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Unraveling the Kinetic Mechanism of the 70-kDa Molecular
Chaperones Using Fluorescence Spectroscopic Methods

Stephan N. Witt!? and Sergey V. Slepenkov’

Received April 26, 1999; accepted April 27, 1999

This article reviews the recent progress in unraveling the kinetic mechanism of the 70-kDa molecular
chaperones by the use of fluorescence spectroscopic methods. Dissecting the kinetics of the individual
steps in the 70-kDa chaperone reaction cycle in vitro— ATP binding, peptide binding, interdomain
coupling, and chaperone-catalyzed ATP hydrolysis—provides a foundation which can be used to
develop a clear understanding of the molecular basis for chaperone activity in vivo.
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INTRODUCTION

Molecular chaperones are proteins that assist the
folding, assembly, transport, and proteolysis of other pro-
teins in nearly all biological cells [1-5]. Cells may
express a plethora of different types of molecular chaper-
ones, ranging in size from 10 to 100 kDa. This article
focuses on the 70-kDa chaperones. Originally, it was
discovered that when Drosophila cells are heat shocked
they rapidly express several new proteins [6]. These
inducible proteins were later aptly called heat shock pro-
teins, and the 70-kDa protein form was termed a 70-kDa
heat shock protein (Hsp70). It is now known that Hsp70
serves to renature denatured proteins and to protect native
proteins from damage due to denaturation [7]. Subse-
quently, it was discovered that cells also constitutively
express homologues of Hsp70, referred to as 70-kDa
constitutive or cognate heat shock proteins (Hsc70);
Hsc70 chaperones assist the folding of nascent proteins,
the assembly of macromolecular complexes, and the
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transport of proteins across membranes and enable the
proteolysis of targeted proteins. The common mechanistic
feature of Hsc70 and Hsp70 chaperones is that they bind,
retain, and release exposed hydrophobic segments of
denatured proteins or disordered segments of native pro-
teins in an activity cycle that depends on changes in free
energy derived from the binding and hydrolysis of ATP
and is regulated by the binding of cochaperones. The
mechanistic details of how these chaperones discriminate
between a folded protein and its unfolded form and selec-
tively bind to the latter, and how the cycle of binding
and release of the unfolded substrate to the chaperone
promotes its refolding, are largely unknown.

Molecular chaperones are not protein folding cata-
lysts because they do not accelerate the rate of folding;
instead they increase the yield of the folded protein [7].
An illustration of how the 70-kDa chaperone machine
might assist protein folding, which is based on the known
ability of DnaK to rescue protein from aggregates [8,9],
is shown in Fig. 1. An unfolded protein (U) folds into
a productive intermediate (I) that possesses secondary
structure but lacks well-defined tertiary structure, and the
intermediate may even display hydrophobic surfaces that
are normally buried in the fully folded form. The interme-
diate then undergoes at least three parallel reactions, each
at a different rate: the intermediate misfolds (M), folds
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Fig. 1. Possible role of 70-kDa chaperones in protein folding. U is an
unfolded protein; I is a productive intermediate; M, F, and Ag represent
a misfolded protein, a folded protein, and an aggregate, respectively.

into the native state (F), and aggregates (Ag). A Hsc70
or Hsp70 chaperone probably functions as an unfoldase
in that it binds to an aggregate or misfolded protein and
then partially unfolds it. Put another way, the chaperone
converts an unproductive dead-end species to a produc-
tive folding intermediate from which productive folding
may occur. In this review, we survey the reactions
between 70-kDa molecular chaperones with peptide sub-
strates and nucleotides in vitro in order to establish the
elementary steps in the chaperone reaction cycle, focusing
here mainly on DnaK, the 70-kDa chaperone expressed
by Escherichia coli both constitutively and under stress-
ful conditions.

Partial proteolysis of Hsc70 and Hsp70 chaperones
has revealed two functional domains: the ~44 kDa N-
terminal domain binds and hydrolyzes ATP, and the ~23
kDa C-terminal domain binds polypeptide substrates. The
activities of these two domains are coupled [10-13]. For
example, ATP binding rather than hydrolysis induces a
global conformational change in a 70-kDa chaperone
molecule that tends, in general, to reduce the affinity of
substrates for the polypeptide-binding domain [10,11].
Conversely, peptide binding to the C-terminal domain
accelerates the rate of chaperone-catalyzed ATP hydroly-
sis [14-16], indicating that peptide binding promotes a
conformational change in the ATPase domain of the chap-
erone molecule [13,17]. Because of the tendency of chap-
erones to aggregate, the three-dimensional structure of
an intact 70-kDa chaperone has not been determined, thus
the structural basis for these ligand-induced, bidirectional
conformational changes is not known. On the other hand,
structures of the separate functional domains have been
determined.

The ATPase domain of bovine brain Hsc70 is a
bilobed structure that has a deep crevice between the two
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lobes[18—20]. ATP, one Mg®* ion and two K* ions bind
at the base of the crevice (Fig. 2A). The global conforma-
tional change in Hsc70 and Hsp70 that is induced by the
action of ATP binding is strictly dependent on K* in that
Na* cannot substitute for K* [10]. Tryptophan residues
are located in the ATPase domain of bovine brain Hsc70
and DnaK at positions 90 and 102, respectively [19,21].

The three-dimensional structure of a genetically
engineered fragment of the polypeptide-binding domain
of DnaK(389-607) complexed with a synthetic peptide
(NRLLLTG) is shown in Fig. 2B [22-24]. Defined by
two distinct subdomains, the polypeptide-binding domain
consists of a 3-sandwich subdomain that forms two
sheets, each of which has four antiparallel B-strands and
an a-helical domain, which is composed of a series of

Fig. 2. (A) Structure of the N-terminal ATPase domain of bovine Hsc70
[18]. (B) Structure of a fragment of the polypeptide-binding domain
of DnaK complexes with a short synthetic peptide [22]. The figure
was made using files 2HSC and 1DKX from the Brookhaven Protein
Data Base.
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five a-helices, that possibly acts as a lid over the B-
sandwich. Peptides bind in an extended conformation to
loops from the B-sandwich [22,25]. This conformation,
where the lidlike o-helical subdomain appears to be
closed over the bound peptide, may represent the so-
called high-affinity state of the polypeptide-binding
domain of DnaK [22]. Note that bovine Hsc70 has one
tryptophan residue in the polypeptide-binding domain
at position 580 [19], whereas DnaK has no tryptophan
residues in this domain.

