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ABSTRACT. Hsp70 chaperones are heterotropic allosteric systems in which ATP and misfolded or aggregated
polypeptides are the activating ligands. To gain insight into the mechanism by which ATP and polypeptides
regulate Hsp70 chaperone activity, the effect of a short peptide oliifer ATP was analyzed using

the Escherichia coliHsp70 called DnaK. In the absence of peptide, m@é for ATP is 52+ 11 nM,
whereas this value jumps to 14461.6 uM in the presence of saturating peptide. This finding supports

a mechanism in which ATP binding drives the chaperone in one direction and peptide binding pushes the
chaperone back in the opposite direction (and thus incrd@ggsaccording to ATP+ DnaK:-P = ATP-
DnaK-P== ATP-DnaK* + P, where ATPDnaK:P is an intermediate from which competing ATP hydrolysis
occurs (ATPDnaK-P — ADP-DnakK:-P). We show that this branched mechanism can even explain how
DnaK hydrolyzes ATP in the absence of peptide and that the true rate constant for DnaK-mediated ATP
hydrolysis k) in the absence of peptide may be as high as 0'rather than 5x 1074 s1 as often

stated in the literature). What happens is that a conformational equilibrium outcompetes ATP hydrolysis
and effectively reduces the concentration of the intermediate by a factor of a thousand, resulting in the
following relation: keat = kny/1000= 5 x 10 % s 1. How polypeptide substrates and the co-chaperone
DnaJ modulate DnaK to achieve its theoretical maximal rate of ATP hydrolysis, which we suggest is 0.5
s™1, is discussed.

The Escherichia coliHsp70 molecular chaperone DnaK tively. Residues 385393, which are highly conserved
is an ATP-dependent molecular machine that functions to among Hsp70s from different organisms, link the NBD to
prevent and reverse the misfolding and aggregation of cellularthe SBD. With two lobes separated by a deep cleft in which
proteins (for reviews, see refs—3). Two co-chaperones, nucleotide binds, the NBD binds and slowly hydrolyzes ATP
DnaJ and GrpE, regulate DnaK’s activity. DnaJ, which is a (12). With a f-sandwich domain topped by a multihelical
chaperone itself, presents a substrate to DnaK and simultadid (13, 14), the C-terminal domain binds and sequesters the
neously signals DnaK to hydrolyze ATP, which finalizes substrate protein. A leucine-rich peptide (NRLLLTG), bound
substrate capture. GrpE is a nucleotide exchange factor thatwithin the f-sandwich, makes numerous contacts via its
catalyzes the release of tightly bound ADR, 6). The main-chain atoms to side chains of DnaK residues that line
essence of the Hsp70 chaperone cycle is that the chaperonéhe channel 14).
shuttles between an ADP-bound state, which has a high Hsp70 chaperones such as DnaK are heterotropic allosteric
affinity for substrate proteind{iz ~ nanomolar) and an ATP-  systems15) in that ATP binds to the NBD, and this is sensed
bound state, which has a low affinity for substrate proteins in the SBD, resulting in weakened peptide bindirig)(
(Kqg ~ micromolar) 6, 7). In each of these states, the Conversely, substrate binds to the SBD, and this is sensed
nucleotides themselves, ADP and ATP, are tightly bound by ATP lodged in the NBD, resulting in accelerated DnaK-
(Kg = 200 nM) @, 9). It is likely that DnaK utilizes free mediated ATP hydrolysis 1(7). Although the structural
energy from ATP binding or hydrolysis to forcefully unfold changes that enable this interdomain communication are
substrates?, 10). In this sense, the DnaK/DnaJ/GrpE system entirely mysterious, site-directed mutagenesis studies have
is similar to the GroEL/ES system, which has been shown revealed mutations in the NBD (E171A, D201N)3( 19),
to fold substrates by forced unfoldingX). the highly conserved linker region (LL390,391D2, and

DnaK consists of three domains: The 44-kDa nucleotide- the SBD (K4141, N451K) 21) that either lower or abolish
binding domain (NBD), the 12-kDa substrate-binding
domain (SBD), and the 13-kDa multihelical lid domain ! Abbreviations: NBD, nucleotide-binding domain; HEPES(2-

comprise residues-1384, 394-508, and 509638, respec- hydroxyethyl) piperazing¥-2-ethanesulfonic acid; p5, the synthetic
peptide CLLLSAPRR; SBD, substrate-binding domain; ADRaK,
“high affinity” state because it tightly binds substrate polypeptides;
T This work was supported in part by a grant from the National ATP-DnaK*, “low-affinity” state because it weakly binds substrate
Institutes of Health (GM 51521) and the Stiles Foundation of LSUHSC- polypeptides; ATFDnaK:P, an intermediateDnaK, an isomer in which

Shreveport. the ATPase domain is closed; agdnaK, an isomer in which the
* To whom correspondence should be addressed: Tel: (318)675 ATPase domain is open:”, represents a noncovalent interaction, such
7891. Fax: (318) 6755180; e-mail: swittl@Isuhsc.edu. as a peptide molecule, P, bound to DnaK (DrRK
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Ficure 1: Branched mechanism with and without saturating peptide are shown in (A) and (B), respectively. Sequential mechanism with
and without saturating peptide are shown in (C) and (D), respectively. In (C), | and Il denote different intermediates. The asterisk in
ATP-DnaK* denotes decreased fluorescence relative to the other states. P rpdeRBent two different conformations of a polypeptide
substrate.

coupling between the two domains, as judged by the inability sequential reactions, one of which is a unique unidirectional
of ATP to trigger the release of bound peptide (and decreasepeptide ejection stef26). Steady-state ATPase experiments
DnaK’s tryptophan fluorescence), as well as the inability of that were conducted in this study support the branched
peptide to stimulate DnaK-mediated ATP hydrolysis. mechanism and rule out the catapult mechanism.

