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ABSTRACT. DnakK, the prototype Hsp70 protein &scherichia coli functions as a molecular chaperone

in protein folding and protein disassembly reactions through cycles of polypeptide binding and release
that are coupled to its intrinsic ATPase activity. To further our understanding of these processes, we
sought to obtain a quantitative description of the basic ATPase cycle of DnaK. To this end, we have
performed steady-state and pre-steady-state kinetics experiments and have determined rate constants
corresponding to individual steps in the DnaK ATPase cycle &25Hydrolysis of ATP proceeds very
slowly with a rate constantkgq ~ 0.02 mirr?) at least 10-fold smaller than the rate constant for any
other first-order step in the forward reaction pathway. The ATP hydrolysis step has an activation energy
of 26.2 + 0.4 kcal/mol and is rate limiting in the steady-state under typitalitro conditions. ATP

binds with unusual strength to Dnak, with a measufgd~ 1 nM. ADP binds considerably less tightly

than ATP and dissociates from DnaK wittkgs of ~0.4 mirm! (compared with & of ~0.008 mirr?!

for ATP). However, in the presence of physiologically relevant concentrations of inorganic phosphate
(P), the release of ADP from DnaK is greatly slowed, approximately to the rate of ATP hydrolysis.
Under these conditions, the ADP-bound form of DnakK, the form that binds substrate polypeptides most
tightly, was found to represent a significant fraction of the DnaK population. The slowing of ADP release
by exogenous iRs due to thermodynamic coupling of the binding of the two ligands, which produces a
coupling energy of-1.6 kcal/mol. This result implies that product release is not strictly ordered. In the
absence of exogenous inorganic phosphat@réduct, by virtue of its higheks, is released prior to

ADP. However, at physiological concentrations of inorganic phosphate, the alternate product release
pathway, whereby ADP dissociates from a ternary Di#eBP-P, complex, becomes more prominent.

Escherichia coliDnaK protein is a well-characterized with each Hsp70 protein. Through work on various Hsp70
member of the highly conserved Hsp70 class of proteins. In family members, it has become clear that the two domains
addition to functioning in response to heat and certain other interact and that the peptide binding and release cycle is
forms of stress, many Hsp70 family members, including closely coupled to the ATP binding and hydrolysis cycle.
Dnak, are expressed constitutively, and have been implicatedATP-binding induces the rapid release of bound pepfiée-(
in an array of protein metabolic processes (for recent reviews, 20), but the ATP-bound state of Hsp70 binds peptide rapidly
see refs1-3). These include the folding of nascent as well (L7, 19), and peptide, once bound, stimulates ATP
polypeptides 4, 5), intracellular protein trafficking &, 7), hydrolysis @1, 22). Furthermore, the degree of stimulation
protein degradation8], and disassembly of certain native is dependent on the amino acid sequence of the pe@R)e (
protein complexes, including one formed at the bacteriophageln the ATP-bound form, Hsp70s may be considered to be
A replication origin @, 10). In all of these processes, the as “sampling” peptides, until a favorable interaction causes
participating Hsp70 proteins are thought to act as molecular hydrolysis of ATP, which results in a stable Hspteptide
chaperones, undergoing multiple cycles of binding to and complex. Since dissociation of peptide is dramatically slower
release from polypeptide substrates. from the ADP-bound form of Hsp70, it has been proposed

Hsp70 proteins are separable by limited proteolysis into that dissociation of Hsp78peptide complexeisi vivo results

two stable domainsl{l). The C-terminal domain has been from the rebinding of ATP following ADP releasa®g).
shown to bind synthetic peptides in an extended conformation An additional level of regulation is provided & coli by

(12, 13), a reaction which is thought to mimic the binding the cochaperones Dnal and GrpE, which modulate the

of physiological substrates. The N-terminal domdid, (L5) - . .
) ) N o : activity of DnaK by affecting specific steps of the ATPase
is the site of the weak intrinsic ATPase activity associated cycle. Variousin sitro assays for DnaK activity are

_ dependent on DnaJ, and either dependent on or stimulated
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Like Hsp70, the DnaJ cochaperone has been found in aexcess AMP-PNP, followed by dialysis to remove less tightly
variety of organisms, and its capacity to interact functionally bound AMP-PNP. Three days of dialysis with daily buffer
with specific Hsp70 proteins appears to have been conservedchanges was sufficient to reduce the nucleotide content to
For example, the DnaJ homolog Ydjlp has been shown to <0.09 mol/mol of DnaK, with the remaining nucleotide
stimulate the steady-state ATPase activity of Ssalp, apresent as AMP-PNP.
cytosolic Hsp70 from yeaseg). Additionally, it has recently Alternatively, ADP was removed by dialyzing DnaK at 4
been shown that the Hsp70-mediated uncoating of clathrin- °C against 1000 vol of buffer containing 20 mM imidazole/
coated vesicles requires auxilin, a 104-kDa protein that is HCI, pH 7.3, 2 mM EDTA, and 10% (v/v) glycerol. With
partially homologous to DnaX29, 30). To date, no GrpE  one buffer change per day, 4 days was sufficient to remove
homologue has been found in the cytosol of eukaryotic cells, >95% of bound ADP (to<0.01 mol/mol of DnaK).
but mitochondria have been found to contain a GrpE-related Preparation of p-*2P]JADP. [a-*2P]ADP (denoted ADP*)
cochaperone that has functional properties similar to bacterialwas prepared by incubating 3€Ci of ATP* in 20 uL of
GrpE (31, 32). HM buffer (40 mM Hepes/KOH, pH 7.6, 11 mM magnesium
In this report, we describe a kinetic characterization of acetate, and 200 mM potassium glutamate) with 1 pmol of
the ATPase cycle of DnaK. This information provides a DnaK for 5 hours at 37C. Residual ATP was removed by
guantitative framework for evaluating the effects of DnaJ, anion-exchange chromatography on DEAE-Sephadex A-25
GrpE, and peptide substrates on this cycle. We find that with a linear gradient from 0.1 to 0.8 M triethylammonium
DnaK binds ATP very tightly, with an estimatep of 1 bicarbonate. Fractions containing the peak of ADP were
nM. We demonstrate further that ATP hydrolysis by DnaK evaporated to dryness in a Speedvac. On the basis of TLC
is slow and that the hydrolysis step is essentially rate limiting analysis, the ADP preparation was estimated to>9&%
in steady state at low concentrations of inorganic phosphatepure.
(P).r We find, however, that the release of ADP productis = Measurement of Steady-State ATPaseugti Reaction
greatly slowed by the presence of exogenoyssich that mixtures (75uL) contained HM buffer, 5Q:g/mL of BSA,
ADP dissociation becomes partially rate limiting at physi- 1 nM DnaK, 3uCi/mL of ATP* (1 nM), and 2-80 nM
ological R concentrations (510 mM). In further support  unlabeled ATP. DnaK was preincubated at the indicated
of this conclusion, we also demonstrate that the nucleotidereaction temperature (typically 25C) for 5 min, and
state of DnaK under steady-state conditions is increasingly hydrolysis reactions were initiated with the addition of ATP.
ADP bound as the concentration of B raised. This Samples from the reaction mixture § per reaction) were
provides additional evidence for the existence of a balance quenched at various times by adding:B of the reaction
in the intrinisic rates of ATP hydrolysis and product release. mixture to 2uL of 1 N HCI, and were placed on ice. Each
The ramifications of this finding on the polypeptide-binding sample (2uL) was spotted on polyethylenimine-cellulose

state of DnakKin vivo are discussed. TLC sheets, which were developedi M formic acid, 0.5
M LiCl. The fraction of nucleotide present as ADP was
MATERIALS AND METHODS determined using a Fuji BAS 1000 imager. Hydrolysis of