It is well known that 70-kDa molecular chaperones
bind to unfolded segments of native or nonnative proteins
[26,27]. Synthetic peptides are often used as substrates
in studies of molecular chaperone action because they
mimic unfolded proteins [14,28]. Phage display libraries
or similar combinatorial techniques have provided insight
into the substrate specificity of 70-kDa chaperones
[14,28-31]. The consensus from these studies is that a
seven-mer is the minimal fragment necessary for binding
to 70-kDa chaperones, and for DnaK, peptides that bind
with the highest affinity possess a hydrophobic core, typi-
cally consisting of leucine residues, flanked by basic resi-
dues. Peptides derived from combinatorial libraries are
often referred to as chaperone substrates, but they are not
true substrates since they have no physiological rele-
vance. Based on equilibrium studies [29,32], one mole-
cule of synthetic peptide binds per chaperone molecule;
presumably physiological substrates also bind in a 1:1
stoichiometry (Fig. 2B).

ATP-INDUCED CHANGES IN THE
TRYPTOPHAN FLUORESSENCE OF Dnak

A key finding, which has led to numerous kinetic
studies, as described below, was that ATP induces a global
conformational change in a Hsp70 or Hsc70 chaperone
molecule. This finding came about from fluorescence
experiments that demonstrated that the addition of excess
ATP to a solution of DnaK induces a rapid reduction in
the intrinsic tryptophan fluorescence and a concomitant
blue-shift in the emission maximum from 335 to 320
nm [10,33]. An illustration of the effect of ATP on the
fluorescence spectrum of DnaK is shown in Fig. 3. Other
nucleotides, such as ADP, or nonhydrolyzable ATP ana-
logues, such as AMP-PNP, do not quench the fluorescence
of the 70-kDa chaperones. The presence of the y-phos-
phate group of ATP is thus absolutely necessary to induce
the conformational change. lodide quenching experi-
ments have shown that the tryptophan is less exposed to
solvent after the addition of ATP [34]. Protease digestion
and small-angle x-ray scattering experiments have con-
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Fig. 3. Effect of ATP on the fluorescence spectrum of DnaK. Fluores-
cence emission spectra of DnaK with and without ATP. Conditions:
[DnaK] = 1.0 wM; [ATP] = 1.0 mM, temperature = 25°C; A, = 295
nm; excitation bandwidth = 3.0 nm; emission bandwidth = 5 nm.
Reprinted with permission from Ref. 41. Copyright 1998 American
Chemical Society.

firmed and extended these fluorescence experiments
[12,35,36]. This ATP-induced conformational change in
a 70-kDa molecule is represented as

ATP + E <& ATP-E* €))]

where E and ATP-E* represent the high- and low-affinity
states of DnaK [10], respectively, and the asterisk denotes
a state with reduced fluorescence relative to the E state.
In general, the high-affinity state tightly binds substrates,
and the low-affinity state weakly binds substrates [10,11].
The time course for the formation of DnaK—peptide com-
plexes in the absence or presence of ATP in Fig. 4 illus-
trates the differential reactivity of the high-affinity and
low-affinity states toward a peptide. Possible structural
changes that occur during this ATP-induced conforma-
tional change are discussed below.

Because nucleotide triphosphates but not diphos-
phates induce the E — E* transition, it was assumed that
the hydrolysis of ATP brings about the conformational
transition. This is not the case, because when ATP is
added to DnaK-RCMLA complexes (RCMLA, reduced
carboxymethylated lactalbumin, is a permanently un-
folded form of lactalbumin) the bound RCMLA dissoci-
ates within seconds, whereas the ATP was hydrolyzed in
minutes [10]. Thus, Palleros and co-workers concluded
that the ATP-induced conformational change in DnaK is
due to ATP binding rather than hydrolysis [10]. The same
investigators found that the ATP-induced conformational
change is dependent on the presence of potassium ions.
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Fig. 4. DnaK-peptide complex formation in the absence or presence
of ATP. Curve a, DnaK-fluorescent—peptide complex formation in
the absence of nucleotide. Curve b, DnaK-fluorescent—peptide com-
plex formation in the presence of ATP. Conditions: peptide =
a-CLLLSAPRR (a, acrylodan); A, = 370 nm; A.,,, = 500 nm; tempera-
ture = 25°C; final concentrations in a and b were 50 nM a-peptide and
1 wM DnaK. This figure was taken from Ref. 60 and printed with the
permission of Academic Press LTD.

Because DnaK hydrolyzes ATP with a steady-state turn-
over number of only 0.0003 s~ at 25°C, and because the
same value is obtained in single-turnover experiments
[37], neither a rapid burst of ATP hydrolysis nor phos-
phate transfer plays any significant role in the chaperone
reaction cycle in the absence of protein substrate and
cochaperones. Hsp70 and Hsc70 chaperones are similar
to G-proteins because both slowly hydrolyze nucleotide
triphosphates [10,37].

Terms used in this article are defined as follows. As
shown above, E — E* (or T + E — TE*) represents the
high-to-low-affinity conformational change in a 70-kDa
chaperone molecule, where intermediates are ignored.
The reverse reaction, the low-to high-affinity conforma-
tional change, is represented as E* — E. An ~15%
decrease in tryptophan fluorescence of the chaperone
molecule occurs as a consequence of the E — E* confor-
mational change, whereas an ~15% increase in trypto-
phan fluorescence of the chaperone molecule occurs as
a consequence of the E* — E conformational change.
Note that the hydrolysis of chaperone-bound ATP often
accompanies the E* — E reaction. The sequence of the
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two reactions—the E¥ — E conformational change and
the hydrolysis of bound ATP—is discussed at length
below.

