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ABSTRACT. The ATP hydrolysis and protein-binding and release cycle of the molecular chaperone DnaK
is regulated by the accessory proteins GrpE and DnaJ. Here we describe a study of the formation of
complexes between the molecular chaperone Dnak, its nucleotide exchange factor GrpE, and the fluorescent
ADP analogNs-[4-[(N'-methylanthraniloyl)amino]butyl]-8-aminoadenosiriediphosphate (MABA-ADP)

by equilibrium and stopped flow kinetic experiments. The catalytic cycle of the GrpE-stimulated nucleotide
exchange involves a ternary DneBrpEADP complex as well as the binary Dn&gBrpE and DnaK

ADP complexes. The equilibrium data of the interaction of GrpE with D#dXP and the nucleotide-

free DnaK can be described by a simple equilibrium system where GrpE reduces the affinity of ADP for
DnaK 200-fold. However, transient kinetic studies revealed that the functional cycle of GrpE in addition
includes at least two distinct ternary DnéBpEADP complexes. Our data indicate that the initial weak
binding of GrpE to DnaKADP is followed by an isomerization of the ternary complex which leads to
weakening of nucleotide binding and finally to its rapid dissociation. The maximal stimulation for
nucleotide exchange brought about by GrpE was found to be 5000-fold. We propose that this kinetically
observed isomerization represents a structural change (opening) of the nucleotide binding pocket of DnaK
that allows for fast nucleotide exchange.

The functions of molecular chaperones in cells include partially folded proteins (Hubbard & Sander, 1991; Schmid
the facilitation of folding of proteins, assistance in the correct et al., 1994; Todd et al., 1994). This cycle of protein binding
assembly or disassembly of oligomeric protein complexes and release withdraws aggregation-prone protein species from
(Ellis & Hemmingsen, 1989; McKay, 1993; Ellis, 1994; free solution and therefore helps to prevent the bimolecular
Frydman & Hartl, 1996; Hartl, 1996), and participation in - process of (normally irreversible) protein aggregation.
protein transport across membranes (Pfanner et al., 1994; gome chaperones, for example the families of the Hsp70
Stuart et al., 1994; Wickner, 1994). The mechanism cur- 4,4 Hsp60 proteins, appear to use the chemical energy that
rently considered to mainly contribute to the assistance of hocomes available upon hydrolysis of ATP to drive this
protein folding is the binding and release of unfolded or pinqing and release cycle and possibly make it more efficient
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The ATP-dependent Hsc70 system of the prokaryote a molecular mass of 22 kDa were pooled and again dialyzed
Escherichia coliconsists of three components, namely the twice at 4°C against the storage buffer [20 mM Tris/HCI
principal member of the Hsp70 family, DnaK, which has a (pH 7.5), 25 mM KCI, 1 mM MgC}, and 2 mM DTE]. The
nucleotide and a peptide binding site, and the two cofactors proteins could be stored at a concentratiorrdfs mg/mL
or cohort proteins. These regulating accessory chaperonesit —80 °C for over 6 months in the storage buffer without
are the nucleotide exchange factor GrpE, with a molecular appreciable loss of activity.
mass of 22 kDa, and the ATPase-stimulating protein DnaJ Fluorescence MeasurementBluorescence measurements
with a molecular mass of 41 kDa (Zylicz et al., 1987; Liberek were performed with a SLM “Smart” 8000 Photon-Counting
et al., 1988). Spectrofluorimeter. The excitation wavelength was 360 nm,

The control of such a nucleotide hydrolysis cycle is a very and the emmission wavelength was 440 nm. Stopped flow
general principle of many regulatory proteins, prominent measurements were performed with a Hi-Tech Scientific SF-
examples being GTPases involved in regulation and signal61 single mixing apparatus. Unless stated otherwise, the
transduction. DnaJ is known to stimulate the ATPase rate buffer was 50 mM Tris/HCI (pH 7.5), 5 mM Mg&l2 mM
of DnaK, which is very low under unstimulated conditions, EDTA, 2 mM DTE, and 100 mM KCI (standard buffer),
and GrpE acts as a nucleotide exchange factor whichand the temperature of the cuvette was held at@%ising
increases the nucleotide exchange rates dramatically for thea water bath. Dissociation constants in simple binary systems
DnaK chaperone system. were determined with a quadratic equation as described

The understanding of the kinetic parameters of the (Reinstein et al., 1990).
interactions of GrpE and DnaJ are crucial for the functional ResULTS
and mechanistic understanding of the ATP-driven substrate Equilibrium Studies of the Dna/GrpE-ADP System The