ATP was not allowed to exceed 12%. Data were corrected

Materials Materials and their sources were AMP-PNP for the background level of ADP (typically-14%) present
(Boehringer Mannheim); polyethyleneimine-cellulose thin in commercially available ATP* and for a fraction-6%)
layer chromatography sheets (EM Industries); ATP (Phar- of unidentified radioactive material that remains at the origin
macia Biotech); ADP (Calbiochem); Synchropak AX-100 inthe TLC analysis and does not interact stably with DnaK
HPLC column (Synchrom, Inc.); X214 kDa MWCO (data not shown). At each concentration of ATR,was
dialysis membrane (Spectra-Pon; P]JATP (denoted ATP*)  determined from a linear regression analysi§y and Kea
(>3000 Ci/mmol) and-*2P]JATP (>3000 Ci/mmol) (Am- were determined by fitting a plot of¢/[DnakK]) against the
ersham); and nitrocellulose filters (type HA, 0.4B pore concentration of ATP to the Michaelidvlenten equation
size, Millipore). All other biochemicals were from Sigma. using the nonlinear regression program Enzfitter (Biosoft,

Overexpression and Purification of DnaK ProteimnaK Cambridge, U.K.).
was purified to homogeneity>98% pure) fromE. coli Measurement of Single-Turner ATPase Actiity. Reac-
strains carrying plasmids designed for overexpression of ation mixtures (120uL) and reactions were essentially
cloneddnaK gene. Particular care was taken during puri- identical to those described for measurement of steady-state
fication to reduce the level of contaminating peptides that ATPase activity, except that DnaK was present in substantial
are often found in DnaK preparations. A detailed description excess over ATP (typically-45 «M DnaK and 5-30 nM
of pRLM163 plasmid construction and our protocols for ATP*), and ATP hydrolysis was followed to completion.
DnaK expression and purification are available as Supporting The conversion to ADP was plotted as a function of time
Information. and fit to a first-order rate equation using Enzfitter. At least

Remaeal of Bound Nucleotide Nucleotide removal from  two concentrations of DnaK overza2-fold range were used
DnaK preparations was accomplished using the protocol of to ensure that saturation with DnaK had been achieved.
Gao et al. 83) by competing off bound nucleotide with Measurement of ATP SynthesifReactions were per-
formed in HM buffer (45uL) containing DnaK (2«M) and

1 Abbreviations: P inorganic phosphate; AMP-PNP!-adenylyl ADP* (130 nM; 0.01 xCi). Where indicated, reaction
imidodiphosphate; ATP*d-*P]JATP; ADP*, [a-P]ADP; Hepes, 4-(2-  mixtures also contained either DnaJq) or GrpE (5uM).
hydroxyethyl)piperazine-1-ethanesulfonic acid; DTT, dithiothreitol; The reaction mixture was preincubated for 5 min ate5
EDTA, ethylenediaminetetraacetic acid; Tris, tris(hydroxymethyl)- . . L .
aminomethane; BSA, bovine serum albumin: DEAE-, diethylamino- and the ATP synthesis reaction was initiated by the addition
ethyl-; TLC, thin-layer chromatography. of potassium phosphate to a final concentration of 50 mM.
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The fraction of nucleotide present as ATP and ADP was

determined at various times as described for measurement

of steady-state ATPase activity.

Measurement of ATP ReleasReactions were performed
in HM buffer (120 uL final volume), with DnaK (2uM)
present in excess over ATP* {80 nM). After a 5 min
preincubation of DnaK at 28C, ATP* was added and further
incubated for 2 min to allow for binding of ATP to DnakK.

Russell et al.
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The release of bound ATP was then rendered irreversibleVvarious times thereafter were quenched by one of two
by the subsequent addition of a large excess of unlabeledMethods. At low concentrations of DnaK, the binding

ATP (5 mM). Control experiments indicated that ATP* was
not reactive when added simultaneously with chase ATP.

Data were obtained and analyzed as described for single-

turnover ATPase measurements.

Measurement of ADP ReleasReactions (18@L) were
performed in HM buffer, with DnaK (2uM) present in
excess over ADP* (25 nM). Aftea 5 min preincubation of
DnaK in HM buffer at 25°C, ADP* was added, and the
reaction mixtures were incubated for an additional 2 min to
allow for ADP* binding, at which time unlabeled ADP was
added to a final concentration of 5 mM. Where noted,

reaction was sufficiently slow to enable collection of data
by filter binding, as described above. At higher concentra-
tions of DnaK, portions of the reaction mixture were
guenched with the addition of unlabeled ATP to a final
concentration of 5 mM, competitively blocking additional

ATP* from binding DnaK. Bound ATP* was quantitatively

converted to ADP* with a 15 min incubation at 2& in

the presence of 2M DnaJ. Each sample was analyzed by
TLC for the amounts of ATP* and ADP* present. For both
guench methods, data were fit to a first-order rate equation
using Enzfitter to determink,,s the pseudo-first-order rate

potassium phosphate was added 30 s prior to unlabeled ADPCONstant. The binding reactions were performed over an

At various times after the addition of unlabeled ADP,
portions (15uL) of the reaction mixture were spotted on a
nitrocellulose filter under gentle vacuum and washed with 1
mL of HM buffer. Filters were dried and counted in a
scintillation counter. The fraction of bound ADP* was
corrected for background2%), plotted as a function of
time, and fit to a single exponential decay using Enzfitter.
Isolation of DnakNucleotide ComplexesTo determine
the identity of the nucleotide bound to DnaK in steady-state
ATPase experiments, 5@ portions of a 30QuL reaction
mixture that initially contained 100M ATP* (69 uCi) were
removed at various times (30, 90, 150, and 210 min after
the start of the reaction) and applied to a 24 mL Superose
12 column at £C. The columns were eluted at a flow rate
of 0.5 mL/min in HM buffer, and fractions (0.2 mL) that

intermediate range of DnaK concentrations with no signifi-
cant differences in the results obtained. Experiments mea-
suring the affinity of Pfor DnaK were performed similarly,
with unlabeled ATP as a quench.