KINETICS OF THE HIGH- TO LOW-AFFINITY
STRUCTURAL TRANSITION (E — E#)

The kinetic mechanism of the conformational cou-
pling between the two functional domains—how a con-
formational change is transmitted from the ATPase
domain upon ATP binding to the substrate-binding
domain—has been investigated using stopped-flow fluo-
rescence techniques [38-43]. In such experiments, the
rapid reduction in tryptophan fluorescence is monitored
upon mixing ATP with either nucleotide-free chaperone
molecules or chaperone—peptide complexes (ATP + E
or ATP + EP).

When ATP is rapidly mixed with nucleotide-free
bovine Hsc70, the tryptophan fluorescence of the chaper-
one is quenched with biphasic kinetics [38]. Plots of the
apparent first-order rate constants for the fast and slow
phases versus [ATP] were linear and hyperbolic, respec-
tively. These results were interpreted according to the
two-step sequential reaction shown in Scheme L

kl k*l
ATP + E & ATP-E < (ATP-E)*
k., k*.,
Scheme 1

ATP binding occurs in the first step and a conformational
transition occurs in the second step. E represents nucleo-
tide-free Hsc70, ATP-E is a transient, and (ATP-E)* is
the low-affinity state. Estimates for the rate constants are
k=7 X 100 M~ '™k =118k ~ 06657,
and k*, ~ 0.02 s~' [38]. The overall binding of ATP to
Hsc70 is very tight (K} X K = 0.042 = 0.007 pM).
Similar experiments on nucleotide-free DnaK have
revealed a biphasic reduction in the tryptophan fluores-
cence of DnaK [41,42], although the results were interpre-
ted in terms of a three-step sequential reaction with a
preequilibrium between two different DnaK species [41].

It is well known that peptide binding to the C-termi-
nal domain of a chaperone molecule increases the steady-
state rate of DnaK-catalyzed ATP hydrolysis [14-16];
thus, it is reasonable to conclude that peptide binding to
DnaK alters the structure of the ATPase domain, which
in turn facilitates the hydrolysis of ATP. To probe the
role of a bound peptide on the reactivity of the ATPase
domain, recent studies have probed the pre-steady-state
kinetics of ATP binding to nucleotide-free, high-affinity
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DnaK-peptide complexes [40,43]. The traces in Fig. SA
were obtained from such an experiment. Specifically, ATP
(0-1000 M) was mixed with a fixed concentration of
nucleotide-free DnaK—Cro peptide complexes, where the
Cro peptide MQERITLKDYAM) mimics an unfolded
substrate. (The Cro peptide binds to nucleotide-free DnaK
with an equilibrium dissociation constant K; = 7 pM
[44]). The traces follow single-exponential kinetics,
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Fig. 5. (A) Kinetics of ATP-induced decrease in the tryptophan fluores-
cence of DnaK—Cro peptide complexes monitored by stopped-flow
fluorescence. Traces follow F(f) = AFe /™A™ + F_ (solid lines), with
rates, 1/Tare, equal to 0.18, 0.80, and 3.6 s~ ! at 1, 5, or 500 uM ATP,
respectively. Conditions: Final concentrations after mixing were 1.0
M DnaK and 20 pM Cro; temperature = 25°C. V is volts. (B) Plots
of the rate (1/t,rp) versus {ATP] at a constant Cro concentration (20
M), Data points are the average of two or three determinations con-
ducted on different days. Data are fit to 1/Tarp = ko [P] + (ko[ ATPY/
(K, + [ATP])) (solid lines) [43]. The asymptote of each plot equals
kon[P] + ko. The vertical arrow above the points at 500 pM ATP (25°C)
indicates that the asymptote increases with increasing concentrations of
Cro peptide. (C) Plot of the reciprocal relaxation time for the fluores-
cence decrease (1/Tarp) (@) versus [Cro] at constant ATP (500 pM).
The siope and y-intercept are kg, (2.1 = 0.1 X 10* M~ s7") and k¢
(3.5 = 0.1 s71), respectively. Final concentrations after mixing were 1
wM DnaK, 10-400 pM Cro, and 500 uM ATP; temperature = 25°C.
Reprinted with permission from Ref. 43. Copyright 1998 American
Chemical Society.

F(t) = AF exp(—t/Tarp) + Fo, and over arange of temper-
atures the reciprocal relaxation time of the ATP-induced
reduction in the tryptophan fluorescence of DnaK, 1/7xrp,
exhibits a hyperbolic dependence on the concentration
of ATP [40,43]. A unique aspect of the reaction between
ATP and DnaK-peptide complexes is that the asymptote
of the plot of 1/7rp vs [ATP] in Fig. 5B is not a constant;
instead, the numerical value of the asymptote increases
with increasing concentrations of the Cro peptide (Fig.
5C) [43]. These combined resuits are consistent with the
minimal mechanism shown in Scheme II,

E
+
P
Nk Ko
ATP + EP < ATP-EP < ATP-E*+P
Kon
Scheme 11

where EP is a high-affinity DnaK—-peptide complex,
ATP-EP is a high-affinity intermediate complex,
ATP-E* is the low-affinity form of DnakK, and the ATP-
E* state has reduced fluorescence relative to EP and
ATP-EP complexes. ATP binding and dissociation occur
in the first step and a structural switch occurs in the
second step. At 25°C, K|, kg, and ky¢ equal 22 uM,
2.1%0.1 X 10*M~'s7! and 3.4 + 0.5 57!, respectively.
The equilibrium dissociation constant for the structural
switch in the presence of the Cro peptide is 162 uM
(Kd = koff/kon)-

Because the numerical values for both the second-
order rate constant for ATP binding to nucleotide-free
DnaK (k; = 1 X 10° M~! s7!) and the second-order rate
constant for Cro peptide binding to low-affinity DnaK
(kon = 2.1 X 10* M1 57!y are much less than the value
expected for a diffusion controlled reaction (& ~ 10°
M~ s™1), transients probably form very quickly upon the
addition of ATP to nucleotide-free, high-affinity DnaK or
upon the addition of peptide to low-affinity DnaK [37,41].

