with a low affinity
of Hsp70‚ATP for DnaJ-like proteins and with tighter binding
following rapid ATP hydrolysis.

The magnitude of the DnaJ-mediated stimulatory effect
on ATP hydrolysis may also be general. Though there are
no other published reports estimating the total rate enhance-
ment by any DnaJ homologue, the steady-state ATPase
activity of some eukaryotic Hsp70s has been shown to
become limited by ADP release in the presence of DnaJ
homologues [e.g., (66)]. This similarity to the situation for
DnaK and DnaJ, demonstrated in this report, leaves open
the possibility that the ATP hydrolysis rate-enhancement by
eukaryotic DnaJ homologues could be comparable to the
15 000-fold stimulation reported here for DnaJ.
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