Although kinetic analysis has been very useful in showing
how nucleotides modulate the conformation and reactivity MATERIALS AND METHODS
of Hsp70 chaperones7{9, 22), many different Hsp70 Protein and ReagentReagents were of the highest purity
mechanisms have been proposed and few attempts have beesnd were purchased from Sigma, unless stated otherwise.
made to distinguish between them. In the present study, weDnaK was isolated using ATP-agarose affinity chromatog-
have attempted to distinguish between two mechanisms thatraphy followed by ion exchange chromatography, as de-
have been proposed to explain chaperone interactions withscribed 7). The sample buffer consisted of 25 miNA(2-
ATP and misfolded or unfolded substrates. One of these hydroxyethyl) piperaziné¥'-2-ethanesulfonic acid (HEPES)/
mechanisms, referred to here as the branched mechanisn50 mM KCI/5 mM MgCL/5 mM 2-mercaptoethanol at pH
contains competing parallel reactions and a ligand-activated7.0. The proteins were made nucleotide-free by exhaustive
molecular switch (Figure 1A)23—25), whereas, the other  dialysis (16 L of buffer over 4 daysp{¢) or by the method
mechanism, referred to as the catapult (Figure 1C), containsof Gao et al. that employs'f&denylyl imidodiphosphate
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(AMP—PNP) @8) and then stored in the HEPES sample mational change and increases the amount of the intermediate
buffering containing 10% glycerol at80 °C prior to use. complex, which in turn increases the rate of DnaK-mediated
The endogenous nucleotide content in DnaK preparationsATP hydrolysis & k:yp x [ATP-DnaK:-P]). Two ATP-

after either of these treatments was estimated byAtiag bound states exist in this mechanism, ADRaK:P and ATP
Aggoratio. In every caseiosdAoso= 1.5—1.7, which indicated ~ DnaK*. The companion branched mechanism for the reaction
that DnaK was nucleotide-fre@9). Glycerol was removed  between DnaK and ATP in the absence of peptide is shown
by an overnight dialysis before using the protein. DnaK was in Figure 1B. The ATP-bound intermediate is the branch
judged to be greater than 95% pure based on Coomassie blugoint for each mechanism.

staining of SDS-PA gels. In the catapult mechanism (Figure 1C), which is a unique

The p5 peptide was purchased from Genemed Synthesidorm of a sequential mechanism, ATP rapidly binds to a
Incorporated (S. San Francisco, CA), purifiedt65% by DnakK:peptide complgx and forms an intermediate (ATP
high performance liquid chromatography, and peptide mass DnaK:-P). A conformational change then occurs that releases
was verified by electrospray mass spectroscopy. the bound peptide and par_tlally quench_es_ the protein’s

ATPase Actiity MeasurementsThe ATPase assay was tryptoghan fluorescence, forming the low-affinity state (ATP
performed as described by Karzai and McMacké)( DnaK*) (26). The unique aspect of the catapult mechanism

. . . . is that this conformational change that releases the bound
g'gﬂé'ég?)reggt'?ng'ﬁé;eég?li‘écl_'ontf‘:;_n?g'joggﬂggggl:m peptide from the (ATFDnaK-P) intermediate is unidirec-

; tional. Peptide substrates can rapidly bikgl)(to and rapidly
acetate, 150 mM potassium glutamate at pH 7.6. For the ATPreIea e from ATP-Dnak*. and the binding of a peptide
concentration range-5400 nM, a 500 nM stock solution of sekor) ’ inding pept

“3op1. d i o molecule to ATPDnaK* increases the tryptophan fluores-
ATP (ATP + [a-*P]-ATP) was use: (specific activity 100 conce of the protein and creates a second intermediate- (ATP
Ci/mmol). For the ATP concentration range of 60(3)2nM to DnaK:P),. ATP hydrolysis converts this second intermediate
17.54M, a S0uM StOCk. solution of ATP (ATP+ [a-**P]- . tothe ADP-bound state. After ADP dissociates, ATP binds
ATP) was used (3.6 Ci/mmol). For the ATP concentration 5.y triggers the unidirectional release of the bound substrate

range of 106-250 uM, a 2.5 mM stock solution of ATP - ; ;
prady ) peptide K;). This catapult step may occur at a different
(ATP +[a-*P]-ATP) was used (2.5 Ci/mmol). Samples were rate than the reversible transient interactidy (= Kof).

pr_emcubated 2 min at 25C prior to' thg addition of ATP. Three ATP-bound states exist in the catapult mechanism,
Aliquots (3uL) were removed periodically and quenched (ATP-DnaK-P), ATP-Dnak*, and (ATPDnaK-P). The
with 1 4L 0.2 M HC, and then 2L aliquots were subjected companion sequential mechanism for the reaction between

to polyethyleneimine (PEI)-cellulose thin-layer chromatog- . S L
raphy usilg a 1 Mformic acid and 0.5 M lithium chloride DnaK and ATP in the absence of peptide is shown in Figure

mobile phase. Radiolabeled ATP and ADP were detected
and quantified using a STORM 860 Phosphorimager. Product
formation traces were analyzed by linear-regression to
determine the initial rates of ATP hydrolysig( pmol ADP
min~1). Rates were divided by the picomoles of DnaK in AF}

the reaction 1/[DnakK], min~1). Nonenzymatic hydrolysis K Kot .

of ATP was determined for each experiment and did not ATP + DnaK-P‘—ATP-DnaK-P~—n ATP-DnaK* + P
exceed 8t 1.5% afte 4 h incubation. For experiments using AFt 1
the p5 peptide, the p5 peptide concentration was /400 1)

Curve Fitting and Error AnalysisLeast-squares fitting  One key finding was that for stopped-flow experiments that
of data and determinations of standard errors of the fitted probed the forward reaction, in which the ATP concentration
parameters were conducted using the program KaleidaGrapiyas varied in one syringe with a fixed concentration of
(Synergy Software, Reading, PA). Errors were propagated DnaK:peptide complexes in the other syringe, the observed
according to methods outlined in BevingtdBil). rate kon9 of ATP-induced fluorescence quenching followed

Evidence from pre-steady-state kinetic experiments in
support of a bidirectional conformational switch in DnaK
(eq 1) was previously reporte@3).