Measurement of the Rate Constant for ADP Binding in
the Presence of Inorganic PhosphatBeactions (18Q«L)
were performed in HM buffer containing 583/mL BSA,
0.02-0.15uM DnaK, and limiting ADP* (3 nM). DnaK
was preincubated 5 min with 5 mM potassium phosphate,
and the binding reaction was subsequently initiated with the
addition of ADP*. Samples taken at various times thereafter
were quenched by filter binding and processed as described
for measurement of the rate of ATP binding.

Analysis of Error Results are reported plus or minus 1
standard deviation resulting from the fit of the data, with

contained DnaK protein, as monitored by absorbance at 280Propagation of error through any subsequent calculations.

nm, were immediately quenched with 0 of 1 N HCI

and analyzed by TLC. The peak of DneiT'P consistently
eluted approximately 0.2 mL ahead of the peak of DnaK
ADP (elution volumes were 11.4 and 11.6 mL, respectively).
Therefore, to obtain an accurate determination of the ATP/
ADP ratio of the bound nucleotide, it was inappropriate to
analyze a single individual fraction. Rather, the amounts of
ATP and ADP in several fractions encompassing the peak

Rate constants measurable with a single time course (i.e.,
ko, ks, k-1) are reported as the average efBindependent
determinations. Rate and equilibrium constants requiring a
fit to kops (i-€., ki, k', K3) are reported plus or minus 1
standard deviation from the secondary fit, using all available
values 0fkops

RESULTS

of each nucleotide were summed to obtain values for the Steady-state and pre-steady-state kinetic techniques were
total amounts of each nucleotide recovered bound to DnaK; used to measure rate constants corresponding to individual
the amount of ATP was then divided by that of ADP to steps in the ATPase cycle of DnaK, and results are interpreted

obtain a ratio.

Control experiments indicated that when exogenguegaid
absent from both the reaction buffer and the column running
buffer, a significant portion of the DnalkDP complex
dissociated during the column run. This problem was
circumvented by including 5 mM phosphate in the column
running buffer, which reduced complex dissociation to
insignificant levels.

Measurement of the Rate Constant for ATP Binding
Reactions (18@L) were performed in HM buffer containing
50 ug/mL BSA, 0.02-1 uM DnaK and limiting ATP* (3
nM). After preincubating DnaK for 5 min, reactions were
initiated with the addition of ATP*. Portions removed at

in the context of Scheme 1.

Preparation of DhaK To obtain the large quantities of
protein required for experiments with protein in excess of
ATP, thednaK gene was inserted into a thermoinducible
expression vector (pRLM 163). For some experiments,
protein was expressed from pMOB#BaK" (see Materials
and Methods). Some preparations of DnakK, purified using
a modification of the standard protocol reported here, were
found to have anomalous ATPase activities. These included
a “burst” in single-turnover assays, and a higher than normal
steady-state activity. In at least one case, this is suspected
to be the result of a small amount of a contaminating ATPase,
since application of the preparation to a column containing
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i ' ' ' ' Table 1: Summary of Rate and Equilibrium Constants
g L 3 ke (M~ min-Y) (8.0+0.3) x 10°
= : k_1 (min™Y) 0.008= 0.002
¥ 1ok ] K1 (nM)2 1.04+0.3
S ko (minY) 0.018+ 0.004
< r 1 k-2 (min~?%) <0.0004
; 05 - Ks (K:/k73) (mM) 0.22+ 0.02
o K4 (kik'_5) (mM) 25+0.3
- ks (Min~?) 0.37+0.05
PR TR U T — ki, (min~?) 0.019+ 0.003
0 20 40 60 80 K", (M~ min™?) (1.6+£0.3)x 107
Ka (NM)P 25+ 7
[ATP], uM K., (NM)2 1.2+0.3
FIGURe 1: Steady-state ATPase activity of DnaK. Reaction mixtures Keat (Min) 0.019+ 0.001
(75 uL) contained 1 nM DnaK and-280 nM ATP, including 0.3 Km (nM) 19+2

/_tCi of ATP*. _Initial rate_s were determined from a least-squares 2K, and K}, the equilibrium dissociation constants for ATP and
linear-regression analysis of the data, and are plotted as rate dividedADP in the presence of saturating Respectively, were calculated by

by DnaK concentration, with error bars #fl standard deviation.  dividing each rate constant for release by the respective rate constant
The curve represents a least-squares fit to the Michaklenton for binding.? Ky, the equilibrium dissociation constant for ADP in the
equation and yielde&y = 19 nM andkes = 0.019 mi™, absence of Pwas calculated from the determined dissociation rate

) - constant ks;) and the rate constant for binding in the presence;of P
immobilized polyclonal antibody to DnaK resulted in resolu- (k" ). It was assumed that Ras little or no effect on the rate of ADP

tion of a substantial portion of the anomalous ATPase activity binding, in agreement with the lack of dependence of the observed
from DnaK protein (data not shown). All assays measuring Pinding rate on [} (see text).
ATP hydrolysis were performed with DnaK preparations that
were essentially free of contaminating ATPase activity. No net conversion of ADP to ATP was detected in the
Additionally, all pre-steady-state experiments in which the presence of ADP* and saturating concentrations;{tigta
observed rate constants were expected to be dependent onot shown). The presence of the DnaJ or GrpE cochaperones
protein concentration were performed with DnaK prepara- in the reaction mixture did not elicit detectable ATP synthesis
tions from which nucleotide had been removed essentially by DnaK. Using a conservative value for our ATP detection
as described33). limit, we estimate thak_, < 4 x 104 min~ (Table 1). Our
Measurement of Steady-State ATPaseulgti To estab- inability to detect synthesis of ATP by DnaK is not
lish an overall picture of the ATPase reaction to which surprising. A similar finding has previously been made for
measurements of individual rate constants might be com-bovine Hsc70 protein35). Our results indicate that - is
pared, a steady-state analysis was performed &EZ5igure insignificant relative toky, so koss = k2 when DnaK is
1). The values obtained fity (19 + 2 nM) andk., (0.019 saturating. At a DnaK concentration of @, kops Was
+ 0.001 mirr?) are in reasonable agreement with previous determined to be 0.01& 0.004 mirr* (Figure 2A). Varying
determinations34). The standard assay buffer contained the concentration of DnaK from 0.2 to BM had no
200 mM potassium glutamate, but replacement with an significant effect orkps (data not shown), suggesting that
equivalent concentration of potassium chloride had little or k2 ~ 0.018 mint. This is essentially equal tk.s (0.019
no effect on the steady-state parameters (data not shown)min~) measured in steady state, indicating that hydrolysis
Additionally, bothKy andk.swere found to be independent  of ATP, or a first-order step that precedes hydrolysis, is rate
of the concentration of potassium ion between 20 and 200 limiting for the DnaK ATPase cycle under the conditions of

mM (data not shown). Figures 1 and 2.

