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ABSTRACT: The mechanism of the ATPase cycle of the 70-KBscherichia colimolecular chaperone

DnakK was investigated by following ATP-induced changes in the tryptophan fluorescence of DnaK. Three
steps in the cycle were investigated. (i) Stopped-flow experiments revealed that ATP induces a biphasic
reduction in the tryptophan fluorescence of DnaK. The rate of the fast fluorescence transition exhibited
a hyperbolic dependence on the ATP concentration, with a maximum rate equalt08¥ & at 35

°C, whereas the rate of the slow fluorescence transition was nearly independent of the ATP concentration
(4.24 0.2 sY). These results are consistent with the three-step sequential reactiokilie <= E—ATP

= E*—ATP < E** —ATP prior to DnaK-catalyzed ATP hydrolysis, where the formation of a collisional
complex (E-ATP) causes no change in fluorescence but is followed by two first-order transitions that
reduce the fluorescence. (ii) The kinetics of ADP replacement from preformed-BABR complexes

by ATP followed simple exponential kinetickypp = 0.038 @& 0.002) st at 35°C. The ADP off rate

was reduced- 10-fold by inorganic phosphate (20 mM). (iii) Single-turnover experiments ([DrakK]

[ATP] = 1 uM) revealed a slow, first-order increase in tryptophan fluorescegef 0.0015 & 0.0001)

s %, 37 °C] that was identical to the rate of DnaK-catalyzed ATP hydrolykig ¥ 0.0014 & 0.0001)

s™1, 37°C]. This slow increase in fluorescence is consistent with a-B*E conformational transition.

A model for the ATPase cycle of DnaK is proposed in which ATP has two distinct functions: ATP
binding to the ATPase domain triggers two conformational transitions in a chaperone molecule, and ATP
hydrolysis—the slow step in the reaction cyeteeverses the transitions.

Molecular chaperones are a highly conserved family of There is considerable evidence that 70-kDa molecular
proteins that function to promote a variety of cellular chaperones are molecular switches, turned on and off by its
processes that are essential for life, such as the folding,interactions with ATP. For example, (i) recent reports have
transport, and assembly of other proteins. They are usuallyindicated that ATP binding, rather than hydrolysis, alters the
categorized according to their molecular weight and range affinity of peptides for the chaperone substrate binding
in size from 10 to 100 kDa. The 70-kDa family of molecular gomain @, 10, 11); (i) solution small-angle X-ray scattering
chaperones are ‘kdependent, mechanochemical ATPases experiments have revealed two distinct conformations of the
(1—3) that carry out the above functions via a uniqueé 70.kDa chaperone DnaK, and ATP induces the conversion

mechanism whereby an individual chaperone molecule ot gne conformation to the othet. 13): (iii) the ATP-
discriminates between folded and partially unfolded segments;,4.,~ad conformational change results in a reduction in

of another protein and selectively binds to the latter (for tryptophan fluorescence and a blue shift of the fluorescence
reviews see refd—6). The binding and hydrolysis of ATP m{::(irrrl)um 14-16); and (iv) ATP induces changes in the

by these chaperones is tightly coupled to the binding and rotease digestion pattern of 70-kDa chaperonds 19).

release of substrates. The mechanism of how a chaperong . . . : o
utilizes free energy from ATP binding and hydrolysis to alter j%n ideal way to mvestlgatg the coupling of ATP binding _to
changes in the conformational state of the chaperone is to

its structure and hence modulate its activity with (poly)- . .
peptides is of great interest. y (poly) }‘gllrcgvgltzrenézlz-ggu;%d changes in tryptophan fluorescence

The 70-kDa molecular chaperones are composed of two
functional domains: ATP binding and hydrolysis occurs in  In this study, the pre-steady-state kinetics of the reactions
the 44-kDa NH-terminal domain, and selective substrate between ATP and DnaK were investigated over a range of
binding occurs in the 23-kDa COOH-terminal domain. The temperatures (£537 °C) using stopped-flow fluorescence
three-dimensional structures of the separate domains haven order to determine both the reaction mechanism and the
been determinedr(-9). activation energy barriers for the reaction steps, where
P - » f T possible. Evidence is presented herein for a three-step
Ameﬁggr? r(tZag::etr go\(l:\ggtry J(f;rirzﬁ Flgzrlr}lt;/ Igesearc(h Award (‘J)FaRrL\-5a8n3). sequential react|.or_1 prior tO. DnaK-cata_Iyzed ATP hydrolysis.

*To whom correspondence should be addressed: Tel (318) 675- | N€ rate-determining step in the reaction between DnaK and
7891; FAX (318) 675-5180; E-mail SWITT1@LSUMEDU. ATP under single-turnover conditions is ATP hydrolysis.
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MATERIALS AND METHODS binding of ATP to DnaK and the dissociation of ADP from
preformed Dnak-ADP complexes. The instrument dead
time was 1.6 ms. Light from a 150 W xenon lamp went
through an excitation monochromator and then into the
observation cell via an optical fiber light guide. For the
experiments described in this repott, = 290 or 295 nm
(2.5 nm bandwidth). Fluorescence emission was collected
using a photomultiplier tube that was mounted &t &0the
incident light. An Oriel long-pass filter with cutoff wave-
length of 335 nm was used to eliminate stray excitation
radiation. The path length of the observation cell was 2 mm.
The instrumental time constant was equal to 0.5% the half-
time of the fastest phase. Samples were degassed prior to
loading into the stopped-flow syringes. One syringe con-
tained DnakK; the other, Mg-ATP. Temperature control of

Protein. All reagents were of the highest purity and were
purchased from Sigma, unless stated otherwiBee protein
was isolated as previously describ@@)(and stored at 4C
in a HEPES sample buffer (25 mM HEPES/50 mM KCI/5
mM MgCl,/5 mM 2-mercaptoethanol at p 7.0). After
the last purification step (Mono Q column), Mono Q column
fractions were dialyzed for 4 days against 16 L of sample
buffer (4 L/day) at 4°C. SDS-PAGE of purified DnakK
revealed one band at 70 1 kDa, and densitometric scans
of the gel showed that the protein wa85% pure. Protein
concentration was determined by the Bio-Rad protein assay.
according to the manufacturer’s instructions and verified by
an absorbance determination using the extinction coefficient