RESULTS K, «[ATP]

=k, [P] +————=  (forward reaction) (2)
The objective of this study was to test two different types obs = ol Ky + [ATP]

of mechanisms, branched and sequential, of chaperone action.

In the branched mechanism (Figure 1 A), ATP binds to a Another key finding was that for stopped-flow experiments
DnaK-P complex and forms an intermediate (ATRakK: that probed the reverse reaction, in which the peptide
P), which then undergoes competing parallel reactions thatconcentration was varied in one syringe with a fixed
produce products that possess very different kinetic and concentration of ATFDnaK complexes in the other syringe,
spectral properties. Hydrolysis yields AHPhaK:-P, from the observed ratek{,) of peptide-induced fluorescence
which peptide dissociation is very slow. Hydrolysis occurs increase followed

without a spectral change in DnaK. Competing against

hydrolysis, a conformational change yields ADRaK*, Kops= KorlP] + ko (reverse reaction) 3
from which peptide dissociation is quite fast. This confor-

mational change partially quenches the tryptophan fluores- The peptide on- and off-rate constants determined from
cence of DnaK (indicated by an asterisRB(24). In this experiments that probed the forward reaction were exactly
mechanism, peptide binding reverses the forward confor- equal to the peptide on- and off-rate constants determined
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Ficure 2: Effect of peptide oKy for ATP. (A) Time courses for the hydrolysis ai{32P]-ATP by DnaK in the absence of added peptide.
ATP was varied over the range-250 nM €, 5 nM; @, 10 nM; O, 20 nM; A, 50 nM; A, 100 nM; andll, 250 nM) at a fixed concentration

of DnaK (50 nM; 2.0 pmol per sample). Traces were fit to the equation for a straight line (solid line), where the slope is the velocity,
(pmol ADP mirr?). (B) Plot of vo/[DnaK]o versus ATP concentration. The solid line is the best fit to the Michaelis-Menton equation and

yielded K,T,,P and kc_aﬁ’ equal to 52+11 nM and 0.030+ 0.001 mirmr! (R = 0.928), respectively. (C) Time courses for the hydrolysis of
[0-32P]-ATP by DnaK in the presence of saturating p5 peptide (@). ATP was varied over the range 0.62850 uM (<, 0.625uM;
®, 1.25uM; O, 2.5uM; B, 5uM; O, 10uM; A, 12.5uM; and®, 250uM) at a fixed concentration of DnaK (50 nM; 2 pmol per sample).
(D) Plot of u/[DnaK], versus ATP concentration. The solid line is the best fit to the Michaelis-Menton equation and ygfdaddk’
equal to 14.6+ 1.6 uM and 0.92+ 0.03 mirr (R = 0.975), respectively. Insets in panels (B) and (D) show double-reciprocal plots.

from experiments that probed the reverse reaction. Although Materials and Methods for additional details). Representative
such results support the branched mechanism, they do notime courses for DnaK-mediated ATP hydrolysis in the
disprove the subtly different catapult mechanism. This is absence of added p5 peptide, analyzed by linear regression,
because in the catapult mechanism ATP and peptide alscare shown in Figure 2A. Initial rates of ATP hydrolysig/(
induce reciprocal changes in the tryptophan fluorescence of[DnaK]o, s™) are plotted against ATP concentration in Figure
DnaK. Experiments that do not depend on tryptophan 2B. The hyperbolic plot is characterized ky;, and K;,”
fluorescence are needed to distinguish between these twayalues of 5.0+ 0.2 x 104stand 52+ 11 nM, respectively.
mechanisms. By comparisonK;,” values for ATP of 19+ 2 nM (9) and

We posit that the branched and catapult mechanisms cam ;M (32) were previously reported for DnakK.
be distinguished via experiments that measure the steady-
state ATPase activity of DnaK as a function of the
concentration of ATP. That is, although the rate of ATP
hydrolysis by DnaK will obey Michaelis-Menton kinetics
for each mechanism, the two mechanisms will differ in how
peptide affects thiy, for ATP. For example, in the branched

Parallel experiments analyzed the effect of saturating
peptide on the rate of DnaK-mediated ATP hydrolysis. The
peptide concentration used (5@®/) is much larger than
the K4 for p5 binding to ATP-bound DnaKKy = 6 uM)
(26). Representative time courses for DnaK-mediated ATP