The structure in Fig. 2B shows that the chaperone-
bound peptide is lodged within a deep channel that is
topped by an a-helical lidlike subdomain; this molecular
complex is probably the “high-affinity chaperone—
peptide complex.” Of course, ir vivo, much larger poly-
peptides must fit into the binding site. An intriguing
question is, if the lid blocks the polypeptide binding
site, how do polypeptide substrates get in and out of the
binding site? One proposal is that ATP binding to the
chaperone molecule triggers the lid to open [22].
Extending this idea, Scheme II can be reformulated as
ATP + E.P & ATP-EP < ATP-E} + P, where ¢ and
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o denote closed and open states of the chaperone’s C-
terminal domain. The peptide dissociation experiments,
discussed below, are consistent with such a structural
model.

MECHANISM OF CHAPERONE-PEPTIDE
COMPLEX DISSOCIATION

Several studies have probed the kinetics and mecha-
nism of chaperone—peptide complex formation and
dissociation using synthetic peptides tagged with
environmentally sensitive fluorophores [11,39,42,43,
45,46]. Regarding chaperone—peptide complex dissocia-
tion, these studies have revealed the remarkably different
rates of peptide release from DnaK, depending on which
nucleotide is present, ADP or ATP. In most but not all
cases, ATP significantly accelerates the rate of peptide
release from preformed 70-kDa chaperone—peptide com-
plexes. The huge effect of ATP on the rate of peptide
release from DnaK is illustrated by the case of the Cro
peptide. The dissociation of the Cro peptide from DnaK
in the presence of ADP or ATP is shown in Fig. 6.
At 25°C, the apparent first-order rate constant for the
dissociation of Cro from DnaK is 1.2 = 0.2 X 10~* and
3.3 £ 0.1 s7! in the presence of ADP and ATP, respec-
tively, and the activation enthalpies for Cro dissociation
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Fig. 6. Kinetics of fCro peptide dissociation from preformed DnaK—
fCro complexes. (@) The dissociation of fCro from preformed DnaK—
fCro complexes in the absence of nucleotide monitored by size-
exclusion chromatography. The dissociation follows single-exponential
kinetics (solid line), with k5 = 1.2 X 107% s~!. Inset: The dissociation
of fCro from preformed DnaK—fCro complexes upon mixing with ATP
monitored by stopped-flow fluorescence. The dissociation follows sin-
gle-exponential kinetics, with ko = 3.3 s™!. Conditions: temperature
= 25°C; 1-2 wM DnaK-fCro complexes (f = dansyl group at the N
terminus); 1 mM ATP; ~30 wM unlabeled Cro was mixed with the
complexes at time 0.
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in ADP and ATP are 34.6 = 1 and 23 * 2 kcal mol™',
respectively [43,44]. Thus, ATP accelerates the rate of
Cro peptide release from DnaK by a factor of nearly
30,000. The huge activation enthalpy and slow rate of
Cro peptide dissociation from DnaK in the presence of
ADP are probably due to an uncatalyzed high- to low-
affinity transition in an ADP-DnaK-peptide complex
that precedes peptide release, rather than simple peptide
dissociation (EP—E+P). Such a reaction is depicted
below.

slow fast

ADP-E,P — ADP-E*P — ADP-E* + P (2)

where ADP-E_P is a high-affinity complex in which the
lid is closed (see Fig. 2B), ADP-E#*P is a low-affinity
intermediate in which the lid is open, ADP-E¥ is the
low-affinity form of DnaK, and the asterisk denotes
reduced fluorescence relative to the high-affinity state.
We surmise that the value of AH* = 34 kcal mol™',
determined for fCro (fCro, N-terminally labeled Cro pep-
tide) dissociation from preformed high-affinity com-
plexes, is due to the first step in reaction (2), the
E. — E¥ switch. ATP binding catalyzes this switch, as
we have shown, leading to a significant reduction in the
activation enthalpy barrier (AH* = 23 kcal mol ™ !); how-
ever, even in the presence of ATP the transition still
precedes and therefore limits the rate of peptide dissocia-
tion. This explains why there is so little variation in
peptide off-rates when ATP is added to preformed chaper-
one peptide complexes {42,47]. In this vein, note that
the apparent first-order rate constant for fCro peptide
dissociation from preformed DnaK—fCro complexes in
the presence of ATP (ko = 3.3 = 0.1 s7!) equals the
value of the first-order rate constant for the E — E*
transition (ke = 3.4 * 0.5 s™1), determined from experi-
ments which followed the reduction in the intrinsic trypto-
phan fluorescence of DnaK-Cro peptide complexes
(Fig. 5).

THE LOW- TO HIGH-AFFINITY TRANSITION
(E* — E) WITH ATP HYDROLYSIS

Due to the high-affinity binding of ATP to DnakK,
DnaK exists predominantly in the low-affinity form under
conditions where there is an excess of ATP over ADP
(such as in a biological cell). If the low-affinity chaperone
state predominates in a cell and the low-affinity form
weakly binds nonnative substrates, how does polypeptide
binding to the low-affinity chaperone state bring about
conversion to the high-affinity state? A variety of fluores-
cence studies has addressed this question by examining



The Kinetic Mechanism of 70-kDa Molecular Chaperones

the kinetics, mechanism, and catalysis of the low- to high-
affinity conformational change.

The kinetics of the low- to high-affinity conforma-
tional transition in DnaK (E* — E) in the absence of
peptide substrate and under single-turnover conditions
([DnaK] = [ATP]) are intriguing because the reaction is
unusually slow, occurring with a half-time of ~20 min
at room temperature; the reaction is so slow that it must
be catalyzed ir vivo. The E* — E transition in the absence
of peptide or cochaperone is readily studied by mixing
DnaK and ATP and monitoring the changes in fluores-
cence in real time using a fluorometer in the time base
mode [38,40,41]. Addition of a stoichiometric amount of
ATP to DnaK induces a biphasic change in the tryptophan
fluorescence (Fig. 7): after the rapid initial decrease in
fluorescence the signal gradually returns to its initial
value. The rapid initial decrease in fluorescence is the
two-step E — E* transition; the slow increase in fluores-
cence is the E* — E transition. The traces follow single-
exponential kinetics, with an observed first-order rate
constant ko equal to 1.4 = 0.1 X 10 and 1.5 + 0.1
X 1073 57! at 20 and 37°C, respectively. For comparison,
the steady-state rate of DnaK-catalyzed ATP hydrolysis
ke equals 2.7 = 0.7 X 107%and 1.5 X 1073 s at 22
and 37°C, respectively [44,48]. The similarity between
these k., values for the E* — E fluorescence transition
and the &, values indicates that ATP hydrolysis by DnaK
may be the rate-limiting step in the E* — E transition.
This interpretation and others are discussed below.