€280=15.8x 1* M~1cm (23). No corrections were made . : o
; L both the jacketed reactants and the jacketed mixing chamber
for the slight variation of the pH of the HEPES sample buffer was achieved with a circulating external water bath=(+

over the temperature range (237 °C) at which samples 0.1 °C). Stopped-flow traces are the average of1D

were incubated. R ,
The endogenous nucleotide content in Dnak Ioreparations|nd|V|duaI traces. In some cases, data were collected using
was estimated by th@,gdAzso ratio. In every casefrsd a split time base mode.
28 260 . T\28 :
Az > 1.5, which indicated that DnaK was nucleotide-free A Phot'on_TechnoIogy Inc. (SOL.'th Brunswick, NJ) Strobe-
’ ; . ; Master lifetime spectrometer with a SE-900 steady-state
(24). Nevertheless, to verify this result DnaK was subjected ; . o
fluorescence option was used to monitor nucleotide-induced

to aC|d.preC|pltatlon in order to liberate any endogenoqs changes in tryptophan fluorescence in several experiments.
nucleotlde! and then the supernatant was anglyzed USINGrhe excitation source was a 75 W xenon arc lamp, and the
Egll_g ' fOE:r'legyr’ni[r)] n:tK 4(2%21 I\rfé maesnl?ﬁgbc?etﬁgtmg 0.?ot|\(/|ain detection was accomplished with a photon counting detector
was s4e arated b centrifu ation (108d6r 20 min 4PC) (PTI Model 710). (i) To obtain fluorescence emission spectra
The su pernatant)\:vas thengneutralizedWU\A KOH’on icé of DnaK with nucleotides, DnaK was incubated with added
centrifup od once more at AC. and Ivophilized Th,e nucleotide at 25°C for 10 min prior to the start of the
ug i . yop X emission scan. The excitation wavelength was either 290
lyophilized material was then dissolved in HPLC column or 295 nm (3 nm bandwidth): the emission bandwidth was
buffer (0.05 M potassmm phosphate, pH?.O). Control . 5nm. (ii) The dissociation of ADP from preformed DnaK
samples consisted of (i) a solution of ADP with no protein ADP complexes was monitored by following the decrease

e 2 s ot lorescence upon he adciion of excess ATP. For hese
) xperiments the instrument was used in the time base mode,

Samples treated in the above manner were t_hen ana!yze ith Aex = 295 nm (3 nm bandwidth) antkm = 340 nm (5
using a Ggcolumn (218TP1010, Vydac, Hesperia, CA) with . ' .
: o ! . . nm bandwidth). (iii) The slow increase in tryptophan
UV detection £ = 254 nm). Using this method, as little as : . :
. . fluorescence in the single-turnover experiments was also

250 pmol of ADP could be detected. On the basis of this . . . .
HPLC analvsis. we conclude that our DnaK breparations monitored using the fluorescence spectrometer in the time

ysIS, prep base mode, withiex = 295 nm (3 nm bandwidth) anti, =

0, 1 _ . 1 0,
were 94% nucleotide-free; that is, up to 6% of the molecules 340 nm (5 nm bandwidth). In all experiments, samples were

contained ADP. o . )
) . L maintained in a quartz cuvette (1 cm path length) with
The effect of inorganic phosphate on the kinetics of ADP constant stirring and temperature control via an external

dissociation from preformed DnakADP complexes was circulating heating/cooling bath\IT = +0.2 °C). Sample

examined at 25C using either a stopped-floyv mstrgment temperature was verified using a hand-held thermocouple
or a steady-state fluorescence spectrometer in the time basﬁqat was placed directly into the sample

mode (see below). Inorganic phosphate (6:26 mM) was Curve Fitting/Data Analysis The stopped-flow traces

introduced into samples of preformed DnakDP com- representing ATP binding to DnaK were analyzed using a

plexes by the addition of a small aliquot of a concentrated curve-fitting program that used a Marquardt algorithm based
stock solution of KHPQ/K,HPQ, (pH = 7.0). To control on the program Curfit given in Bevingto2%). All stopped-

for the possible effect of Kions and the ionic strength on flow traces were fit to both a single-exponential function

the ADP off rate, in a separate experiment the concentration - . :
v . : ~(F(t) = AF, %! + y) and a double-exponential function
of the K* ion was increased from 50 to 120 mM. This 2.4 (F() = AF, e + AF; et + y) and then the residuals

fold increase in the Kion concentration had no effect on f ; .
the ADP off rate. rom both fits were (_:ompare_d. In some cases, data were fit
Instrumentation An Applied Photophysics Ltd. (Leath- to a triple-exponential function. The termd=, k.4, and
erhead, U.K.) stopped-flow spectrometer (SX—1.7MV) with 7 represent amplltudes, rate parameters, and the floating end
fluorescence detection was used to follow both the rapid point, respectively. It S.hOL."q be noted that the rate param-
etersk, andkg are not individual rate constants; they are
 Abbreviations. HEPES.2.Mvd o toeth functions of several rate constants.
sulfonicrae(\:lilg;larlf‘l;c, high-[;ef'forr)]/’l;r?t):(g?iqL}J/i()jpcl:%%ﬁgogrape)hye;l?lesc?O, The program Kalgldagraph (Synergy Software, Rgadlng,
70-kDa heat shock cognate protein: SERAGE, sodium dodecyl ~ PA) was used to fit kinetic curves obtained from experiments
sulfate-polyacrylamide gel electrophoresis. that probed ADP dissociation from preformed DnakDP
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FIGURE 1: Effect of ATP on the fluorescence spectrum of DnakK. ooz 1T THTIAM p o2 LT

Fluorescence emission spectra of DnaK with and without ATP are
shown. Conditions: [DnaK]= 1.0 uM; [ATP] = 1.0 mM.

Temperature= 25 °C. 1¢x = 295 nm; excitation bandwidti 3.0 O [ty M: Wi 28
nm; emission bandwidtk 5 nm. N
0.08 0.