E_lndl_ng anld r_ele?she cycle of Dnal?. hHere lwe _gescrltr)]e the characterization of interactions of Dnak with GrpE and ADP
Inetic analysis of the interactions of the nucleotide exchange j, 5 qyantitative and time-resolved way requires a spectro-

factor GrpE with its target ATPase DnaK. The use of a hovel scopic signal. Addition of GrpE to DnaK did not cause any

fluorescent nucleotide analog MABA-ADRTheyssen et al. ; Lol :
. o ' observable change in the intrinsic tryptophan signal of DnaK.
1996) allowed the direct measurement and definition of the However. we coﬁld make use of thgflforescegnce signal of

dlsscmatlon cons_tants and key rate . con_stants of GrpE'the novel nucleotide analdgs-[4-[(N'-methylanthraniloyl)-
mediated nucleotide exchange. The implications of these amino]butyl]-8-aminoadenosine'-Biphosphate (MABA-
kinetic constants for the mechanism of nucleotide exchangeADP) as a spectroscopic probe. This ADP analog was shown
a!"d regulation of the overall catalytic cycle of DnaK are 4 pe comparable to ADP in all kinetic and thermodynamic
discussed. parameters tested so far (Theyssen et al., 1996) and is thus
MATERIALS AND METHODS an ideal model nucleotide for a spectroscopic probe. _The
] o fluorescence of kM MABA-ADP increases by approxi-
Materials. ADP (disodium salt) was purchased from mately 100% upon addition ofAM DnaK (Figure 1A). The
Pharma Waldhof Mannheim. Tris (ultrapure) was purchased f|lowing titration of the so-formed Dna#ABA-ADP
from Boehringer Mannheim. Bovine serum albumin (BSA) complex with GrpE decreases the MABA-ADP fluorescence
was purchased from Sigma. Mg&BH,O was purchased  sjgnal since GrpE causes nucleotide release, as shown below.
from Aldrich, and EDTA and KCI were purchased from |t js important to note that after volume correction the final
Fluka. fluorescence signal does not reach the initial signal of DnaK-
Proteins and NucleotidesRecombinant nucleotide-free  free MABA-ADP (indicated by the horizontal line). How-
DnaK and the fluorescent nucleotide analog MABA-ADP ever, the addition of excess unlabeled ADP (L80) results
were prepared as described previously (Theyssen et al.jn reversion to this initial signal. This is indicative of the
1996) Isolation of recombinant GrpE was as follows. The formation of a ternary Dna{GrpEMABA_ADP Comp|ex
22 kDa protein was purified at 4C by ion exchange  at high GrpE concentrations, meaning that there is residual
chromatography on an EMD-DEAE column (MERCK, 2.6 affinity of MABA-ADP for the DnaK-GrpE complex. The
x 60 cm) with a gradient of 0.025 to 0.5 M KClin 50 MM formation of a ternary complex of DnaK, GrpE, and a spin-
Tris/HCI (pH 7.5), 5 mM MgC}, 2 mM DTE, 2mM EDTA,  |apeled nucleotide analog was observed previously by ESR
2 mM NaN;, and 10% v/v glyCerOl (buffer A) After diaIySiS spectroscopy (Neuhofen et al., 1996)
(twice) at 4°C against 10 mM KRpH 7.5), 0.5 mM EDTA, In order to access the individual dissociation constants that
and 10% v/v glycerol, the pooled fractions (SBBAGE) characterize the interactions of GrpE with DnaK but also
were applied to a hydroxylapatite column (MERCK, 37 mL) - with the DnakMABA-ADP complex, we performed titration
and eluted with a gradient of 0.01 to 0.5 M potassium series such as that described above (Figure 1B) at different
phosphate buffer (pH 7.0). This was followed by a purifica- initial conditions. The data were analyzed with a global fit
tion step by using a Superdex 200 gel filtration column procedure that uses the information of all data sets simul-
(Pharmacia, 320 mL) with buffer A and 200 mM KCl at 2 taneously and calculates the expected fluorescence signal
mL/min. The protein was then applied to a Resource Q ion according to the equilibrium system shown in Scheme 1. In
exchange column (Pharmacia, 6 mL) and eluted with a thjs scheme, K is DnaK, A is MABA-ADP, and E is GrpE.

gradient of 0.025 to 0.3 M KCl in buffer A. After analysis  The dissociation constants for this system are as follows:
by SDS-PAGE, the peak fractions containing proteins with

K][A K][E K-A][E
ey = KA oy _ [KIED ey _ [K-AJE]
1 Abbreviations: EDTA, ethylenediaminetetraacetate; Tris, tris- [K-A] [K-E] [K-E-A]
(hydroxymethyl)aminomethane; DTE, dithioerythritol, MABA-ADP, [K-E][A]
Ns-[4-[(N'-methylanthraniloyl)amino]butyl]-8-aminoadenosiriediphos- Kgq”4 =

phate; K, DnaK; E, GrpE; A, MABA-ADP. [K-E-A]
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7 259 I e + GroE Table 1: Kinetic and Dissociation Constants for the Interaction of
E ) 3 ﬁ A DnaK, MABA-ADP, and GrpE Determined by Transient Kinetics
E’ E 5 and Equilibrium Experiments
£ J3 P
g 1593 e rate k-
g8 13 = Ka constant ki (s
g 0.5_5 Kal = K51 0.09uMP 1 0.36x 1 M~ts 0.022
LI Ki2KS= K2 0.001uM 2
0 N B I R S N Kq3 20uM 3
0 2001? 4000 Kd3Kd7 — Kgqu?’ 022/,{M 5
time (s) Kg6 ~ K54 20uM 6 >50x 10°M~tst >1000
Kq7 0.011 7 127% 1.4
B 2(See Schemes 1 and 2). Dissociation constants naiggt) (

were measured with fluorescence equilibrium titration§qs7 was
derived fromKq47 = K{%3/Kq3, and k-7 was derived fromk_; =
Kq7ks7. P Theyssen et al. (1996).