Consider the following mechanisms for the linkage
between ATP hydrolysis and the E* — E transition. First,
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Fig. 7. Kinetics of the low- to high-affinity switch (E* — E) under
single-turnover conditions in the absence of peptide. The formation
portion of each trace follows the equation F(f) = AF(1 — exp(—kons
1)) + vy (solid lines), where AF, kg5, and -y are the amplitude, the first-
order observed rate constant, and the fluorescence at the time 0 point,
respectively. The best-fit equations are as follows: 20°C, F(r) = 2.3 X
10° (1 — exp(—0.00014 5! £)) + 1.2 X 10% and 37°C, F(t) = 6.6 X
10° (1 — exp (—0.0015 57! ) + 7.3 X 10°. Conditions: A, = 295
nm (bandwidth = 3 nm); A, = 340 nm (bandwidth = 5 nm). Reprinted
with permission from Ref. 41. Copyright 1998 American Chemical
Society.
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suppose that ATP hydrolysis and the low- to high-affinity
conformational change occur in a single step, according to

slow

ATP-E* — ADP-E (3)

Such a reaction seems improbable because it is unlikely
that the hydrolysis of bound ATP could occur at precisely
the same instant as the conformational change in the
protein. Second, suppose that DnaK-catalyzed ATP
hydrolysis is rate-limiting and precedes the conforma-
tional change [reaction (4)] [38,40,41].

slow fast
Ky
ATP-E* —» ADP-E* < ADP-E )

In the above reaction, free energy from the hydrolysis of
ATP is used to do work—change the conformation of
the protein in the DE*—DE reaction, where D stands
for ADP. Third, suppose that the low- to high-affinity
conformational change in DnaK is rate-limiting and pre-
cedes the hydrolysis of bound ATP [reaction (5)] [37,49].

slow 2:5[
Y
ATP-E* & ATP-E — ADP-E 5)

In the above reaction, the hydrolysis of ATP to ADP is
used to do physical work, i.e., either change the conforma-
tion of DnaK or change the conformation of the bound
substrate after ATP hydrolysis in a reaction distinct from
TE* — TE. While the above reactions are theoretically
possible, experiments, described below, indicate that the
low- to high-affinity conformational change is rate-lim-
iting and precedes the hydrolysis of DnaK-bound ATP
according to reaction (5). Thus, we suggest that the large
activation enthalpy barrier (AH* =~ 26 kcal mol™') mea-
sured under single turnover conditions for both the
E* — E fluorescence transition (Fig. 7) and DnaK-cata-
lyzed ATP hydrolysis is due to the low- to high-affinity
TE* — TE conformational change in DnaK [37.41],
where T stands for ATP.

One other point regarding reactions (3)—(5) should
be made. It was discussed above that peptide binding to
the C-terminal domain of the chaperone stimulates the
hydrolysis of ATP by the chaperone. It is difficult to
explain the phenomenon that peptide binding stimulates
chaperone-catalyzed ATP hydrolysis by reaction (3) or
(4) because in those two reactions peptide binding is not
linked to ATP hydrolysis by the chaperone. On the other
hand, reaction (5) can, in theory, explain the effect of
peptide on chaperone-catalyzed ATP hydrolysis because
there is a conformational change prior to ATP hydrolysis
that is catalyzed by peptide binding, and this conforma-
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tional change is likely to alter the environment sur-
rounding the ATP binding site in such as way as to pro-
mote the hydrolysis of ATP.

PEPTIDE-INDUCED CHANGES IN THE
TRYPTOPHAN FLUORESCENCE OF DnaK:
PROMOTION OF THE LOW- TO HIGH-
AFFINITY CONFORMATIONAL CHANGE
(E* — E) BY PEPTIDE BINDING

The effect of peptide substrate on the kinetics of the
low-to-high-affinity conformational transition in DnaK
were recently probed by monitoring changes in the intrin-
sic tryptophan fluorescence of DnaK [43]. The traces in
Fig. 8A show that (i) the rapid mixing of low-affinity
DnaK complexes with excess Cro peptide induces a rapid
increase in tryptophan fluorescence (ATP-E* + P); (ii)
mixing excess Cro with DnaK causes no change in trypto-
phan fluorescence (E + P); and (iii) mixing ATP with
preformed DnaK-Cro complexes induces a decrease in
fluorescence (ATP + EP). The results reveal that the
presence of excess Cro peptide rapidly shifts low-affinity
DnaK complexes to high-affinity complexes, resulting in
an increase in tryptophan fluorescence, consistent with
Scheme II. In other words, the above results suggest that
the Cro peptide catalyzes the TE* — TE transition prior
to the hydrolysis of ATP (compare Figs. 8A and 7).