. . . 4 h‘,,,ﬂ,ﬂx,ﬂ,mmM-’fwww‘{ [ \»W 500
complexes to a single-exponential function and to analyze 008 L .08

the plot of 1kopsvs [R]. In addition, KaleidaGraph was also  Figure 2: Kinetics of the rapid ATP-induced changes in the
used to fit the single-turnover fluorescence data to a single- tryptophan fluorescence of DnaK. The pre-steady-state reaction
exponential function and to a function given in the text. between DnaK and ATP were followed using stopped-flow

; T fluorescence. Solid lines are the best fits of the stopped-flow data
Arrhenius plots were analyzed and the uncertainties in theto the double-exponential functigf(t) = AFqe * + AFze bt +

activation parameters were determined using the program,,  Residuals for fits to both a single- and a double-exponential

Scientist (MicroMath, Salt Lake City, UT). function are shown beneath the kinetic traces. Traces were obtained
in a split time base mode where 200 points were collected in the
RESULTS first 0.5 s and 200 points were collected over the next 10 s. The

best-fit rate parameters, determined from a double-exponential fit,

were for [ATP]= 10 uM, k, = 1.0 (= 0.1) s}, andk; = 0.34
Effect of ATP on the Fluorescence Spectrum of DnaK 10.10) s [ATP] = 25,4M, k, = 5.5 (:0.6) S, andky = 0.66

DnaK, which possesses a single tryptophan residue (locateq’ g 03) s and [ATP]= 5004M, k, = 19.7 -1.3) s 1, andk;
at position 102 in the ATP binding domairgg), exhibited = 0.67 &-0.03) s Conditions: [DnaK}= 1.0uM; [Mg-ATP] =
a steady-state fluorescence spectrum centergghat= 340 0, 10, 25, or 500uM; temperature= 25 °C; dex = 290 nm
nm in the absence of nucleotide at 25 (Figure 1). The  (bandwidth= 2.3 nm); 335 nm long-pass filter.

addition of ATP (1.0 mM) resulted in a rapid 14% reduction
in fluorescence and a 5-nm blue shift 4f.. In contrast,
ADP (1.0 mM) had no effect on the fluorescence of DnaK
within 3—4 min after addition at 28C but caused a 7%
increase in fluorescence after approximately 90 min (data
not shown).

where the rate of the transition was 0.21@.01) s*. There

was some improvement in the fit, as expected, when a

double-exponential was used (see residuals). The biphasic

reduction in fluorescence was pronounced when [AZP]

100uM. For example, when [ATPF 500uM, 50% of the

o . . total reduction in fluorescence occurred with a half-tifag)(
Kinetics of the Rapid ATP-Induced Reduction in the ¢ approximately 30 mst{, = In 2/20 s%), and 50% of the

Tryptophan Fluorescence of Dnaklhe rapid, ATP-induced  toa] reduction in fluorescence occurred with a half-time of

reduction in tryptophan fluorescence was monitored by gpproximatef 1 s ty2 = In 2/0.67 s1). The traces acquired
mixing equal volumes of ATP and DnaK using a stopped- at 5004M ATP followed

flow fluorescence instrument. In all experiments, the
concentration of ATP was varied {2000uM) at a fixed F(t) = [0.1250.005)] exp-19.7&1.3%] +

concentration of DnaK (1.2M) over the range 1535 °C. [0.1226:0.002)] exp[-0.67(0.03)] — 0.441¢-0.002)
Representative stopped-flow data, acquired at@%vith a )

time base of 10 s, are shown in Figure 2. Plots of the

residuals from fits of the data to both single- and double- \here the rates of the fast and slow transitions were 19.7
exponential functions are shown beneath the data in Figure(. 1 3) s and 0.67 & 0.03) s, respectively. Biphasic

2. Over the range of temperatures, as the ATP concentrationinetics were also observed in the rapid mixing experiments
was increased the stopped-flow traces became increasinglycongucted at 15 and 3%. In our experiments, values for
biphasic. For example, the traces acquired with [AFP] k. andk; have 16-20% error and 36% error, respectively.

10 uM were reasonably well fit by a single-exponential Since the steady-state rate of DnaK-catalyzed ATP hydrolysis
at 25°C (kny < 0.001 s?) (22, 27, 28) is more than 2 orders
F(t) = [0.213¢ 0.001)] expf-0.71¢t 0.01)] — of magnitude less thaky (0.67 s%) and more than 4 orders

0.2240.001) (1) of magnitude less thak, (19.7 s'), we conclude that these
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A exhibited a hyperbolic dependence on the concentration of
ATP, with a maximum rate of 5.8 0.7 s, 18.7+ 1.1 s},
and 564 10 s ! at 15, 25, and 35C, respectively. In Figure
3B, the rate of the slow fluorescence transitikn,s plotted

i versus [ATP]. Over a wide range of ATP concentrations,
T, ks values at 15 and 25C exhibited no appreciable
i dependence on the concentration of ATP, whereas the plot
20F P $ 25°C of k(35 °C) showed a slight increase in the rate (from O to
200 uM ATP) and then a slight decrease in the rate (from
pr * 15°C 1000 to 200Q«M). The maximum rate of the slow transition
. ! 1 was 0.085 £ 0.005) s?, 0.67 & 0.02) s, and 4.2 £ 0.2)
B st at 15, 25, and 35C, respectively.