mechanism peptide partially reverses the two-step sequentiahydrmﬁ'S with saturau'ng p5 peptide, analyzed by linear-
reaction that defines this mechanism (Figure 1A); thus, "€9ression, are shown in Figure 2C. The plovgiDnaK]o
saturating peptide should increase dramaticallyKkefor Versus the concentration of ATP is characterizedtyand
ATP (K{¥ > K;). However, in the catapult mechanism Ky values of 0.0153+ 0.0005 s* and 14.6+ 1.6 uM,
peptide drives the reaction forward (Figure 1C), and thus "€Spectively. Saturating peptide therefore incredsgaind
saturating peptide should decrease Kiyefor ATP (K&P « Km 31- and 280-fold, respectlvely.- Such allalrge increase in
K&P)_ Steady-state kinetic experiments were conducted to Kwm supports the branc_:hed mechanism and is inconsistent with
determine whether saturating peptide increases, decreasedN® catapult mechanism.
or has no effect on th&y, for ATP. Analysis of the Steady-State ATPase Dataanalyze the
Measurement of the Rate of DnaK-Mediated ATP Hy- different mechanisms in Figure 1, the King-Altman method
drolysis.DnaK-mediated ATP hydrolysis was measured by (33) was used to derive mathematical expressionskéqr
using [-32P]-ATP in conjunction with PEI-cellulose chro- and Ky for each mechanism. The assumptions were that
matography. ATP (ATP{-32P]-ATP) was added to a sample [ATP] > [DnaK], [P]> K4 (dissociation constant for peptide
of DnaK; aliquots were periodically removed and quenched binding to ATP-bound DnaK) or [P} 0, andk}i, = O.
by the addition of SDS loading buffer. The radiolabeled Setting this latter rate constant to zero is reasonable because
nucleotides were separated using a PEl-cellulose plate (see¢he concentration of ATP is in vast excess over the small
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Table 1: Rate Constants for the Various Mechanisms

Saturating Peptide

catapult (Figure 1 A)

branched (Figure 1 C)

rate constant comments rate constant
ki=1.25x 1°M~1st refs9, 27 k=125x 1°PM~1s?
k-1=6.0s? calculated k-1=793s?
*{ =0.050s! calculated k‘:ﬁp =0.0506 st
K =0.022 51 ref27 K, =0.022s1

kof = 5.7 st
kon=1.1x 10°M~1s?

catapult step re26
ref 26
ref 26

No Peptide

koss = 6.7 s1
K,ff:6.0 st
kn=1.1x 1M 1st

branched (Figure 1B)

sequential (Figure 1D)

ki=1.25x 1FM1s?
k-1=6.0 st
kp=19s1
k.,=0.02s?

k;£= 05st

K =0.022 51

refs9, 27
calculated
ref 27
calculated
calculated

ref 27

k=125x 1P M~1s?
k.1=793s?
k=19s1
koo=—3.6x 1074s!
k,;£ = 0.0005 s'?

K =0.022 51

amount of ADP generated in a few cycles. The four

Michaelis-Mention equations are given in Figure-1B.
We show below that values fok,S and k- in the

branched and catapult mechanisms can be calculated using,trating peptide, to determine the other two constants. It
information determined in this and previous studies. For the ¢p511d be noted that changikg: leads to new values for

branched mechanism with saturating peptide (Figure 1A), a
calculated value for the intrinsic hydrolysis rate constant

+yp was obtained from the following equation:

P (branched)= 0.0153 §* = —>———

The right-hand side of the above equation is the theoretical
which was derived using the King-

+P

expression fork ,,

Key Kabp
. 4)

ff +P
kZDF‘ + y

Chesnokova and Witt

DnaK) with k-; = 6.0 s'%, then values fok;aﬁ’and k_, can
be determined. Thus, for the branched mechanism (Figure
1B), the theoretical expression for thgt/K,,” ratio was
used to solve fok;
—P 4 1 —P
kc?t (branched): 5x 10 "s _ khy k17
Ky’ 0.052uM k .+ khyP

(6)

Substituting in the above equation far(= 0.125uM~*s™%)
andk_; (= 6 s') and solving fork." yields 0.5 s2. It is
intriguing that in this mechanisrk, (= 5 x 1074 s is

one thousand times smaller than the intrinsic rate constant
for DnaK-mediated ATP hydrolysistagP (= 0.5s%).

A calculated value fok—, (= 0.02 Sil) was also obtained
after substituting values of known constants into the theoreti-
cal expressions fok_, or K,,” (Figure 1B) and solving for
this constant. The rate constants associated with the branched
mechanism are presented in Table 1.

We pointed out that for the branched mechanism without
peptide there are two equations and three unknowns (
k_,, and k;yp), and that our strategy was to use the calcu-
lated value fok_; (= 6.0 s1), which was determined with

k—, and kgyp. Specifically, decreasing-; to 3 st and using
reported values fok; (= 0.125uM~t s7%), ky (= 19 s9),
and k3" (= 0.022 s?) leads tok_, and k,:yP equal to 0.04
and 0.25 st respectively. In the analysis, we assumed a
value of 6 st for k-; but also recognized that a 2-fold
decrease in this constant produces a 2-fold increase and
decrease ik_, and k;yp, respectively.

The steady-state ATPase data obtained with saturating
peptide was also analyzed in the context of the catapult

Altman method (Figure 1A), whereas the left-hand side of mechanism (Figure 1C). The theoretical expression for
the equation is the measured value Kgf (Figure 2C,D).
Substituting fork3T, (= 0.022 s?) (27) in the above
equation and solving fork;; yields 0.0506 si. This
calculated constant was then used to deterrkingthe rate
constant for ATP dissociation from the peptide-bound s2.

intermediate. The theoretical relation f&f,” was set equal
to the experimentally determined value for this constant

(= 14.6 uM):

K" (branched)= 14.6uM =

+P
Ko+ K

ff
kXDP

Ky

off +P
kADP + y

(5)

Substituting fork" (= 0.022 s7), k; (= 0.125uM s79), o :
andkﬁyp (= 0.0506 s?) into the above equation and solving (= 14.6uM):

yieldsk-; = 6.0 s'*. For comparison, the calculated value
of the rate constant for ATP dissociation from the intermedi-

*af(catapult) was set equal to the experimental value for
this constant (eq 7), and the equation was used to determine
o - Substituting values fok}h, (= 0.022 s%) and K

(= 6.7 s%) (26) in eq 7 and solving fok;; yields 0.0506

+P AP\ -1
i& (catapult=0.0153 5* = o1+ - + Ey
‘ADP ff

(7)