If the Cro peptide catalyzes the low- to high-affinity
switch in the structure of DnaK, which is the reverse of
the second step in Scheme II (P + ATP-E* < ATP-EP),
the second- and first-order rate constants for this reaction
should be exactly equal to the values for these constants
that were obtained from experiments where ATP was
mixed with high-affinity DnaK-peptide complexes
(ko = 2.1 £ 0.1 X 10* M~' 57! and ko = 3.4 = 0.5
s~!; Fig. 5C). To ascertain values for these rate constants,
the reaction between low-affinity DnaK and unlabeled
Cro peptide was examined by varying the peptide concen-
tration at a fixed concentration of low-affinity DnaK (Fig.
8B) [43]. The fluorescence traces follow single-exponen-
tial kinetics, F(t) = AF (1 —exp[ —t/tcr)) + Fo, and the
plots of the reciprocal relaxation time 1/1¢,, vs Cro pep-
tide concentration are linear, with the slope and y-inter-
cept equal to ko, (2.4 £ 04 X 10* M7! 57') and ko
(2.9 = 0.5s7!) (Fig. 8C), respectively. These values agree
within the experimental uncertainty with values for k,,
and k. determined from experiments where ATP was
mixed with high-affinity DnaK—peptide complexes (com-
pare Figs. 5C and 8C). Such results strongly indicate that
the structural switch is reversible.
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Fig. 8. (A) Comparison of the changes in the tryptophan fluorescence
of DnaK due to three reactions: (i) Cro + low-affinity DnaK complexes
(top trace); (it) Cro + DnaK (middle trace); and (iii} ATP + DnaK—Cro
complexes (bottom trace). Final concentrations after mixing were (i) |
wM DnaK, 400 pM Cro, and 500 pM ATP; (ii) 1 pM DnakK, 400 wM
Cro; and (iii) 1| pM DnakK, 20 pM Cro, and 500 pM ATP. (B) Kinetics
of the Cro peptide-induced increase in the tryptophan fluorescence of
low-affinity DnaK complexes (Cro + ATP-E*). Traces follow
F(f) = AF(1 — e "coy + F_ (solid line), with rates 1/1¢,, equal to 3.3,
4.2, 54,75, and 11.5 s at 10, 50, 100, 200, and 400 uM Cro.
Temperature = 25°C; 500 pM ATP. (C) Plots of l/v¢,, versus [Cro].
Data were fit to 1/T¢c,, = koolCro] + kyg (solid lines). Values for &,
and k. are listed in Table I. Reprinted with permission from Ref. 43.
Copyright 1998 American Chemical Society.

The TE* — TE transition occurs with a reciprocal
relaxation time of 30 s™! in the presence of 400 p.M Cro
peptide at 35°C (Fig. 8C), whereas DnaK hydrolyzes ATP
with a steady-state rate k., equal to 0.0086 = 0.0032 s~!
in the presence of 400 wM Cro at 37°C [44]. This huge
disparity in rates suggests that the low- to high-affinity
conformational switch in DnaK precedes ATP hydrolysis,
according to reaction (5). Rate constants for Cro peptide
release from preformed DnaK—Cro complexes, derived
from three experiments (Figs. 5, 6, and 8) are given in
Table I.
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Table I. Reaction of DnaK with the Cro Peptide
Reaction” Rate constant AH* (kcal mol™")
kon . x -1 gl =+
P+EEp kon: 18 =5 M™ s 26 £ 8 Ref. 44
kof . + -4 o1 4+ ;
5P E L p ko 12 £ 021074 s 346 = 1.2 Fig. 6
koit kot 3.4 = 0557} Off: 23 = 1
* Of .
T+EP e TEP < TE* + P ko 21+ 0.1 X 10 M} 5! On: 15 + 1 Fig. 5
koft ot + -1 .
T + EfP & TE* + (P ko: 33 2 0.1's Bzl Fig. 6
kon kot 2.9 = 0.5 57! 23+ 1
* of i
P+ TE® = TEP kowt 24 + 0.4 X 10° M~' 57! 15+ 1 Fig. 8

“ EP denotes a high-affinity DnaK—peptide complex; P denotes the Cro peptide.

REACTION OF FLOURESCENT PEPTIDES
WITH PREFORMED LOW-AFFINITY Dnak
COMPLEXES (P + ATP-E* & ATP-E*-P)

Recent studies have investigated the binding of a
panel of seven different synthetic peptides to low-affinity
DnaK complexes [42,47]. The peptides were tagged with
the environmentally sensitive fluorophore, acrylodan,
which enabled DnaK—peptide complex formation to be
monitored in real time by following the changes in acrylo-
dan fluorescence upon complex formation. The changes
in tryptophan fluorescence of DnaK were not monitored.
In these stopped-flow experiments, the fluorescent pep-
tide concentration was fixed (100 nM ) and the concentra-
tion of low-affinity DnaK complexes was varied (1-22
wM). Depending on the sequence of the peptide, the
peptides bind to low-affinity DnaK complexes with either
single- or double-exponential kinetics, and the magni-
tudes of the first- and second-order rate constants vary
considerably with peptide sequence (Table II). For exam-
ple, the second-order rate constant ;,; for peptide binding
varies from 44 to 1.1 X 10® M~! s~!, while the first-
order rate constant for peptide release k,_; varies from
0.004 to 7.2 s~ ! (see Scheme 1IT). Complementary experi-
ments monitored the dissociation of these same peptides
from preformed DnaK-—peptide complexes upon mixing
with ATP; the apparent first-order dissociation rate con-
stants (ki) from these experiments exhibits much less
variability (2.2-6.7 s™!) (Table II). Note that for several
of the peptides examined, k,_; # koif-

On the basis of the above results, it was proposed
that there are two low-affinity forms of DnaK, one form
is transient and the other is stable [42]. Transient low-
affinity complexes persist for a second or less after mixing
ATP with DnaK and lead to stable or equilibrium low-
affinity complexes, which persist for several minutes.