60 [ } e 35°C]

L 4
3
-

Scheme 1

il ’%hi._--%-\"‘ Ky ko ks
s ATP + E < E-ATP < E*—ATP <= E** —ATP

k-2 k3

4
kB (s)

The biphasic kinetics and the hyperbolic dependence of
k, on the ATP concentration are consistent with the three-
P » 25°C step sequential mechanism shown in Scheme 1. The
0@ e-e-aie - 15°C asterisks denote states with reduced fluorescence relative to
'0 1(;00 2(;00 the E stat.e, the monomeri_c chaperone molecule. In the first

step, a bimolecular reaction between a molecule of DnaK
[ATPT (kM) and a molecule of ATP produces a collisional complex (E
FiGure 3: Plots of the apparent rate constarks &ndks) versus ATP) with no change in fluorescence. In the second step,

][iAO-\II-VPEI:alé(’é :":g gﬁ d‘g’l‘Jg%fevxggengﬁttizilnfiﬂcf{i%w gfg;&ig&pﬁ%ﬁre the collisional complex triggers a conformational transition
2). (A) k, versus [ATP]. (B)k; versus [ATP]. Each data point that yields a transient with reduced fluorescence{ETP).

represents the average of two or three experiments, which wereln the third step, a slower conformational transition occurs,
conducted on different days with different preparations of DnaK. Yielding another transient with reduced fluorescence (E**
Error bars represent two times the average deviation. The dottedATP). The fluorescence of the four DnaK specie§(g)

lines through each data set is to help guide the eye. ~ F(E-ATP) > F(E*—ATP) > F(E*—ATP). Such a
mechanism leads to monophasic kinetics at low concentra-
tions of ATP and biphasic kinetics at large concentrations
of ATP. The maximum rate of EXATP complex formation

= (k2 + k-p) is approximated by the asymptote of the plot of

In addition to monitoring the rapid reaction between AT o ! iy
and DnaK over a 10 s time base, the reaction was alsokaversus [ATP]. _S|m|IarIy, the maximum rate of TP
complex formation K3 + k-3) is approximated by the

monitored over shorter and longer time bases. Over the short
time base (6-0.5 s), the reduction in fluorescence followed asymptote of the plot ok; versus [ATP]. The apparent

single-exponential kinetics, and the rate constant was similarzi%ﬁgg'grdgeritlg ng‘?‘t%@(flgi gl\jsb[lz?rlg?iaotr?gﬁﬁilts
within experimental error to the rate constant for the fast y P P

L : of [ATP] — 0 (Figure 3A), and@~ Kk, (29). In addition,
fluorescence transitiork{) of the data acquired over 10 s ; X
(Figure 2). Over the long time base Q00 s), three the ATP concentration whete, equals half the maximum

fluorescence transitions were observed. The amplitude of &€ approximates the equilibrium association constant for

X e X the initial step K3, M~%). The various parameters from the
the third transition was approximately 10% of the total . ; .
amplitude at 25°C. The rate of the third fluorescence Kas vS [ATP] plots are given in Table 1. Scheme 1 is not

vansiion was approximatly 0605 5*and was nde- [ 00 eSS Tk Sccoun o e observer
pendent of the ATP concentration. Because the rate of this P 9 ’ P

. " mechanism is discussed below.
slow, third fluorescence transition was very close to the rate

: - ; Kinetics of ADP Dissociation from Preformed DnaK
of ADP dissociation from DnaK (see below), the third L . o
fluorescence transition is probably due to the replacementADP Complexes The kinetics of ADP dissociation from

of the small amount of endogenous ADP by ATP preformed Dnak-ADP complexes were investigated using
To rule out the possibility that the rapid redu.ction in stopped-flow fluorescence. One syringe contained a large

tryptophan fluorescence at high ATP concentrations was due(ezxc?\i)s OfDﬁZTo(ltH(()antqiMr?t; g:re] d?;hegfi%PP@g)sgg&]iK
to an inner filter effect, experiments were also conducted 106‘ nM) 1), the s rir? e with D?]aK and ADP contained a
using an excitation wavelength of 295 nm, a wavelength ' ynng

where ATP has no appreciable absorbance. With 295 nmhomogeneous population of preformed DrakDP com-

o : lexes. When these complexes are mixed with a large excess
excitation, the same results were obtained as those showr! . ) . .
in Figure 2; therefore the rapid phase of quenching is not of ATP, ADP dissociates and is rapidly replaced by ATP

due to an inner filter effect. Kaop ATP]
In Figure 3A, the rate of the fast fluorescence transition, E-ADP — E + ADP
ko, is plotted versus [ATP]. At each temperature, E*—ATP  [ATP]> [E—ADP] (3)

two first-order fluorescence transitions result from two
different ATP-induced conformational transitions in a mol-
ecule of DnakK.
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Table 1: Kinetic Constants from the Pre-Steady-State Experiments (Figures 2 and 3)

kinetic constant

temperature(°C) kaa(M-1s7Y) KP (MY ko + k-2° (s7Y) ks + k-37(s™)
15 5.6 (£0.3) x 10* 2.3 (*0.9) x 10 5.0 #0.7) x 10° 8.5 (£0.5) x 1072
(n=2) n=2) n=2) n=2)
25 9.0 @&0.7) x 10 9.8 (1.6) x 1¢° 1.9 (#0.1) x 10 6.7 #0.2) x 10
(n=23) n=3) n=3) n=3)
35 1.2 ¢0.2) x 10° 3.7 (+0.6) x 10° 5.6 (£1.0) x 10t 4.2 (&0.1) x 10°
(n=2) n=2) n=2) n=2)

a2 Slope ofk, vs [ATP] plots in the limit of [ATP]— 0 (Figure 3A).P Reciprocal ATP concentration whekg equals half the maximum rate
(Figure 3A).¢ Asymptote ofk, vs [ATP] plots (Figure 3A)¢ Asymptote ofks vs [ATP] plots (Figure 3B).
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Ficure 4: Kinetics of ADP dissociation from preformed DnaK
ADP complexes. (A) The kinetics of Mg-ADP dissociation from
DnaK were probed by the rapid mixing of equal volumes of DraK
ADP complexes and Mg-ATP, such that the concentrations of
reactants upon mixing were [DnakVig-ADP] = 2 uM, [Mg-ADP]

= 3 uM, and [Mg-ATP] = 1.0 mM. Stopped-flow traces (dotted
lines) were fitted to the equatidf(t) = AF exp(—kapp t) + y (solid
lines). The best-fit rate constants were as follows: at@5kapp

= 0.012 @0.001) s; at 25°C, kapp = 0.022 ¢-0.001) s*; and

at 35°C, kapp = 0.036 @0.002) s. Dashed lines are to help guide
the eye. (B) Dissociation experiments were conducted by varying
the concentration of Rt 25°C. Fits to a single-exponential gave
values for the observed rate constant for ADP dissociatigg)
and then the reciprocal of the observed rate constakg,{livas
plotted versus [P The data were fit to the equationklys =
{Ka(P) + [P}/ kappKa(P) + k*app [P]} (solid line), yielding
Kd(Pi) =0.40 (:l:026) mM,kADp =0.016 6:0001) S_l, andk*ADp

= 0.0010 @0.0001) st Instrumental conditions were the same
as in the legend to Figure 2. Temperaterel5, 25, and 35C.

which reduces the tryptophan fluorescence of DnaK, as
shown in Figure 4A. Since the reactions depicted in Figure
4A are much slower than ATP binding to DnaK (compare
to Figure 2), we reasonably conclude that the traces reflect
ADP dissociation from preformed DnakADP complexes.