This calculated constant was then used to deterkinghe
rate constant for ATP dissociation from the intermediate.
Specifically, the theoretical relation fd»ﬂr,lp was set equal

to the experimentally determined value for this constant

+P
+k
K" (catapulty= 14.6uM = y (Koipe +K_p)

ate complex of bovine brain Hsc70 is 1.11922). Rate Ko + Koff

constants for the branched mechanism with saturating peptide K[ Kosre + +yP —ﬁADP

are given in Table 1. Kaop
Notice that for the branched mechanism without added (8)

peptide (Figure 1B) there are three unknown rate constants

(K-1, k=2, andkc_a’i) but only two equations, i.eone equation
for k. and another for K". If it is assumed that ATP

Substituting in the above equation far(= 0.125uM*s™1),
Kabe (= 0.022 s7), K (= 6.7 s, andk;; (= 0.0506 s

dissociates from the peptide-free intermediate complex fATP and solving fork_; yields 793 s*.
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To complete our analysis, the sequential mechanism was A Simulations--Steady-State
also analyzed to determine values fq| andk_, (Figure 6104, . [ATPP[D"aIK]
1D), with the assumption that in the absence of pegtide —~ | PoPtide
also equals 79373. The derived theoretical expressions for w ° 104
ks and K", set equal to their respective experimental < 0T
values, are shown below. g 310
2 204t - 1
R R e observed
k. (sequentialy=5 x 10 *s ' = PPNy — branched |
at o - P sequential
_p Ky | Kootk 00 200 400 600 800 1000
khy 1+ r + k2 %) B [ATP] (nM)
ADP 0.030 [ . ; . .
& o002 [tpeptide e
K, (sequentialy= 0.052uM = 2 ool ’
—P -P "2
K1k 5+ K_jkqy + kokpy g oo1sf : s ]
_ (10) [m] 1
kzkhyp _p fo 0.010 e observed 7|
k1 + k2 + k—2 + khy 0.005 | — branched |
AfIfDP R I 2y catapult
0 1 1 1 1
0 50 100 150 200 250
Substituting values fok; (= 0.125uM~1 s7%), k; (= 793 [ATP] (uM)
s1), k(=19 s, andk" (= 0.022 sY) intoeqgs 9and 10 Ficure 3: Simulated steady-state ATPase activity. (A) Simulations
yields two equations with two unknownsk;f and k_). of the branched and sequential mechanisms without added peptide
. . . = are shown (Figure 1B,D). The rate constants used to simulate the
Sol;nnﬁg1 the equations O?e,flmds thtf. anld koo e'qualh5><. branched mechanism weke= 0.125uM-1s%, k_; = 6.0 5%, k,
lq stand '—3.4 X l(T' S 7,Presp§gt|ve y. Notice thatin ~ _ 14 sl k,=002sL k;yp =05 s, andk", = 0.022 st.
this sequential mechanisrik,, = k,, (= 5 x 107 s7). The rate constants used to simulate the sequential mechanism were
Rate constants associated with this mechanism are showrk; = 0.125uM1s1, k1 =793s1 k,=19s k ,=0s7, kgy"
in Table 1 (lower right-hand column). = 0.0005 s?, andk3n, = 0.022 s. For each simulation, at time

Simulations Simulations were conducted using the pro- zero [DnaK]= 0.05xM, the concentrations of all other species

gram KINSIM (34) to compare the branched and sequential Were set equal to zero, and [ATP 0.001-1.0 uM. Calculated
. . . vo/[DnakK]p values fall on the hyperbolic curves-(branched; - - -
_mechanlsms_. The rate constants used fc_thhe simulations are“sequential)®, data from Figure 2B. (B) Simulations of the
in Table 1. Simulated steady-state reactions were conductethranched and catapult mechanisms with saturating peptide are
by varying ATP (0.00+250 M) with DnaK fixed (0.05 shown (Figure 1A,C). The rate constants used for the branched
uM). Each simulation produced an ADP formation (JADP] mechanism weré, = 0-125/15/";1 st ki1=60 51% kott = 5.7
(t) + [ADP-DnaK-+P](t)) trace, and the initial slope of each S ken=1.1x 1P M %57, khty = 0.0506 s*, andkypp = 0.022
trace yielded the rate of ATP hydrolysisg|. Rates were 7 1'22hiﬂr?feﬁ°i5taﬂts%g§edl or the_cgtgpullt mec:_rlzn(l)smlwyepe
divided by the concentration of Dnaku{[DnaK])) and 7 lﬂ S LT es Korr . S on = 6. S on
. . =11x 1PM1s? k" =0.0506 s?, andkr, = 0.022 s. At

plotted against [ATP]. Reactions were allowed to proceed (jme zero, the Dnak concentration was set equal to @15 the
for 20—80 min (no peptide) or 5 min (excess peptide). concentrations of all other protein species were set equal to zero,