Determination of k the Rate Constant for Hydrolysis of It was reported that the steady-state ATPase activity of
ATP. With limiting ATP*, the reaction can be represented DnaK displays a steep temperature dependence, with an 80-
as two sequential steps (eq 1). fold increase in rate from 20 to 5% (36). We examined

the effect of temperature on the hydrolysis step specifically
DnaK + ATP é Dnak-ATP _LL Dnak-ADP-P. (1) _by performing single-_turnover ATPf_ise reactions at a saturat-
1 2 ing DnaK concentration as a function of temperature in the
) . o ] range 15-55 °C. At temperatures from 15 to 46€C,
However, at high concentrations of DnaK, binding will be reactions followed first-order kinetics, and the Arrhenius plot
rapid, in effect reducing the process to one rate-determiningis |inear (Figure 2B). The activation energf. was
step. Under these conditions, the ADP concentration is getermined to be 26.2- 0.4 kcal/mol.
expected to vary with time according to eq 2, where [ADP At temperatures greater than 4C, the reaction was
is the concentration at a given time; [ADPis the final biphasic, with a lag that was dependent on DnaK concentra-
concentration of ADPC is a constant that corresponds to a tjgn. Calorimetry experiments have shown that the N-
small amount of residual contaminating ATPase activity tarminal domain of DnaK undergoes an apparent unfolding
(accounting for 2% of the total ATP* hydrolyzed) thatis  transition at~43°C in the absence of nucleotid@?. This
too fast to be measured accurately and is therefore notphenomenon may decrease the active DnaK concentration,
included in the time course; aridps is the observed first  yaking the rate of binding of ATP kinetically significant
order rate constant, which is hyperbolic with respect to gnqg producing a lag. The second of the two observed rate
[DnaK] to a value corresponding to the sumlgfandk-». constants obtained at 45 and %5 are included in Figure

et 2B, but data obtained at these temperatures were excluded
[ADP] =[ADP_J(1 —e ™) +C (2) when determiningE..
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Ficure 2: Single-turnover ATPase activity of DnaK. (A) Reaction

mixtures (12QuL) contained 2«M DnaK and 3 nM ATP, including

1.08 uCi of ATP*. The curve represents a least-squares fit to a
first-order rate equation and produckss = 0.018 mirrl. (B)
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Single-turnover ATPase assays were performed as a function o

temperature, with reactions containing 3 nM ATP* ang\ DnaK
(©), 2 uM DnaK (a), or 5uM DnaK (O). Observed first-order

rate constants were determined as for panel A and are shown as a

Arrhenius plot. E, the activation energy for the reaction, was

determined from a least-squares linear regression of the data to b

26.2+ 0.4 kcal/mol. Reactions in which a kinetic lag was observed
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Ficure 3: Association kinetics of DnaK and ATP. (A) Reaction
mixtures (18QuL) contained 3 nM ATP* (1.6.Ci) and 0.02uM
Dnak (@), 0.054M DnaK (v), 0.10u4M DnaK (H), or 0.15uM
DnaK (#). Samples were quenched by filter binding. The curves
shown depict least-squares fits to a first-order rate equation. (B)

sPseudo-first-order rate constants are plotted against [DnaK]. Binding

reactions were quenched either by filter bindir@) (or by the
addition of unlabeled ATPY), as described in Materials and
Methods. The second-order rate constant for association of ATP
and DnaK was determined from the slope of a least-squares linear-

degression analysis of the data to be &QC°® M~* min~™. The

y-intercept k-1 + k;) was <0.15 mirmr™.

(closed symbols; see Results) were not used in the determination

of E..

Determination of the Rate Constant for ATP Bindinig

to ADP* was taken as a measure of the fraction of input
ATP* that was bound by DnaK at a given time.
To obtain a value for the second-order rate constant for

binding of ATP Fo DnaK proceeds in a single stgp, the binding, ki, kessWas plotted as a function of [Dnak] (eq 4).
relevant scheme is represented by eq 3 when DnaK is presenfys yielded a reasonable fit to a line with a slope equal to

in excess.

k;[DnaK]

k
ATP Dnak-ATP — DnaK-ADP-P,

— 3
Under conditions in which binding of ATP is fast relative
to hydrolysis and to ATP release, the formation of a DnaK
ATP complex will be approximated by a single exponential
function, wherek,,sis composed of rate constants represent-
ing both steps (eq 4).

Kops > Ky[DnaK] + k_; +k, (4)
To measure the kinetics of ATP binding, DnaK was titrated
in the presence of limiting ATP*, and at various times after
mixing the two components, the relative concentration of
the DnakATP* complex was determined by filter binding
(Figure 3A). At DnaK concentratiorns0.4uM, the reaction
was too fast to measure accurately by filter binding.
However, reactions containing 6-4 uM DnaK were

performed by quenching time-point samples with excess

unlabeled ATP, to prevent further binding of ATP*. Bound
ATP* was quantitatively converted to ADP* in a subsequent
incubation with DnaJ, and the fraction of ATP* converted

2 Equation 4 includes botk; andk, because they are of comparable
magnitude (see below) and, therefore, both contributk,gpat low
[DnaK].

ki and ay-intercept ofk_; + k; (Figure 3B). On the basis

of this fit, k; was determined to be (84 0.3) x 10° M1
min~i, andk_; + k, was<0.15 mirr!. Fitting a line only

to data from assays performed with one quench method (filter
binding) or with the other (excess unlabeled ATP) yielded
similar results. Furthermore, over the limited range of DnaK
concentrations in which both methods were performed, the
results agreed well.

Direct Measurement of ATP Releas@/hile the previous
experiment provided a reasonable estimatefpit provided
only an upper limit fork_;. To obtain a value for the rate
constant for ATP release, a pulse-chase experiment was per-
formed. Limiting ATP* was allowed to bind to DnaK for 1
min, after which excess unlabeled “chase”ATP was added.
Following the fraction of ATP* that is converted to ADP*
with time (Figure 4) provides two methods for determining
k-;. The DnakATP* complex may decompose in two
ways, either through hydrolysis or release of ATP* (eq 5).

k,

DnaKeATP* —

k.,
ATP* -4,
fast

DnakK 7—\ DnaKe«ATP

ATP

DnaKsADP*P,

&)
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FicurRe4: Measurement of the rate constant for dissociation of ATP

from DnaK. Reaction mixtures (126.) contained 2«M DnaK and
3 nM ATP* (1.08uCi). Conversion of ATP to ADP was followed
in the presenceX) or absencey() of 5 mM unlabeled ATP, added

after a 1 min incubation of DnaK and ATP*. The curves represent

least-squares fits to a first-order rate equation, yieléipg= 0.030
min~1 (in the presence of unlabeled ATP) and 0.020 Thifin the

absence of unlabeled ATP). Final values for the conversion to ADP

were 0.73+ 0.02 () and 0.990+ 0.004 ).
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In the presence of unlabeled chase ATP, hydrolysis will pro- Ficure 5: R inhibits the release of ADP from DnakK. (A) Reaction

ceed, not to completion, but to a final value that reflects the mixtures (18QuL) contained 2:M DnakK and 25 nM ADP* (0.11
partitioning of the hydrolysis and release reactions (eq 6). xCi), but with either no potassium phospha®,(or with 0.2 mM

[ADP*] Kk
[ADP*] + [ATP*]  k,+k_,;

(6)

By determining the plateau level of hydrolysis and using the

independently obtained value kf, k-1 can be determined.
This analysis yielded a value fd, of 0.0076+ 0.0016

min~%. If DnaK is not present at saturating concentrations,

not all the ATP* will be bound initially, causing an
overestimation ok_;. To test this possibility, the DnaK
concentration was raised 2.5-fold to 8, and k-1 was
determined as before, but no significant change in the AT
release rate was found (data not shown).