Table 2: Effect of Pon the Rate of ADP Dissociation from DnaK
temperature®C) kapp (573 (R, =0mM) k*app (s (P, = 20 mM)

15 1.2 ¢-0.1) x 102 6.4 (£0.8) x 10°*
(n=3) (n=2)

25 2.2 (£0.1) x 102 1.4 (*0.2) x 1073
(n=4) (n=2)

35 3.8 (£0.2) x 102 3.2 (£0.2) x 103
(n=3) (n=15)

[F(t) = AFe ket + 3], and kapp varied from 0.01 to 0.04
s ! between 15 and 3%C (Table 2).

Several studies have shown that inorganic phosphate
(P)—a product of the hydrolysis of ATPinhibits the
dissociation of ADP from preformed chaperen&DP
complexes 16, 21, 30, 3L Because such product inhibition
may be important biologically, we investigated the effect of
P, on the ADP off rate from preformed DnakADP
complexes. Samples were prepared as described above, and
then P (KH.POJ/K,HPQ,, pH = 7.0) was added from a
concentrated stock solution to give a final concentration
between 0.25 and 30 mM. Kinetic traces were fit to a single-
exponential function to determine values for the observed
first-order rate constank4,y) for ADP dissociation. At 25
°C, kons decreased from 0.022 to 0.005'setween 0 and
1.0 mM R and then decreased further to an asymptotic value
of ~0.001 s* for [P;] = 20 mM (Figure 4B). There was
approximately a 10% error associated with these ADP off
kinetic traces. Since DnaK is a‘kdependent ATPase, and
because the Kion concentration also increased upon the
addition of R, we also checked to see whether an increase
in the K™ ion concentration affected the ADP off rate. When
the K" ion concentration was increased from 50 to 120 mM
(by adding KCI), there was no change in the off rate,
demonstrating that;Rnd not K inhibits ADP dissociation
from preformed Dnak-ADP complexes.

The plot of 1k.psVvs [R] (Figure 4B, inset) can be used to
distinguish between two different mechanisms for ADP
dissociation from DnaK. Scheme 2 shows an ordered release
mechanism where;Binds to an EEADP complex with an
equilibrium dissociation constant defined Ky(P,), and P
dissociation obligatorily precedes ADP dissociation. In this
mechanism, the reciprocal of the observed rate constant for
the dissociation of ADP is given by eq 4 (see Appendix),

1_1 [Pl
kobs kADP kADPKd(Pi)

(4)

and in this case, the plot of ks vs [R] is a straight line

The dissociation traces followed single-exponential kinetics with positive slope. Scheme 3 shows a mixed dissociation
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Table 3: Thermodynamic Parameters

kinetic constant

thermodynamic parameters kaa ko + k-2 ks + k-3 kapp ([Pi] =0 mM)  k*app ([P]] = 20 mM) Kny?

AH* (kcal mol™1) 6 (1) 21 & 2) 34.6 & 0.5) 9.7 ¢ 0.4) 14.3¢0.9) 25.0 & 0.9)

» expAS/R) (s 3.2x 10°P*1  1.4x 10+  15x 1(p50+04 3.1x 10p0%03 4.6 x 107007 6.4 x 1014007
AS* (cal mol~1K 1) —17 (£ 5) 16 (£ 6) 54.7 & 1.8) —35.5 @ 1.3) —25.4 & 3.0) 7.2 & 3.0)

aFor k&, the frequency prefactor has units of Ms™. P The kn, values were determined from the single-turnover experiments. From those

experiments we reasonably concluded thgt = Kyy.

Scheme 2: Ordered Release

Ka(Py)
E—ADP(P;) <——> E-ADP + P,
b

knpp

E + ADP

Scheme 3. Mixed Release

Ka(P)
E-ADP(P;) <—— E-ADP + P;
)

*
k”app

i
' Knop |!

:
: |

E(P) + ADP

E + ADP

mechanism where;Binds to an EEADP complex with an
equilibrium dissociation constant defined Ky(P), and ADP
dissociates from both-EADP and E-ADP(P) complexes,
albeit with different rates. In this mechanism, the reciprocal
of the observed rate constant for ADP dissociation is given
by eq 5 (see Appendix), and in this case, the plot &fnl/

1 _ Kd(P) + [P]
kobs  Kapp Kq(P) + K* applP]

(5)
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FIGURE 5: Single turnover kinetics. A rapid reduction in fluores-
cence occurred upon the addition of ATP to DnaK ([ATR]
[DnaK] = 1 uM). The subsequent slow increase in fluorescence
corresponds to the E**~ E transition. The formation portion of
each trace followed the equatidift) = AF[1—exp(—kopst)] + ¥

(solid lines), whereAF, k.,s andy are the amplitude, the first-
order observed rate constant, and the fluorescence at the time zero
point, respectively. The best-fit equations were as follows at: 20
°C, F(t) = 2.3 x 10°[1 — exp(-0.00014)] + 1.2 x 10% and 37

°C, F(t) = 6.6 x 10°[1 — exp(—0.0015)] + 7.3 x 1(P. Since DnaK-
catalyzed ATP hydrolysis occurs at the same rate as the slow
increase in fluorescence in these single-turnover experiments (see
text), we surmise thaksps ~ kny. Conditions: lex = 295 nm
(bandwidth= 3 nm); lem = 340 nm (bandwidth= 5 nm).