Steady-State: Comparison of the Branched and Sequentialthe concentration of ATP was varied from 1 to 284, and [P]=
Mechanisms (Without Peptide) (Figure ,DB. This simula- 500uM. Calcglateohzo/[DnaK]o values fall on the hyperbolic curves
tion compared the ATPase activity of DnaK according to ( branched; -, catapult®, data from Figure 2D.
the branched and sequential mechanisms with the no addednfluence of saturating peptide on the ATPase activity of
peptide condition. The branched mechanism was simulatedDnaK according to the branched and catapult mechanisms
usingk; = 0.125uMts ™% k1 = 6.0, k, = 19 s, k- ([P] = 500 uM). The branched mechanism was simulated
=0.02s% kyy = 0.5s?, andk}h, = 0.022 s* (lower left-  usingky = 0.125uM~*s7%, k-1 = 6.0 S, kotr = 5.7 S, kon
hand column, Table 1). The sequential mechanism was= 1.1 x 1° M~1s? kgyp = 0.0506 s?, andk3", = 0.022
simulated usindg = 0.125uM "t s ™%, k; =793 s, k, = s 1 (upper left-hand column, Table 1). The catapult mech-
19s1 k=057 kS = 0.0005 s, andKf,, = 0.022 s* anism was simulated usirig = 0.125uM~*s™%, k-1 = 793
(lower right-hand column, Table 1). For the sequential S Kot = 6.7 S%, Kot = 6.0 S, kon = 1.1 x 1P M7t s,
mechanism withk—_; equal to 793 5!, we showed thak_, k;yp = 0.0506 s?, andk" = 0.022 s (upper right-hand
equaled-3.6 x 10~*s™%; however, out of necessity, was column, Table 1). At time zero, the DnaK concentration was
set equal to zero in the simulations. For each simulation, atset equal to 0.0zM, the concentrations of all other species
time zero the DnaK concentration was set equal to QN5 were set equal to zero, and the concentration of ATP was
the concentrations of all other species were set equal to zeroyaried from 1 to 25Q:M. The plots ofvy/[DnaK], versus
and the concentration of ATP was varied from 1 to 1000 ATP concentration, obtained from these two simulations,
nM. The plots ofuy/[DnaK]y versus ATP concentration, show that the branched mechanism, but not the catapult
obtained from these two simulations, show that the branchedmechanism, mimics quite closely the data obtained from
mechanism, but not the sequential mechanism, mimics quiteexperiment (Figure 3B). The combined simulations in Figure
closely the data obtained from experiment (Figure 3A). 3 show the versatility of the branched mechanism, i.e., it

Steady-State: Comparison of the Branched and Catapult accounts for DnaK’s ATPase activity with or without added
Mechanisms (Figure 1&). This simulation compared the peptide. In contrast, the catapult and its companion sequential



11230 Biochemistry, Vol. 44, No. 33, 2005 Chesnokova and Witt

A Smiatons-Single Tumover sequential mechanism without peptide in th,ﬂﬁ was set
. equal to 0.5 s! (Figure 4B); the other rate constants and

| -peptide

51074} PPN e initial conditions as described above, except DnaK was varied
= ar0dl T over a larger range. The simulations show that in the absence
mi"{ 3104| 1 of peptide the branched mechanism V\Mzﬂj’ equal to 0.5
88 5 104l branched k= 055 | s 1yields k. equal to 0.00057, and this is true for single

1104} . sequential ko= 5x 10457 turnover and steady-state experiments because the branch

L . . . . point occurs before the ADP dissociation step.
0 0.5 1.0 1.5 2.0
B [DnaK] (uM) DISCUSSION
:i _-pepxide' ________ S 1 The large increase in thi€y for ATP due to saturating
= peptide supports the branched mechanism of chaperone
b 031 action (Figure 1A,B). Although the catapult mechanism
8 302, matches thet(&P value for ATP & 14.6uM) if k-, equals
R — sequential K= 0557 793 s'%, this value is far too large given that the dissociation
ol . . . ] of ADP from DnaK does not exceed 127®ven when the
0 20 40 60 80 nucleotide exchange catalyst GrpE is bound to DnaB).(
[DnaK] (uM) The results in this study support the branched mechanism

FIGURE 4: Simulated single-turnover ATPase activity. (A) The and rule out the catapult mechanism. Several aspects of this
branched and sequential mechanisms without added peptide (Figurgyork are discussed below.
1B,D) were simulated with the following rate constarits:== 0.125 A Conformational Equilibrium in the ATPase Domain of

-1g1 = 1k = 1 = 1 = :
AM7s k1 =6.057 ke =195 ko = 0.02 5, andkspe DnaK. In our analysis of the steady-state ATPase results,

0.022 s (branched and sequential); akg = 0.5 st (branched) . . .
or 0.0005 s! (sequential). For each simulation, at time zero [ATP] the rate constant for the A¥BnaK —~ ATP-DnaK* transi-

= 0.0054M, the concentrations of all other species were set equal tion, ke, equaled 19's. It is important to mention how this
to zero, and [DnaK]= 0.005-2.0 uM. Simulated ADPDnaK constant was determined. Stopped-flow studies have shown

formation traces were fit to a single-exponential function. ATP that when ATP is mixed with nucleotide and peptide-free
hydrolysis rates fall on the hyperbolic curved®{, branched;  ppnak that two distinct phases of tryptophan fluorescence
- -O- -, sequential). (B) Simulation of the sequential mechanism .

guenching occur26, 27). The observed rate constant for

without peptide withk,” = 0.5 st (Figure 1D). All other rate . - .
constants and initial conditions were the same as those describedh€ rapid phase exhibited a hyperbolic dependence on ATP

in (A). ATP hydrolysis rates fall on the hyperbolic curve ¢--). concentration, with an asymptétequal to 19 s, whereas
the observed rate constant for the slow phase{0.3 s

mechanism fail to account for DnaK’s ATPase activity under exhibited almost no dependence on ATP concentration. In
these different conditions. contrast, when ATP is mixed with nucleotide-free DrakK

Additional simulations were conducted to highlight the peptide complexes only one phase of tryptophan fluorescence
dramatic differences between the branched and sequentiauenching occur2@). In this case, the observed rate constant
mechanisms in the absence of peptide. These simulationsexhibits a hyperbolic dependence on ATP concentration, with
were carried out under single turnover conditions, i.e., DnaK an asymptote equal to-3.0 s'1. To explain this effect of
was varied (0.00520 uM) with ATP fixed (0.005uM). the peptide substrate on the kinetics of ATP binding, a
ADP dissociation was not considered. Simulated reactions conformational equilibrium that precedes a two-step sequen-
were allowed to proceed until a plateau was reached, andtjal reaction was proposed (eqs 11, 123,(36). The asterisk
each reaction produced an AEPhaK formation curve that  in reaction 12 denotes quenched tryptophan fluorescence

was well fit by a single exponential. Values fo€>, compared to the other DnaK states.
obtained from the exponential fits, were plotted against
[DnaK]. slow
Single_ Turneer: .Compa.rison of the Bra_nched and CDnaKE‘—O DnaK  k,~k, ~ 0.67 st (1)
Sequential Mechanisms (Without Peptide) (Figure,D)B keo