Additionally, k-; may be determined fronky,s in the

presence of unlabeled chase ATP, since the observed rat@hosphate (e.g., 20 mM

(v), 1 mM (@), or 5 mM potassium phosphat®). Fractions of
ADP* bound were determined by filter binding, performed as
described in Materials and Methods. The curves represent least-
squares fits to a single exponential decay. (B) The observed rate
constants are plotted as a function of [Phe curve depicts a least-
squares fit to a rate equation (eq 8), as described in Results.

To determine whether; Rffects ADP release from Dnak,
filter binding assays were performed in the presence of vari-
ous concentrations of potassium phosphate. Limiting ADP*
was incubated with DnakK, followed by the addition of excess
unlabeled ADP. The time courses of ADP release were fitted to
p single exponential functions, arh@bswas found to decrease

with increasing concentrations of (Figure 5A). However,

even in the presence of saturating concentrations of potassium
3" was not zero. This indicates

the two pathways, i.ekops = k2 + k1. Analysis using this
method yielded a value fde_; of 0.0104 0.0014 min?, in
reasonable agreement with the value obtained using eq
From the results of Figures 3 and 4, thg for ATP

were therefore interpreted in the context of a model in which
ADP is released from DnaK in the presence or absence of

6P, but with a much smaller rate constant in its presence (i.e.,
ki, <ki). Ineq 7,K; = ks/k-3 and R binding and release

dissociation from DnaK can be calculated using the relation- ar¢ assumed to be in rapid equilibrium relative to ADP

ship Kp = k_1/k;, which provides &p of 1.0 + 0.3 nM.
Analysis of Pand ADP Releaselt has been shown for

Hsc70 that product release may be approximated as ordered,

with P, released first, followed by ADP3E). Furthermore,
it was determined that;Pelease is partially rate limiting in
the steady state, with a rate constant approximately equal

that of ATP hydrolysis. We attempted to determine the rate

constant for Prelease Kz) by incubating limiting f-32P]-
ATP with DnakK, and monitoring release of ®llowing
hydrolysis of ATP by binding DnaK to nitrocellulose filters.
However, the time course of the decay of boundmas
adequately described by a single exponential wkghs
essentially equal t&,, the rate constant for hydrolysis (data
not shown). This suggests thatrBlease is fast relative to

hydrolysis, consistent with the idea that ATP hydrolysis is

fully rate limiting for DnaK under these conditions (i.&;,

= ko). Additional experiments in the presence of Dnal
which increases; but notks; (data not shown), suggested
that the rate constant for, Release is>0.7 mirr?,

release, consistent with the observation that the time courses
were adequately fit by single exponential functions.
K3/ [Pyl

———
-~

DnaKeADP*

ADP* /tk“

DnaK

faSt/\ADP

DnaKeADPe«(+P))

DnaKsADP*eP,
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DnaKeP;
fast
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@)
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To determine values fdg, ki, andKs, K®was plotted as
a function of [F] and fit to an equation describing parallel
release pathways with an internal rapid equilibrium (eq 8,
results are shown in Figure 5B).
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Table 2: Determination of the Form of Nucleotide Bound to DnaK
in the Steady State

kcal,obs k2 kzbs kcat,calc

[PImM  (min")2  ATP/ADP* (min~%)¢ (min7%)° (min~%)d
0 0.017 13 0.018 0.24 0.017
0.5 0.014 5.1 0.017 0.088 0.016
2 0.012 1.4 0.020 0.028 0.013
5 0.0094 1.6 0.015 0.025 0.011

a Kkeat,obswas determined under steady-state conditionsM2Dnak,
100 uM ATP) (data not shown) The ATP/ADP ratio of DnaK-

Russell et al.

nM, then the measured rate divided by DnaK concentration
is essentially equal th.,.3 Additionally, if the steady-state
assumption is applied, it can be shown that the ratio of
k3*to k, is equal to the ratio of bound ATP to ADP (eq 10).

[Dnak-ATP] _ k3™

[DnakK-ADP]  k, (10)

Thus, once values fdt.,: and for the ATP:ADP ratio on

associated nucleotide in steady state was determined following isolationDnaK are experimentally determined, there are two equations

of protein—nucleotide complexes by gel chromatography as described
in Materials and Methods.k; and K™, the rate constants for ATP
hydrolysis and ADP release, respectively, were calculated f@ipys

and the ratio of bound ATP to ADP as described in RestiExpected
values ofk.ar were calculated using the determined valuek,d0.018
min~2) and of k3" (obtained from filter binding experiments; values
for k3" with 0.5 mM and 2 mM Pwere obtained by interpolation of
the fit shown in Figure 5B). Rvas assumed to have no effectlonlt

was also assumed that only ATP hydrolysis and ADP release contribute

significantly to the steady-state rate (see text)ksQac= kak*J(k; +
k3.

The fit yielded the following parameters, = 0.37+ 0.03
min~% ki = 0.019+ 0.003 min?; andK; = 0.22+ 0.02
mM. Thus, ADP is released20-fold slower in the presence
of B, than in its absence. Since physiological levels pf P
are greater than 20 timds;, intracellular DnaK would be
expected to contain boung, fh addition to bound ADP (in

and two unknowns, permitting calculation lef and k3™,

We measured., for the steady-state ATPase activity of
DnaK at a variety of Pconcentrations and the results are
summarized in Table 2. The addition af#as observed to
decreasé,less than 2-fold. This decrease in rate was due
primarily to a decrease ik}™ (ADP release) rather than to
an effect on the hydrolysis step specifically. Control
experiments performed under single-turnover conditions
confirmed that 10 mM Phas only a minimal effect ok,
decreasing the observed rate of hydrolysis approximately
10-20%. Calculated values ok}™ (Table 2) are in
reasonable agreement with direct measurements from filter-
binding experiments (Figure 5B). This steady-state deter-
mination may underestimaté® at low concentrations of
P, since a small amount of ATP hydrolysis during the 20
min procedure for isolation of DnaK may lead to a substantial

the absence of influence by cochaperones or polypeptidedecrease in the ATP/ADP ratio of bound nucleotide when

substrates). Under these conditions, ADP product will
generally be released directly from a Dn&OP-P, ternary
complex (i.e., via the lower pathway in Scheme 1). We
conclude that the relative flux through the two possible
product release pathways will be dependent on the concen
tration of R.

Effect of Ron Steady-state ATPase Adly. The previous

the total amount of ADP is very low. This effect will be
most significant for the reaction performed in the absence
of exogenous Rand may explain the discrepancykifvalues
between this experiment and the direct measurement from

filter-binding experiments (Figure 5).