vs [R] is a hyperbola. The observed hyperbolic dependence (£0.00002) s! at 25°C, 0.00050 £0.00002) s! at 30°C,

of 1/kops On [R] (Figure 4B, inset), therefore rules out the

and 0.001540.0001) s* at 37°C. When experiments were

ordered release mechanism and is consistent with the mixedconducted with a substoichiometric amount of ATP (Vb
dissociation mechanism (Scheme 3). The fit of the data to ATP/1.0uM DnakK), the rate did not change. In contrast,

eq 5 yieldedKy(P) = 0.40 £0.26) mM, kapp = 0.016 &
0.01) s%, andk* app = 0.0010 @-0.0001) s*. It should be
noted that upon increasing thed®ncentration the amplitude

when experiments were conducted with a 20% molar excess
of ATP (1.2 uM ATP/1.0 uM DnaK), the traces were
sigmoidal, with a noticeable lag phase in the early portion

(AF) of the kinetic traces did not decrease; such a decreaseof each trace. Controls consisted of monitoring the fluo-
would be expected if ADP dissociated by the ordered releaserescence of DnaK without added ATP over the same time
mechanism. The combined results are consistent with thescale. Inorganic phosphate (1.0 mM) had no effect on the
kinetic mechanism shown in Scheme 3. Valuesktipp, reaction kinetics shown in Figure 5. Significantly, at &7
determined at 20 mM Pover a limited temperature range the rate of DnaK-catalyzed ATP hydrolysik,[ = 0.0014
are given in Table 2. Activation parameters for b&tlape (£0.0001) sY] (22, 2§ is identical to the rate of the E**
andk* app are given in Table 3. E transition kos = 0.0015 @ 0.0001) s1], indicating that
Single-Turneer Experiments. Single-turnover experi-  ATP hydrolysis is coupled to this transition, as discussed
ments ([DnaK]= [ATP]) were conducted over a range of below.
temperatures (1537 °C) using a steady-state fluorescence = Temperature Dependence of the Rate ConstaAtshe-
spectrometer in time base mode. The addition of a stoichio- nius plots (Ink vs 1/T) were constructed from the data in
metric amount of ATP to a sample of DnaK produced a rapid Tables 1 and 2 (plots not shown). The slope gimgtercept
reduction in tryptophan fluorescence, and then, over the of the plot of Ink versus 1T approximate the activation
course of 26-60 min depending on the temperature, the enthalpy AH*) and the frequency prefactomw| exp(AS/
initial reduction in fluorescence was reversed. Since the R)], respectively. If it is assumed that the frequency factor
reduction in fluorescence is due to a~E** transition, the o = kgT/h, whereks andh are the Boltzmann and Planck
slow increase in fluorescence is consistent with a-EE constants, then the activation entropzsf) can be estimated
transition. At all temperatures, the portion of each trace that for each data set from a plot of Iik/T) vs 1/T. Activation
exhibited the slow increase in fluorescence followed single- parameters are given in Table 3. Since nucleotide binds to
exponential kineticsF(t) = AF(1 — e%»d) + y. Values DnaK and hsc70 with nanomolar equilibrium dissociation
for kons were 0.00015 £0.00001) s* at 20 °C, 0.00030 constants41, 32, it is reasonable to assume that> k_,
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T E.T & E.7 < BT the tryptophan fluorescence. In contrast, in our experiments,
\; 2 3 the rate of the fast phask,, also increased linearly with
% increasing [ATP] (up to 25@M) but deviated from linearity
E ks, thereafter (Figure 3A). The deviation from linearity led us
ke \ to propose the three-step sequential mechanism (Scheme 1).
/\ . e Note that at 25C the apparent association rate constant for
D+P; E-D(Pi) == E-D(P)) == E-D(P;) ATP binding to DnaK k= 9.0 x 10* M~ s™%) is nearly an
o ke order of magnitude smaller than the association rate constant

FIGURE 6: Proposed mechanism for the ATPase cycle of 70-kDa (K1~ 7 x 10° M~t s7%) for ATP binding to hsc70. Another
molecular chaperones. E, T, D, and rBpresent the chaperone interesting difference between DnaK and hsc70, which may

monomer, ATP, ADP, and inorganic phosphate, respectively.  relate to the kinetic mechanisms for ATP binding, is that
) ADP binding does not reduce the fluorescence of Dnak,
andks > k-s. Thus, the plot of Ink; + k-2) vs 1/T gives  \yhereas ADP binding to hsc70 reduces its fluorescence (by

activation parameters for forward stép the plot of Inks 8%). These subtle differences in the ATP binding kinetics
+ k-3) vs 17T gives activation parameters for forward step and the differential effects of ADP binding on the fluores-
K. cence spectra of DnaK and hsc70 reflect subtle differences
in the structures of their respective Mterminal domains.
DISCUSSION The rapid biphasic reduction in tryptophan fluorescence

shown in Figure 2 is distinctly different from the results from

On the basis of the work shown here, we propose a @ recent study21), which reported a monophasic reduction
mechanism for the ATPase cycle of DnaK (Figure 6) and in tryptophan fluorescence upon mixing DnaK with excess
discuss it below. Note that the three-step sequential reaction ATP. This difference may be related to the different buffer
such as the one we have proposed for ATP binding to DnaK compositions, pH values, or storage conditions used in the
(Scheme 1, Figure 6), has been proposed for other ATPtwo studies. Note that if the stopped-flow traces in Figure
binding proteins, and the analytic solutions to the differential 2 are fitted to a single-exponential function, and the apparent
equations associated with such a three-step reaction havdirst-order rate constants are plotted versus [ATP], the

been reported29, 33. resultant plot (hyperbola with the asymptote equal to 1% s
Rapid ATP-Induced Spectral Changes in DnaRhe is nearly identical to that reported by Theyssen et 2d).(
hyperbolic dependence &f—the rate of the fast first-order Scheme 1 is not the only mechanism that can give rise to