This simulation compared the ATPase activity of DnaK

according to the branched and sequential mechanisms under Ky Ak'j
single turnover conditions for the no added peptide condition. ATP + ,DnaK<== ATP-DnaK == ATP-DnaK*
The only rate constant that differed between the two ket "A*f
: ) —P . _
simulations wask,,, which was set equal to 0.57s k, = 19 st (12)

(branched) or 0.0005°% (sequential); otherwise, all other
rate constants were identicdy (= 0.125uM "t s%, k; =
6.0s k;=195s k ,=0.02 s, andkT, = 0.022 sY).

For each simulation, at time zero, the ATP concentration
was set equal to 0.006M, the concentrations of all other
species were set equal to zero, and the concentration of Dna
was varied from 0.005 to 2.@M. These two different

mechanisms with very differerkgp values yield almost 2 The fast phase of ATP-induced tryptophan fluorescence quenching
Y occurs in the second step of reaction 12. The asymptote of the plot of

. bS .
superimposable plots o versus [DnaK] (Figure 4A).  the observed rate of the fast phase versus [ATR] i k , = 19 s'L.
For comparison, a simulation was also conducted of the We reasonably assume tHat> k_,; thus, k. was set to 19°8.

It was proposed that the ATPase domain of DnaK slowly
opens and slowly closes (eq 11), without causing a spectral
changes in the protein, yielding about equal amounts of the
Kwo conformations at 28C. A closed-to-open equilibrium
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had been reported for the structurally similar ATP binding k;aFt’ is defined by

domain of hexokinase3{). The existence of two conforma-

tions of nucleotide-free DnaK was also obtained from a b opl Ko

chemical cross-linking study3@). When added to an Keae = Koy [ 3 (15)
equimolar mixture of these two conformations, ATP rapidly 202

reacts with the Open 1somer (reaction 12), and this reaction, ., ore the term in parentheses is the fraction of molecules
produces the rapid phase of tryptophan fluorescence quench;z

! L ) that exist as the AT®naK intermediate. Wittk, andk_;
ing. The remaining molecules are stalled in the closed equal to 19 and 0.02-% respectively, only~ 1/1000
confqrmation and must open before ATP can bi_nd.This slow molecules exist as the intermediate.’The rapid forward
problem came from a recent NMR investigation that hydrolysis, and this is the reason for the large inequality

—-P —P
demonstrated the existence of a slow conformational equi- belttvz\(/aaesn%elll?l?r?ok\?\}/n. that peptide stimulates DnaK-mediated
librium (< 10 sY) in the ATPase domain ofrhermus Pep

thermophilusDnak (39) ATP hydrolysis, up to 30-fold, which is what we found
. . 4 _, 2 oL

It was proposed that the addition of peptide to the system ﬁkgaetx 5e:te1d(reffect1i.55t?1;t 1g tige)é Ogg&gg{: em?ent(:ﬂsn

shifts nucleotide-free DnaK molecules to the open conforma- P peptide app .

tion (.DnaK + P = ,Dnak-P), and this abolishes the slow rate constant for DnaK-mediated ATP hydrolysis. For

phase of ATP binding23). In this model, in the presence €X@mple, for the branched mechani&pf’ equals 0.5 <!,

; ; ; hereas in the presence of saturating peptide it is ap-
of excess peptide, ATP rapidly binds to Dnékcomplexes wher i
in the two-step reaction shown in Figure 1A (or eq 1). This Proximately 10-fold less, 0.0506's One explanation for

conformational equilibrium in the ATPase domain was not this seemingly paradoxical effect is that the maximal rate of

considered in the present analysis because ATP and peptidéA‘TP hyc!rolys!s cannot_be achieved when the intermediate
were in vast excess over DnakK. Is occupied with a peptide. This could be because the-ATP

This study has revealed new insights into how DnaK DnaK:P intermediate adopts a subtly different conformation,

. : - haps involving the ATPase domain, than the peptide-free
hydrolyzes ATP in the absence of polypeptides. The principal P& : !
discovery was that the branched and sequential mechanism&termediate (ATFDnaK). Our analysis leads to the conclu-
are indistinguishable under certain conditions. That is, eachSIN that peptide has opposing effects in the branched
mechanism mimics the observed steady-state ATPase kineticghechanism: (i) Peptide binding drives ATPhak* mol-
and yieldsk;f equal to 0.0005 €, when the only rate ecules to the ATHDnaK-P intermediate, and this increases
a : )

constant that differed between the two mechanisms waslécg;fé'r%q;gn afggdah?éﬂdﬁgpafodrzr'g; i[;nglljbc;ntt?mgl
kgyp, which was set equal to 0.0005'sand 0.5 st in the yaroly P