As an additional check of internal consistency, expected
values ofk.y; were calculated as a function of JRising

experiment suggested that, at significant concentrations ofdetermined values of, and kﬁbs (in some caseiij',bS was

P (e.g.,~5 mM, 20-fold overKs), the apparent rate of ADP
release K™ is approximately equal tk,, the rate constant
for hydrolysis. This predicts that, in the presence of high
[Pi] (high with respect td3), ADP release will be partially
rate limiting under steady-state conditions. This prediction
was tested directly in an experiment in which excess ATP*
was incubated with DnakK, and at various times the identity
of bound nucleotide was determined by chromatographic
separation of protein from free nucleotid88]. In the
absence of added,Pearly all the nucleotide bound to DnaK
was ATP (Table 2). However, with increasing concentra-
tions of Rin the reaction mixture, a significant fraction of the
recovered nucleotide was ADP, demonstrating that hydrol-
ysis is no longer fully rate limiting under these conditions.

The ratio of bound ATP to ADP, in combination with
determination ok. from the same reaction, permits calcula-
tion of k, andkS™ at a given concentration of. PAssuming
that only these two steps contribute to the overall rate of the
reaction ke is a function ofk, and k2™ (eq 9).

k2"

9)

Since the concentration of ATP in this steady-state experi-
ment, 100uM, greatly exceeded the measurég of ~20

interpolated from the curve fit to filter-binding data). This
calculation was made assuming that ory and k3™
contribute to the steady-state rate and that, gt mM,
k. is unaffected by P The agreement between calculated
and observed values &f,; was reasonably good (Table 2).
Measurement of the Rate of ADP Bindinlgleasurements
of the ADP-binding rate were performed similarly to those
for ATP, with the addition of limiting ADP* to Dnak,
followed at various times by quenching of a portion of the
reaction mixture by filter binding. In the absence of added
P, we were unable to obtain an accurate estimatekfar
the ADP-binding rate constant, because, even at low
concentrations of DnakK, the binding reaction equilibrated
too quickly to measure by hand. However, in the presence
of 5 mM R, which was essentially saturating for its inhibitory
effect on ADP release (see Figure 5B), the process followed
pseudo first-order kinetics, and a plot ks as a function

3 P, competes with ATP for binding to DnaK (wit; ~ 2.5 mM;
see below) and would be predicted to affect the appafgntor the
hydrolysis reaction. At sufficiently high [P 100 4«M ATP would not
be saturating, invalidating the assumptiork@fconditions. The highest
concentration of Fused (5 mM), however, is only about 2-fold greater
thanK,. Under these conditions, the appar&st would be predicted
to increase about 3-fold te-60 nM, still ~1000-fold less than the
concentration of ATP used in this experiment. Thus, ATP remains
saturating andig/[DnaK] ~ Keat
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FiGURE 6: Measurement of the rate constant for association of ADP
and DnaK. Reaction mixtures (180) contained 3 nM ADP* (0.54
uCi), 5 mM potassium phosphate, and 0-@215uM DnakK (O).
Binding of ADP to DnaK was analyzed by filter binding as

described in Materials and Methods. Observed rate constants were
determined from least-squares fits to a first-order rate equation and
are plotted against [DnaK]. An independently determined value for

kjbs (the rate constant for release of ADP) in the presence of 5 mM
P, is shown for comparison®), since they-intercept of the plot
should be a measure &f,. The second-order rate constant for
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K3, the equilibrium dissociation constant of ®r free
DnakK, should be~4 mM. To confirm this, we obtained a
measure oK} by taking advantage of our observation that
the rate of ATP binding to DnaK is slowed by the presence
of P. We preincubated a constant concentration of DnaK
with a variable concentration of;,Pand measured the
observed rate of ATP binding (Figure 7). The concentration
of DnaK in the experiment (0.4M) is in the linear range
for ATP binding (see Figure 3B), so a decreasekip
monitors the fraction of DnaK unavailable for ATP binding.
The data were adequately fit by eq 11, which describes
competitive inhibition.

_ ki[DnaK]
== Pl

l'f‘?I

(11)

This analysis yielded &, of 2.5 £ 0.3 mM, which is a

ADP association to DnaK was determined from a least-squares measure oKj. This is similar to the expected value of

linear regression to be 1.6 10/ M~ min~™%

1
Kopsy Min

[P], mM

Ficure 7: Measurement of the affinity of;or DnaK as assessed
by R-mediated inhibition of ATP binding. Reaction mixtures (100
ulL) contained 3 nM ATP* (0.9.Ci), 0.4uM DnaK, and potassium
phosphate as indicatel.;, the equilibrium dissociation constant
for the binding of Pto free DnaK (not complexed with ADP), was
determined from a fit of the data to eq 11 and was equal tat2.5
0.3 mM.

of DnaK concentration (Figure 6) permitted an estimation
of k', andk}, using eq 4, replacing; andk-, by k' , and

kj, respectively, and omittinkp. From this analysik’ , =
(1.6 £ 0.3) x 10’ M~ min™%, andk) < ~0.1 mirr?; the
value for ki, is consistent with the value~0.03 min?)
obtained from direct measurement at 5 mMd$hown as a
closed circle in Figure 6). A similar set of experiments
performed in the presence of 1 mM ¥elded a similar

mM. We conclude that the binding of ADP and &e
thermodynamically coupled, since the presence of one
increases the affinity of DnaK R0-fold for the other.

DISCUSSION

We have performed steady-state and pre-steady-state
kinetics experiments to quantitatively describe the ATPase
cycle of DnaK. The results are adequately described by
Scheme 1, and the kinetic parameters obtained are sum-
marized in Table 1. We have found that DnaK binds ATP
tightly, with a Kp of approximately 1 nM. Hydrolysis of
ATP, or a first-order step preceding hydrolysis, is rate
limiting in the steady state under typidalvitro conditions.
However, if physiological concentrations of &e present,
release of ADP product becomes partially rate limiting for
the DnaK ATPase cycle.

Hydrolysis Is Rate Limiting in the Absence of Exogenous
Pi. Recently, an alternative kinetic model for the ATPase
cycle of DnaK has been publishe89( 40), which differs in
that hydrolysis of ATP is postulated to be a rapid step,
leading to the formation of a “DnaK*ADP” state, which is
detectable by a change in the intrinsic fluorescence of DnakK.
Dissociation of ADP from this complex is postulated to be
slow and rate limiting for the overall cycle. Our data exclude
a model in which ATP hydrolysis is fast relative to the overall
cycle. The rate constant for hydrolysks, is approximately

second-order rate constant for binding, but a larger dissocia-equal tok.,, inconsistent with a model in which a step after

tion rate constank™ (data not shown), in agreement with
the determined dependence kﬁf’s on [R]. These results
exclude the possibility of a large effect of &h the rate of
ADP binding. K}, the equilibrium dissociation constant of
DnaK for ADP in the presence of phosphate, may be
calculated fromk,/k', and is approximately 1 nM, similar
to theKp value obtained for ATP.