A model for chaperone—peptide complex formation and
dissociation that incorporates these two forms of low-
affinity DnaK is shown in Scheme III [42].

klPP

off

ATP + EP —> {ATP-E*}; +P

{ATP-E*}; - ATP-E*

kpl kp2
P + ATP-E* < ATP-E*-P < ATP-E*-P
Ky Ky
Scheme 111

In the first reaction in Scheme III, the binding of
ATP to a high-affinity DnaK—peptide complex triggers
a global conformational change yielding in a low-affinity
transient and free peptide. This ATP-induced release of
the bound peptide is like a catapult, and the reaction
is unidirectional because transient complexes isomerize
(second reaction in Scheme III), which prevents rebind-
ing. Thus, when stopped-flow experiments are conducted
by mixing fluorescent peptide with preformed low-affin-
ity DnaK complexes, peptides bind according to the third
reaction in Scheme IlI, and, depending on the sequence
of the peptide, a peptide can bind to equilibrium low-
affinity DnaK complexes (ATP~E#*) with single- or dou-
ble-exponential kinetics. The magnitudes of & and k,,_,
are thus peptide sequence-dependent. In contrast, koy
exhibits almost no dependence on the sequence of the
peptide because it reflects a conformational change in
the chaperone molecule [42]. The significance of this
“catapult” mechanism is that there are two peptide release
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Table II. Rate Constants for the Reaction Between Peptides and the Low-Affinity Form of DnaK (P + ATP-E* — ATP—E*-P)
(ATP + EP — ATP-E* + P),

Peptide ky (M7's7h koot 579 kpp (M7's7h) kya (s71) KE 6™

a-pp 450,000 1.8 2.6 = 0.26

a-p4 55,000 7.2 0.8 0.3 5513

a-p5 1,115,000 5.7 67 =12

a-pb 44 0.0004 5.6 = 0.035

a-NR 104,000 4.5 0.016 0.018 5.4 = 0.0057

a-(LS), 96 0.04 24 = 0.1

a-pa’? 210 0.013 0.001 0.0005 0.9 = 0.004

9 a-pp, a-CALLQSRLLLSAPRRAAATARA; a-p4, CALLQSRLLS; a-p5, A-CLLLSAPRR; a-p6; a-CARSLLLSS; a-NR, a-NRLLLTG; a-(LS),, a-
LSLSLSLS; a-po*?2, a-QRKLFFNLRKTKQ; a, acrylodan. This is reprinted from Ref. 42 with the permission of Academic Press LTD.

routes: an incoming entangled polypeptide can have a
distinctly different first-order rate constant for dissocia-
tion than the disentangled polypeptide.

Suppose that the first reaction in Scheme III is
reversible (ATP + EP <{ ATP-E*}, + P) and transient
low-affinity complexes, once formed, isomerize to stable
complexes ({ATP-E*},—ATP-E*). In this case, upon
mixing ATP with DnaK—peptide complexes the interme-
diate complexes are subject to competing first- and sec-
ond-order reactions: intermediate low-affinity complexes
isomerize ({ ATP-E*}; —» ATP-E*) and peptide binding
converts them back to high-affinity complexes ({ATP-
E*}; + P — EP + ATP). Clearly, at low peptide concen-
trations, the isomerization reaction dominates, whereas at
large peptide concentrations rebinding may be significant
(Figs. 5 and 8). We therefore suggest that the high- to
low-affinity structural switch in DnaK is bidirectional but
that at low concentrations of peptide the switch appears
to be unidirectional because the peptide-induced low- to
high-affinity reaction is negligible.

COCHAPERONES

Dnal is a 41-kDa cochaperone that together with
GrpE (see below) enables DnaK to engage in repeated
cycles of substrate binding and release. Homologues of
Dnal are found in eukaryotic cells [50]. Structural and
functional details pertaining to Dnal that are relevant to
the understanding of the mechanism of action of 70-kDa
chaperones are as follows. (i) Dnal accelerates the rate
of DnaK-catalyzed ATP hydrolysis in the steady state to
the same extent as saturating concentrations of peptides
[51], and a recent report has revealed that DnalJ can even
accelerate the rate of DnaK-catalyzed ATP hydrolysis by
a factor of 15,000 under single turnover conditions [52];
(ii) Dnal and its homologues are composed of a “J”

domain and a phenylalanine—glycine (Gly—Phe)-rich
domain that are both required to stimulate chaperone-
catalyzed ATP hydrolysis [53]; (iii) assorted polypeptides
[54,55], including the low-affinity state of DnaK [56],
bind to Dnal, probably at the Gly—Phe-rich domain; and
(iv) from single-turnover experiments, ATP appears to
interact with DnaK-Dnal (EJ) complexes according to

kS
T + EJ & T-EJ ?ﬁ T-E* + J, where T, E, and J denote
kon
ATP, DnaK, and Dnal, respectively, and &, = 5.5 X
10 M~ s7!and kg = 0.24 57! at 25°C [52]. This reac-
tion is exactly analogous to Scheme II. The numerical
value for k), is similar to the numerical value of the
second-order rate constant for the binding of the Cro
peptide  with low-affinity DnaK (&SP = 2.4 X
10* M1 s71), while the numerical value for k) is about
an order of magnitude smaller than the numerical value
of the first-order rate constant for the dissociation of the
Cro peptide from DnaK in the presence of ATP (k$° =
3.3 s71). On the basis of i—iv, one idea is that DnaJ first
binds a polypeptide substrate and then “presents” the
substrate to the low-affinity state of DnaK to form a
transient macromolecular complex composed of Dnak,
ATP, Dnal, and the polypeptide substrate [51]. The low-
to high-affinity conformational transition (TE* — TE)
occurs as a consequence of this transient interaction
between a low-affinity DnaK complex and a Dnal-
polypeptide complex, resulting in the capture of the poly-
peptide substrate in the binding site of the chaperone.
The function of DnaJ may be to increase the affinity of
a substrate to the low-affinity state of the chaperone by
decreasing the magnitude of kg for the substrate when
it is bound to DnaJ (compare klg = 0.24 s™! to kS =
3.3 s7!). We propose that the binding of DnaJ or a DnaJ—
polypeptide complex to low-affinity DnaK promotes the
TE* — TE conformational change, and then the rapid
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hydrolysis of DnaK-bound ATP occurs, consistent with
reaction (5). As a result of these events the captured
polypeptide substrate becomes part of a kinetically stable
ADP-DnaK-substrate complex.