transition—on the ATP concentration (Figures 2 and 3A) is biphasic kinetics of the type found here. For example, the
consistent with the formation of a collisional complex{E = mechanism in Scheme 4, which includes a preequilibrium
ATP) prior to the first conformational transition £ ATP between unreactive and reactive forms of DnaK, can also
< E—ATP < E*—ATP) (Figure 6) 84). The formation of yield biphasic kinetics where the rate of the fast phase of
a collisional complex between DnaK and AFRithout a fluorescence change exhibits a hyperbolic dependence on the
change in fluoresceneds reasonable since we and others concentration of ATP. In Scheme 4, subscripts ¢ and o
(20, 27 have found that ADP binds to DnaK with no change denote states of DnaK in which the ATP binding site is
in fluorescence over the time scale of these experiments.closed and open, respectively. In this mechanism, the fast
Although the second-order rate constaay for the formation phase of fluorescence change is due to ATP bindingHE
of a collisional complex cannot be determined from the ATP < E,*—ATP), withk, =9 x 10* M~1 s (at 25°C),
experiments described here, the apparent association ratand the deviation of the rate of the fast phase from linearity
constant K is approximated by the slope of the linear is due to the rate-limiting preequilibrium {E E,), where
portion of the plot ok, vs [ATP] (Figure 3A). Between 15  the sum of the forward and reverse first-order rate constants
and 35°C, k? varied from 5.6x 10*t0 1.2x 1° M1 s? equals~20 st (at 25°C). Interestingly, a mechanism with
(Table 1), which is significantly slower than a diffusion-  similarities to Scheme 4 has been proposed to account for
controlled reaction, #-10° M~*s%. Thus, given the small  the cooperative binding of glucose to dimeric yeast hexoki-
magnitude ofk?, it might not be the true rate constant for nase P-185). The dual import of hexokinase to this work
ATP binding to DnaK. We suggest thktis smaller than s that the tertiary structure of the ATP plus glucose binding
expected because it is composed of two paramekérs:( core of hexokinase is almost identical to the tertiary structure
Kikz), and one of theni,, is quite small k, = 20 s* at 25 of the ATP-binding core of the N-terminal fragment of Hsc70
°C). (7), and hexokinase equilibrates between open and closed
A comparison of the kinetics of ATP binding to DnaK conformations in the absence of gluco8®)( Data from
from this study to the kinetics of ATP binding to hsc7B) fluorescence temperature-jump experiments that monitored
reveals remarkable similarities but also subtle differences. the binding of glucose to dimeric yeast hexokinase P-l were
Similar to the results reported here, biphasic changes ininterpreted in terms of a concerted Mored/yman—
tryptophan fluorescence occur upon the rapid binding of ATP Changeux mechanism, which has isomerization steps similar
to hsc70. The rate of the fast phase increased linearly withto the preequilibrium in Scheme 8%). Thus, because
increasing [ATP] (up to 55@M), while the rate of the slow  Scheme 4 cannot be ruled out, we cannot definitively assign
phase was independent of [ATP]. On the basis of those the phases of fluorescence change to specific reaction steps
results, it was proposed that ATP binds to hsc70 in the two- at this time. On the other hand, because ADP binds to DnaK
step sequential reaction £ ATP < E*—ATP < E**— with no reduction in fluorescence on the time scale of the
ATP, where collisional complex EXATP formation reduces  kinetic experiments, presently we favor Scheme 1, where
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collision complex formation between DnaK and ATP also
occurs with no reduction in fluorescence.

Scheme 4

K1 kz k3
E, = E,+ ATP = Ej —ATP = Ej* —ATP

Slepenkov and Witt

AH* (from 9.7 to 14.3 kcal mol') andAS* (from —35.5 to
—25.4 cal mot! K1) (Table 3), but the increases have
opposite effects, however, on the ADP off rate. For example,
at 25°C, the increase inH* reduced the off rate by a factor

of 4.1 x 1074, whereas the increase S enhanced the
off rate by a factor of 160. Therefore, the observed
P-induced reduction in ADP off-rate is due to an enthalpic
effect. Structural studies on the ATPase domain of hsc70

Adopting the three-step-sequential mechanism in Schemeprovide a basis for interpreting how ireduces the ADP off
1, the biphasic reduction in the tryptophan fluorescence of rate. The three-dimensional structure of the ATPase domain

DnaK in the rapid mixing experiments can be explained by
sequential ATP-induced “local” and “global” conformational

of hsc70 revealed that Mg is octahedrally coordinated in
the active site with # oxygen from ADP, an oxygen atom

transitions in a DnaK molecule (see also Figure 6). The rapid from R, and four HO molecules §7). Further, the P

conformational transition (EATP < E*—ATP), which
occurs with a maximum rate of 20%sat 25°C, probably

alters the local environment around the tryptophan residue,

interacts with Lys-71 via a salt bridge and hydrogen bonds
to the hydroxyls from two different threonine residues.
Assuming a similar Mg coordination in the ATPase domain

which leads to a reduction in tryptophan fluorescence. The of Dnak, the removal of Hrom the coordination sphere of

values forAH* and AS* of 21 (& 2) kcal molt and 16 &

6) cal mol! K71, respectively, are consistent with structural
rearrangements during this first conformational transition.
We surmise that the slow conformational transition (E*
ATP < E** —ATP), which occurs with a maximum rate of
0.67 st at 25°C, disrupts interactions that cement together
the NH-terminal and COOH-terminal domains and also

Mg?*, which would also disrupt the salt bridge and network
of hydrogen bonds to surrounding residues, is likely to
weaken the bonds between Rigand its other ligands.
Conversely, the presence qfiR the coordination sphere of
Mg?* should strengthen the interaction betweenilosygen
atom of ADP and M§", and thus ADP dissociates more
slowly.