Measurement of the Affinity of for DnaK. Since Pdoes
not affect the rate of ADP binding significantly, then the

hydrolysis is rate determining. Furthermore, in the absence
of exogenous Pthe vast majority of DnaK isolated in steady
state was complexed with ATP rather than ADP. This
finding is also inconsistent with a model in which ADP
release is rate limiting, which predicts that ADP should
accumulate at the active site. The differences between the
models cannot be attributed to differencesiindhcentration,
since (1) the experiments that led to the model with ADP
release being rate limiting were conducted in the absence of

approximately 20-fold decrease in the release rate of ADP added P(39, 40), and (2) even in the presence of significant

observed when significant levels of &e present indicates
that R elicits a 20-fold increase in the affinity of DnaK for
ADP. Completion of the thermodynamic cycle in Scheme
1 requires that ADP exert a similar effect on the affinity of
P. Since KsKs = KK, this relationship predicts that

concentrations of Re.g., 5 mM, 20-fold oveiKs), ADP
release is not slower than ATP hydrolysis, & k) and so
is not fully rate limiting. We suggest that the fluorescence
change attributed to formation of the “DnaK*ADP" state
following rapid ATP hydrolysis may represent a conforma-



604 Biochemistry, Vol. 37, No. 2, 1998 Russell et al.

tional change induced by the binding of ATP, analogous to approximately lin vivo, then DnaJ action would drive the
that observed for bovine Hsc7@1). A recent report by equilibrium to the ADP-bound form by stimulating nucleotide
Pierpaoliet al. (42) reached the same conclusion, based in hydrolysis @5, 26, 42), whereas GrpE would drive it to the
part on evidence that the DnaK preparations used in the ATP-bound form by stimulating product releas25(27).
earlier studies 39, 40) may have contained significant Two-Step ATP Binding.lt has been suggested that a
amounts of bound ADP, which would cause a substantial conformational change of DnaK occurs, following initial
slowing in the rate of ATP binding and complicate assign- ATP binding, based on an altered protease digestion pattern
ment of changes in the fluorescence of DnakK. in the presence of ATP58—55) and short angle X-ray

A Kinetic Balance between ATP Hydrolysis and ADP scattering data5g). Additionally, it has been shown that
Release.By establishing a kinetic framework for the ATPase ATP binding to Hsc70 proceeds in two steps based on
cycle, we expected to gain insight into the functioning of stopped-flow fluorescence datlj; this was interpreted as
DnaKin vivo. To this end, it is important to understand the a conformational change following the formation of an initial
kinetics under physiologically relevant conditions, which will ~ collision complex, with the equilibrium for the first-order
permit estimation of the relative concentrations of ATP- step lying far to the right (i.e., essentially all Dne&TP
bound and ADP-bound forms of DnaK. DneXIP is complexes exist in the postconformational-change state).
“activated” in the sense that it rapidly binds and releases Experiments presented here examining the association of
peptide substratesl?), whereas DnakADP may exist ATP with DnaK showed that with excess Dnak, at concen-
largely in stable complexes containing peptide substrates.trations ranging from 20 nM to &M, the reaction followed
Although ATP hydrolysis is fully rate limiting under typical  pseudo-first-order kinetics, consistent with a one-step binding
in vitro conditions, in the presence of physiological concen- mechanism, as indicated in Scheme 1. This analysis,
trations of P[5—10 mM (@43, 44)], the rate of ADP release  however, does not rule out a multiple-step binding mecha-
is greatly diminished, to a level where the rate of ADP nism. If DnaK also binds ATP in two steps, the values that
dissociation contributes significantly to the overall rate of we have obtained fok; andk-; would correspond, not to
the intrinsic DnaK ATPase cycle. In the absence of other true microscopic rate constants, but rather to combinations
influencesin vivo, a significant fraction of DnaK at steady of rate constants representing both steps. Neverthddegs,
state would be predicted to exist in the ADP-bound form. k; would still provide an accurate estimation i, which
Though peptide substrates and the DnaJ and GrpE cochapwould also be described by a combination of rate constants
erone proteins also affect the kinetics of the ATPase cycle representing both steps.
and are likely to exert significant effects on the ratio of the A Conformational Change Associated with ATP Hydroly-
two forms of DnaK, the results presented here provide a sis? By performing single-turnover experiments at various
relevant baseline for evaluating these additional effects.  temperatures, we were able to obtain an estimate of the