GrpE is a 22-kDa nucleotide exchange factor that
binds as a dimer to a high-affinity ADP—DnaK-substrate
complex and promotes the exchange of ATP for ADP
[6,51,56-58]. Because ADP dissociates so slowly from
DnaK this step must be catalyzed in order to tune the
rate of the chaperone cycle to physiologic events that
occur in the cell. Possibly, GrpE catalyzes a conforma-
tional transition in DnaK that occurs after the hydrolysis
of ATP, as mentioned above (see The Low- to High-
Affinity Transition (E* — E) with ATP Hydrolysis). GrpE
catalyzes a 5000-fold acceleration in the rate of ADP
release from DnaK [59]. When ATP binds to the DnaK-
substrate—-GrpE complex, GrpE dissociates. These two
cochaperones have competing effects on DnaK: Dnal
shifts the high- to low-affinity equilibrium to the high-
affinity state, which has a substrate tightly bound in the
polypeptide-binding domain, whereas GrpE shifts the
equilibrium to the low-affinity state, promoting the
release of the bound substrate. Several studies have ana-
lyzed the effects of Dnal and GrpE acting together on
the activity of DnaK [51,56,60,61].

MODELS FOR THE 70-kDa CHAPERONE
REACTION CYCLE

Two models for the 70-kDa chaperone reaction cycle
are shown in Fig. 9. Similarities and differences between
the two models are outlined below. In both models, the
purpose of the interaction between the chaperone and the
misfolded polypeptide substrate is to convert a misfolded
substrate into a productive intermediate—this conversion
may require several cycles of binding and release [56] —
which then folds spontaneously (see Fig. 1). In our model,
the conformational change in the polypeptide substrate
occurs upon binding to the low-affinity state, whereas in
the model of Gisler and co-workers the conformational
change in the substrate is coupled to the hydrolysis of
ATP by the chaperone [42]. Clearly, this is the most
speculative part of the reaction cycle because of the pau-
city of experimental data.

Strong evidence has been found from fluorescence
studies for the presence of a bidirectional conformational
switch in 70-kDa chaperone molecules. The presence of
this switch enables the rapid and complete release of
diverse substrates, which may be bound to a chaperone
molecule. It is important that substrates can be rapidly
and completely released; otherwise the chaperone cycle
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Fig. 9. (A) Chaperone reaction cycle based on Scheme II. (1) A mis-
folded substrate or aggregate binds to the low-affinity state, with assis-
tance from the cochaperone Dnal, and this binding induces the low-
to high-affinity structural transition in DnaK. (2) ATP hydrolysis occurs,
yielding a high-affinity DnaK—polypeptide complex. (3) The cochaper-
one GrpE binds to the high-affinity ADP—Dnak—peptide complex, cata-
lyzing the release of ADP and binding of ATP, which in turn induces
the high- to low-affinity structural switch and the expulsion of bound
polypeptide. (B) Chaperone reaction cycle based on Scheme III. (1) A
misfolded or entangled polypeptide reversibly binds to the low-affinity
state. (2) DnaJ then binds to the low-affinity chaperone-polypeptide
complex and catalyzes the hydrolysis of ATP, which in turn induces
the low- to high-affinity structural switch. The conformation of the
bound polypeptide also changes in this step, becoming more unfolded.
(3) The cochaperone GrpE binds to the high-affinity ADP-Dnak—
peptide complex, catalyzing the release of ADP and the binding of
ATP, which in turn induces the high- to low-affinity structural switch
to form an “activated” low-affinity intermediate complex. (4) The disen-
tangled polypeptide is expelled from the polypeptide binding site of
DnaK. Mechanism B was taken from Ref. 42 and printed with the
permission of Academic Press LTD.

would stall because the concentration of free chaperone
would decline precipitously. There is intriguing evidence
that the nucleotide exchange factor GrpE may even play
a role in catalyzing the release of very tightly bound
substrates from the chaperone [58]. Of course, the transi-
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tion to the low-affinity chaperone state creates a problem:
the binding of a nonnative polypeptide substrate to the
low-affinity chaperone state is so weak that the reaction
requires a catalyst. Dnal is likely to be this catalyst.
In vivo, the kinetics of the switch are regulated by the
concentrations of ATP, polypeptide substrate, and cochap-
erones.

It is likely that several chaperone intermediates form
during the reaction cycle in the presence of polypeptide
substrates and cochaperones and that these intermediates
are still uncharacterized. In our model of chaperone action
(Fig. 9A), we expect that an intermediate forms tran-
siently during each of the three steps depicted.

The linkage between ATP hydrolysis and the low-
to high- affinity conformational switch is quite different
in the two proposed models. In our model (Fig. 9A),
the low- to high-affinity conformational switch is rate
limiting and it precedes the hydrolysis of chaperone-
bound ATP [reaction (5)]. The role of Dnal is to catalyze
substrate binding to the low-affinity chaperone state,
which shifts the population of chaperone molecules from
the low-affinity state to the high-affinity state. In contrast,
in the model of Gisler and co-workers (Fig. 9B) [42], the
hydrolysis of chaperone-bound ATP occurs in concert
with the low- to high-affinity transition [reaction (3)].
Dnal binding to a low-affinity chaperone—peptide com-
plex catalyzes ATP hydrolysis and thereby accelerates
the low-to-high-affinity transition. As can be seen from
the two proposed models, the precise linkage between
ATP hydrolysis and the low- to high-affinity conforma-
tional switch in the chaperone molecule is still controver-
sial.

SUMMARY AND FUTURE DIRECTIONS

The mechanism whereby molecular chaperones
carry out their diverse functions—protein folding, assem-
bly, and transport—is the subject of intense investiga-
tions. Fluorescence-based kinetic studies have elucidated
the mechanism of the ATP-induced conformational
change in Hsp70 and Hsc70 proteins. Complementary
structural studies are now needed to delineate the changes
in chaperone architecture that occur as a consequence of
both ATP binding and peptide binding. The molecular
details of one of the most important aspects of the chaper-
one reaction cycle—ATP hydrolysis—and its coupling
to the conformational change in the chaperone molecule
are graduvally emerging, but studies still are needed to
clarify this aspect of chaperone function. In the future,
experiments are needed to determine what change occurs
in the polypeptide substrate molecule as a consequence of
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chaperone binding. Intriguing experiments might involve
examining changes in the fluorescence of a DnaK-bound
polypeptide using single-molecule fluorescence tech-
niques.
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