) . ; (K = 0.0506 s?). The inability of polypeptides them-
sequential and branched. me_(;hamsrgs ' respectlve!y. Thus, In'(‘;elves to fully activate the ATPase activity of Hsp70s is well-
the sequential mechanisik, = k,,/, whereas in the

known.
. _P _P .
branched mechanisii,, < k. Parallel competing reac- The co-chaperone DnaJ dramatically stimulates DnaK-

tions produce this large disparity betwekp; and k. mediated hydrolysis20, 40), and it is known that the J
Specifically, the conformational transition (19'soutcom- domain of DnaJ interacts with a highly conserved site on
petes hydrolysis (0.57%), which in turn creates a concentra-  {he ATPase domain of Dnak(, 41, 42). Perhaps what DnaJ
tion imbalance, [ATP-DnaK*}> [ATP-DnaK], that causes  goes is to close the ATPase domain of an ATP-bound BnaK
the decrease in the rate of ATP hydrolysis. The expressionsgpstrate complex, and the forced closure optimizes ATP
derived from the King-Altman analysis (Figure 1) can help hydrolysis (0.0506— 0.5 s1). In our model of chaperone
us understand the exact relationship betwiegp k., and  action, one would predict that in a single turnover experiment
the other rate constants. For steady-state reactions in th%mploying DnaJ and substrate peptide gt~ = kﬁyp =
branched pathway without peptide,;, depends on [ATP] 0.5 s This value can be compared to values obtained from
according to two studies. In one single turnover studh), it was shown
that DnaJ, in the absence of (poly)peptide substrate, increases

—P
p_ KalATP] (13) kny by 15 000-fold at 5°C (1.6 x 1075 [k 7] — 0.25 s
"X KP o+ [ATP] [ky)), and it was estimated thg,] could be as large as 5
s T at 25°C. In another single turnover studgQ), it was
wherek” is defined by shown that DnaJ, together with the substrate protéi
stimulates DnaK’s ATPase activity 1000-fold and that
KP k|t Ky~ was between 0.27 and 0.79'sRegarding this latter
Koot = Koy |1+ —2—+ o (14)  study, the 1000-fold increase kp, to an average value of
Kaop - 0.53 s agrees with the findings from this study.

The analysis presented here raises the possibility that
Substituting values fok.;’ (= 0.5 s%), K3t (= 0.022 %), Hsp70 chaperones are weak ATPases because a conforma-
ko (= 19 s), andk—, (= 0.02 s) into the right-hand side  tjonal equilibrium reduces its ATPase activity a 1000-fold
of eq 14 yieldsk, equal to 0.0005 &. In making this from its maximal activity. In this type of system, the co-
calculation, one sees that tkfk , term dominates the others.  chaperone DnaJ has two distinct functions (Figure 5). First,
Another way to see thak,, < k,jyp in the branched  DnaJ reverses the intermediate-to-low-affinity state confor-
mechanism is to consider single turnover conditions, where mational equilibrium in DnaK, which dramatically increases
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A ko
ATP-DnaK* <~ ATPDnaK <= DnaK + ATP b k
k k_ =k =2
2 P Tk, +k
Kny = 0.5 s°1 2
ADP-DnaK-P + P
B + peptide
kon )
ATPDnaK*+P < ATP-DnakKP <~ DnaKP + ATP k = kP o(P) [P]
Koft w e cat = Ty [P]+K,
khy = khy ¢(P)
o(P) <1
ADP-DnaK-P + P
+ peptide-DnaJ
. P-J]
wPe k. = kT ¢ _[PJ]
koi:]J cat hy ¢( )[[P'J]"'Kd
ATP-DnaK* + P.DnaJ — ATP-DnaK.P-DnaJ
+P+J —
Kofi +P+J -P o) =1
thy = Kny 9(J) or
o(J) > 1

ADP-DnaK.P + P; + DnaJ
Ficure 5: ATP hydrolysis in the branched mechanism. Relationshipkfemvhich pertain to single turnover conditions, are shown in the
right column. (A) No peptide condition. (B) Plus peptide condition. With saturating peptidex{[R}), the term [P}/([P]H Kg) = 1, and
thusk;ryp = k,:yqu(P), wherep(P) = 0.1. (C) Peptide plus DnaJ condition. One possibility is that DnaJ drives the two reactions depicted in

the figure to completion ank;; "’ = 0.5 s (¢(J) = 1). The other possibility is that DnaJ drives the two reactions to completiokgrid
> 0.5 s'%; in this case, DnaJ is a true catalys(J) > 1).

the concentration of the intermediate, from which hydrolysis andk_, equal 7x 1®® M1 s™% 1.1 s, 0.66 s, and 0.02
occurs. (Peptides can also do this.) Second, DnaJ promotes * (22), which yield a Kq of 48 nM. Notice that our
a conformational change in the intermediate, for example, calculatedKy (= 51 nM) for ATP interacting with DnaK
forced closure of the ATPase domain or some other con- falls within the range of reported values<200 nM) @, 9,
formational change. (Peptides cannot do this.) Each of these38).
processes must occur together to drive DnaK to its maximal In summary, evidence was reported that the Hsp70 DnaK
rate of ATP hydrolysis, which we suggesti®.5 s*. Note  interacts with ATP and peptide substrate according to a
that if DnaJ is a true catalyst as hinted at by Russell et al. pranched mechanism rather than a sequential one such as
(40), then a maximal rate of ATP hydrolysis by DnaK greater the catapult mechanism. The branched mechanism, which
than 0.5 s* could be achieved; " > k) (Figure 5). is defined by a DnaK intermediate that undergoes two parallel

Our model for how DnaJ activates DnaK within the competing reactions that produce different products, permits
context of the branched mechanism agrees with the bipartitean intrinsic rate constant for ATP hydrolysik{f), in the
signaling mechanism for DnaJ action proposed by Karzai absence of peptide or DnaJ or both, of up to 05 $hus,
and McMacken 30). They proposed that the stimulation of we propose that DnaK (and perhaps all Hsp70s) is a “weak”
DnaK-mediated ATP hydrolysis by DnaJ comes about as ATPase because of a conformational equilibrium that out
the result of two separate interactions between these twocompetes ATP hydrolysis and dramatically decreases the rate
chaperones. Maximal activation of ATP hydrolysis by DnaK of ATP hydrolysis.
comes about when it simultaneously interacts both with the
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