In zivo, in the presence of a significant ncentration, activation energy for the hydrolysis steky)(specifically.
the kinetics of the ATPase cycle may qualitatively resemble The measured value of26 kcal/mol is larger than has been
the kinetics of the GTP binding and hydrolysis cycle of the observed for several enzymes with nucleoside triphosphate
Ras superfamily of low molecular weight GTP-binding hydrolase activity [including the GTP-binding protein Ras,
proteins. These proteins function as molecular switches inwhich hydrolyzes GTP even more slowly than DnaK
such processes as regulation of cell growth and differentia- hydrolyzes ATP %7)], and is roughly equal to the activation
tion, and cytoskeletal organization. They function while in energy for the nonenzymatic hydrolysis of ATEB(59). It
their GTP-bound state by acting on downstream effectors is possible that, rather than reflecting the chemical step per
and then return to an inactive state upon hydrolysis of GTP se, this activation energy instead primarily reflects a con-
(for reviews, see refd5and46). Like DnakK, these proteins  formational change associated with hydrolysis of ATP
bind nucleotide tightly, and hydrolyze it slowly. One of the (distinct from the conformational change associated with the
best characterized members, Ras, hydrolyzes GTP with abinding of ATP). This putative conformational change
rate constant 0of~0.02 min! at 37 °C (47), several fold associated with ATP hydrolysis may well be responsible for
slower than DnaK at this temperature (Figure 2B). Though the observed higher affinity of peptides for the ADP-bound
the rate constants for hydrolysis and product release varyform of DnaK, and could represent essentially the reverse
among GTP-binding proteins, for many individual family of the change that occurs upon ATP binding. The confor-
members, including Ras, the rate constants for GTP hydroly- mational change could be rate limiting for hydrolysis, in
sis and GDP release are comparable to each o#ferg). which caseE, measures the temperature dependence of this
This balance appears to be important for the functioning of step directly. Alternatively, an unfavorable conformational
Ras, since mutations that alter the balance, either bychange may precede rate limiting chemistry, in which case
decreasing the intrinsic GTP hydrolysis rate or increasing k, ~ Keon KehemandE, includes the temperature dependence
the GDP/GTP exchange rate, are oncogend, (50). of the conformational-change equilibrium. Consistent with
Additionally, the nucleotide binding/hydrolysis cycles of Ras the notion that a conformational change of DnaK associated
and DnaK are similar in another respect. GTP-binding with ATP hydrolysis could have a large kinetic activation
proteins functiorin vivo in cooperation with distinct regula-
tors of the nucleotide binding and hydrolysis cycle, including 4 Assyming the equilibrium for a conformational change subsequent
proteins responsible for stimulating specifically nucleotide to initial complex formation lies far to the right as observed for Hsc70
hydrolysis 61, 52) or product release4). The DnaJ and (k* > k-1* where k;* and k-,* refer to the forward and reverse rate
GIpE cochaperones fufl these respeciive oles for the Dnak (STt o e conformational change,respectien), i cetrinec
ATPase. If it is presumed that the intrinsic equilibrium ae constant for binding is-kiki/(k-1 + ki*), SO Kefifkon ~k_1K_1*/
between the ATP-bound and ADP-bound forms of DnaK is kik:*, approximately equal t&p.
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barrier, activation energies for various other conformational no physiological need in the cytosol of eukaryotic cells for
changes of Hsp70 proteins have been measured and wera GrpE-like cochaperone.
also found to be large. For example, the second step of ATP  Mitochondrial matrix Hsp70 protein, on the other hand,
binding to Hsc70 has been interpreted to be a conformationalis assisted in its action as a molecular chaperone by Mgel
change with an activation energy of 401 kcal/mol @1). protein, a mitochondrial GrpE homologue. Because of its
Moreover, binding and release of peptides by Hsp70 are dependence on a GrpE-like cochaperone, mitochondrial
thought to involve conformational changd®). A peptide Hsp70 is apparently more similar to DnaK functionally than
(MQERITLKDYAM) derived from theA Cro protein was eukaryotic Hsc70. A recent report, published after this work
shown to bind DnaK with an activation energy of 268 was completed, concludes that the presence of inorganic
kcal/mol, and its release was found to have an activation phosphate inhibits the intrinsic ATPase activity of mito-
energy of 34.6t 1.2 kcal/mol 60). It may be these types chondrial Hsp70 by slowing the release of ADBIL)
of structural rearrangements that are rate limiting for Hsp70 Although this response to inorganic phosphate is similar to
action, as reflected in the large activation energies. A that reported here for DnaK, there apparently remain
conformational change associated with ATP hydrolysis significant differences between the behavior of DnaK and
would be consistent with the observed stimulation of ATP mitochondrial Hsp70. For example, the intrinsic ATPase
hydrolysis by peptides, which are known to interact with turnover number of mitochondrial Hsp70 was reported to
the C-terminal domain of DnakK, a locale spatially distinct be more than 10-fold higher than that of DnaK, and product
from the site of nucleotide hydrolysis on the N-terminal release from this Hsp70 was judged to be strictly ordered,
domain. An effect of peptides on a conformational change with P, always dissociating prior to ADF6().
would seem to be more feasible physically than a direct effect Comparison with Other Kinetic Studies of the DnaK
on catalysis. We infer that peptide binding either acceleratesATPase After this work was completed, an investigation
a rate limiting conformational step that precedes chemistry of the intrinsic and peptide-stimulated ATPase activity of
or alters the equilibrium of an unfavorable conformational DnaK was reported20). Theysseret al performed both
step that precedes rate limiting chemistry. steady-state analysis of the DnaK ATPase and transient
Comparison of DnaK with Eukaryotic Hsc70 and Mito- stopped-flow analysis of the interaction of DnaK with
chondrial Hsp70 Comparison of our results with those from  fluorescent nucleotide analogs of ADP and ATP. Consistent
a study of the ATPase kinetics of Hsc785( 41) reveals with the results reported here, Theyssstnal. found that
differences between the two proteins. For both DnaK and ATP hydrolysis is rate limiting for the intrinsic ATPase cycle
Hsc70, hydrolysis of ATP has been found to proceed slowly and that ATP is released more slowly than it is hydrolyzed.
and to contribute to the overall rate. However rélease Earlier, McCartyet al. (62) had demonstrated that ATP is
from Hsc70 was determined to be slow as well, and to be the primary nucleotide bound to DnaK during a steady-state
partially rate limiting, even in the absence of exogenous P reaction and, based on this finding, they also concluded that
Furthermore, the Hsc70 ADP release rate was found to bethe ATP hydrolysis step is rate limiting.
several fold faster than that measured here for DnaK (1.7 There are, however, differences between our findings and
min~tvs 0.4 mim for DnaK). A more significant difference  those of Theyssest al. (20) that merit further discussion.
between these proteins is their affinity for ATP, where the Theysseret al. observed only a minor effect of; Bn the
Kp for Hsc70 was calculated to be 42 nM, 40-fold weaker release rate of ADP (about a 2-fold slowing of the rate at 2
than the 1 nMKp we have calculated for DnaK. This mM P). In contrast, we observed nearly a 20-fold decrease
disparity primarily results from a large difference in the ATP in the ADP-release rate at this concentration of FPhe
release rate, which for Hsc70 0.7 min®, nearly 100-  underlying basis for this difference is not clear; nevertheless,
fold faster than release of ATP from DnaK. For Hsc70, ATP we confirmed that our conclusion is correct by demonstrating
release is several fold faster than hydrolysis, so the ATP- that R affects the ATP/ADP ratio of the nucleotide bound
binding step is essentially in rapid equilibrium. In contrast, to DnaK during steady-state hydrolysis of ATP. If& 2
release of ATP from DnaK is slower than hydrolysis, so this mM exerted only a 2-fold slowing of the ADP release rate
system is more closely approximated by the limiting case (e.g., to 0.18 minY), ATP hydrolysis, with ak, of 0.018
of irreversible binding. It is interesting in this regard that min~%, would remain almost fully rate limiting and bound
GrpE interacts with DnaK and increases the rate of ATP ADP should not accumulate. In sharp contrast to this
releaseas well as ADP releas@9). In effect, GrpE action  expectation, however, nearly half of the bound nucleotide
converts the DnaK ATP-binding step to a rapid equilibrium, was ADP at 2 mM P(Table 2). This shows that ADP
qualitatively more similar to the intrinsic ATPase cycle of release is partially rate limiting under these conditions (i.e.,
Hsc70. Although a homologue of GrpE has been found in the release rate for ADP must be slowed approximately 20-
the matrix of yeast mitochondria, there are apparently no fold, since Phad no significant effect on the hydrolysis rate
GrpE homologues in the cytosol of eukaryotic cells (at least of ATP). We also note that the increase in affinity of DnaK
in S. cereisiae, whose genome has been entirely sequenced).for ADP when exogenous; B present correlates well with
Variations in the kinetic properties of the intrinsic ATPase the ~12-fold effect of ADP on the affinity of DnaK for P
cycles between prokaryotic and eukaryotic Hsp70 proteins Thus, all of our observations are consistent with a model in
may thus underlie the requirement in prokaryotes for GrpE, which the binding of ADP and ;Pare thermodynamically
which appears to function largely or entirely by affecting coupled, with a coupling energy 6f1.6 kcal/mol (equivalent
the kinetics of the cycle. Perhaps because of the intrinsically to a 10-20-fold increase in affinity when both ADP and
faster rate of nucleotide exchange for Hsc70, there may beexogenous Pare present). Theyssest al. also reported
observing a tight-binding mode of iKp = 0.45uM) by
5R. Russell and R. McMacken, unpublished data. monitoring changes in Trp fluorescence which resulted from
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