alters the environment around Trp102, which leads to a The ADP dissociation experiments also revealed that ADP

further reduction in fluorescence. The large valuesXbir
and ASF of 34.6 (& 0.5) kcal mot! and 54.7 & 1.8) cal
mol~ K~1, respectively, indicate that substantial structural

dissociation is not the rate-limiting step in the ATPase cycle.
Consider results from experiments conducted at°€5
(Figures 4 and 5). At 28C, kapp andk* app were 0.022 £

rearrangements occur during the second conformational0.001) s and 0.0014+ 0.0002) s! (Table 2), respectively;

transition. Given that the maximum rate (0.67%)sand
activation enthalpy (34.6 kcal mdj) for this second con-
formational transition in DnaK are so similar to the values
obtained for the ATP-induced conformational change in
hsc70 (0.68 st and AH* = 40 kcal mot?) (16), ATP
probably induces similar structural changes in hsc70.
Results from two recent studies reinforce our conclusion
that ATP binding induces two conformational transitions in
a molecule of DnaK. One studyl®) showed that ATP
binding reduced the fluorescence of wild-type DnaK, DnaK163
(a deletion mutant lacking 100 residues from the COOH-
terminal domain), and DnaK385 (a deletion mutant lacking
most of the COOH-terminal domain) by 14%, 11%, and 5%,
respectively. Therefore, 36% (5/14) of the total reduction
in fluorescence is due to conformational change in the-NH
terminal domain, and 64% (9/14) of the total reduction is
due to a conformational change in the COOH-terminal
domain (or in interactions between the N- and COOH-
terminal domains). The other studyd) showed that ATP
binds to hsc70 with biphasic kinetics, whereas it binds to
the 44-kDa ATPase fragment with monophasic kinetics. Both

wheread,s the apparent rate constant for the slow increase
in fluorescence in the single-turnover experiments, equaled
0.0003 @ 0.00002) s'. Thus, even at high concentrations
of inorganic phosphate, the rate-limiting step in the ATPase
cycle of DnaK is not ADP dissociation.

We determined the equilibrium dissociation constant for
the reaction Dnak ADP(P) < DnaK—ADP + P, Ky(P)
= 0.40 & 0.26) mM at 25°C (Figure 4B). This value is
similar to the value Kq4(P) ~ 1 mM] reported for the
dissociation of Pfrom hsc70-ADP(P complexes §2) but
quite different from the valuel4(P,) = 0.45uM] reported
for the dissociation of Prom DnaK—ADP(R) complexes
(22). Since ourKy(P) value was determined in a very
different way than th&y value of Theyssen and coworkers,
possibly the two different constants are for two different
reactions.

Single-Turneer Experiments Experiments in this report
demonstrated that the slow increase in fluorescence in the
single-turnover experiments occurred at the same rate as ATP
hydrolysis. Such a finding can be explained by the two-
step sequential mechanism shown in Scheme 5, where

transitions in a 70-kDa chaperone molecule.

Kinetics of ADP Dissociation from Preformed DnaK
ADP Complexes We have shown that;Fnhibits the
dissociation of ADP from DnaK according to Scheme 3.

produces the increase in fluorescence. This mechanism, also
referred to as the E**~ E transition, has been proposed to
account for single-turnover data from experiments conducted
on hsc70 and DnaK1g, 21). To test the validity of this

Values for the ADP dissociation rate constant in the absencemechanism, the kinetic traces in Figure 5 were fit to eq 6

(kapp) and presencekfapp) Of P were determined over a
range of temperatures (Table 2). A comparison of the
activation parameters for ADP dissociation from DnaK in
the presence and absence ofRable 3) gives insight into
how R inhibits the dissociation of ADP. The presence of

—Knyt __ —ket
ke ke

kc_khy

F(t) = AF|1 +y (6)

inorganic phosphate (20 mM) lead to an increase in both which governs the formation of FADP(R) complexes
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according to Scheme 5, whekg, andk; are the first-order ~ Assuming a rapid equilibrium betweer-BDP and E-AD-

rate constants for DnaK-catalyzed ATP hydrolysis and the P(R), the expression for the equilibrium dissociation constant
conformational transition, respectively. The data collected for P, dissociation from EADP(R) complexes Kq(P) =

at 20°C were well fit by eq 6 and yieldekl,, andk; values [P] [E—ADP)/[E—ADP(R)]) was used to substitute for the
of 0.00015 ¢ 0.00001) s* and 0.0064 £ 0.0019) s?, [E—ADP(R)] term in eq 7, to yield

respectively. In contrast, fits of the 30 and 37 data lead " (PIE—ADP]
to large errors irk;, possibly because the tetkpe ! in eq app LFIIE—

6 is negligible wherk,, < k.. However, in tmecase, eq 6 d[E*]/dt = kapp[E—ADP] + K(P)
simplifies toF(t) = AF(1 — e™»!) + y, consistent with our i

finding thatkops = kyy. Our results are in accord with Scheme  the mass balance equationd= [E—ADP] + [E—ADP-

5 where hydrolysis is the rate-limiting stefin( < k). (py] + [E*¥]) and the expression foKq(P) were then used
Previous studies also concluded that hydrolysis is rate- 5 gliminate the term [EADP]:

limiting (21, 39. Note that the activation parameters for

ATP hydrolysis, deduced from these single-turnover fluo- kADP[Pi])( K4(P)

rescence experiments, are given in Table 3. Due to thed[E**]/dt = |kypp + (Etotal —
complexity of the chaperone structure, we suggest that two Ka(P) J\Kq(P) + [P]
conformational transitions probably occur in the reverse [E**]) (9)
direction [E**—D(P)) < E*—D(P) < E—D(P)] (Figure 6).

(8)

Ka

The above equation simplifies to
Scheme 5
kADPKd(Pi) + k*ADP [P|]

A= P+ P

Ky ( [
E** —ATP — E** —~ADP(P) _kc, E—ADP(P) (Eiota — [E**]) (10)

Evidenc_e was pres_e_znted_that ATP binding triggers two thys the observed rate constant for E** formation, or ADP
conformational transitions in a molecule of DnaK. We gjissociation, is given by

proposed that the first conformational transition is local,
occurring in the vicinity of Trpl102, whereas the second KappK4(P) + K* app [P1]
conformational transition is global, affecting the entire bs — K(P) 1P
chaperone molecule. The intriguing question is, how does o(P) + [Pl
this second conformational transition affect the structure of
the substrate binding domain? One possibility is that during
the second conformational transition the network of hydrogen
bonds and/or salt bridges between the two functional domains®d >
is disrupted, and the disruption propagates into the substrat
binding domain and opens tleehelical “lidlike” subdomain "REFERENCES
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