below. The dissociation constant for the interaction of
MABA-ADP with DnaK was determined previously
(Kg™ = 0.09 uM; Theyssen et al. (1996), andi™4 is
determined byK{%4 = (K§™K{*3)/K"2. The complete
Ficure 1. Titration of the DnaKMABA-ADP complex with the equilibrium SysFem was solved numerically with the NeWto.n
nucleotide exchange factor GrpE. (A) The fluorescence signal of R@Phson algorithm (Press et al., 1989) with the assumption

the nucleotide analog MABA-ADP (2M) increased upon addition ~ that K-A and K-E-A give the same fluorescence yield for

of DnaK (1uM). Addition of GrpE (up to 5uM) to this preformed bound MABA-ADP. The dissociation constants that de-

EID;eK;NeﬁB(gégapsggThpelesgirg STuhbes'enth'JSInftl rg'ﬁ;iz r:)Cfe“:)? t';]léc;‘r?e'escribed the set of data best according to a nonlinear least-
i i . initial flu o equy _

nucleotide could only be reached after addition of excess unlabelegSduares optlmlzat;(q)n were as follows, 2 = 0.001+

ADP (100xM) which is indicative of the formation of a ternary ~ 0.0003 M and Kg*3 = 0.22 £ 0.1 uM. The known

DnaK-GrpEMABA-ADP complex. The experimental conditions K™ (0.09uM) was held constant, andj™4 was calcu-

were as follows. The signal was monitored constantly in a |5ted to be 2QM (see also Table 1).

fluorimeter over the whole equilibrium titration. After each step, o
the reaction mixture was allowed to reach equilibrium as can be ~ Titration of a DnakGrpE Complex to MABA-ADPTo

seen by the constant fluorescence signal in 100 mM KCI, 50 mM evaluate the reliability of the constants obtained from the
Tris/HCI (pH 7.5), 5 mM MgCJ, 2mM DTE, and 2 mM EDTA &t procedure above, the dissociation constéfit4 was mea-

25 °C. The excitation wavelength was 340 nm, and the emission . . .
wavelength was 440 nm. The values shown in this figure are not sured independently. Dlﬁerent concentrations of a preformed
volume corrected. (B) Equilibrium titrations of preformed Dnak ~ DnaK-GrpE complex (with a 4-fold excess of GrpE) were

MABA-ADP complexes at different initial concentrationst)(2 added to MABA-ADP (data not shown). The increase of
#M DnaK and 1uM MABA-ADP, (O) 1 uM DnaK and 1uM the fluorescence signal (observed with a fluorimeter) of the
MABA-ADP, and (1) 0.54M DnaK and 2uM MABA-ADP. After = 3 cleotide analog under these conditions is mainly caused
volume correction, the data were analyzed with a global fit he f - f DnakroEMABA-ADP
procedure (see text) that uses the information of all three data sets?Y the formation of a ternary DnakSrpEN A
complex since the excess of GrpE and its high affinity favor

simultaneously to giv&§{*2 = 0.001+ 0.0003uM and K{™"3 = ' ’ )
0.22+ 0.1uM (see Scheme 1). The knovkf™L (0.09uM) was the formation of this ternary complex versus the binary

held constant. All experiments were performed as described in partDnakK-MABA-ADP complex. It should be noted that
A. The fluorescence intensity ofiM free MABA-ADP was scaled  because of the prohibitively high protein concentrations
to the signal obtained with M free MABA-ADP. required it was not possible to reach saturation in this
measurement. The data were analyzed with a quadratic
equation (Reinstein et al., 1990) that describes a simple
Kyl binding mechanism to givi$®4 = 30 + 3 uM for the
K K.A interaction of MABA-ADP with the DnakGrpE complex.
This agrees reasonably well with the calculakéd4 of 20
uM as described above. In principle, measurements of the
) K formation of the DnakKGrpE complex would provide a direct
¢ determination ofK{"2. However, since the affinity of
GrpE for DnaK is very high, these measurements would
require radiolabeled proteins to gain the required sensitivity
KE — KEA which are not available at the time being.
S equ Stopped Flow Time-Res@d Studies of the DnaksrpE:
K, 4 ADP System.The important regulatory role of a nucleotide
exchange factor is determined not only by how much it
K§™ indicates that these constants were obtained with weakens the interaction of its target protein with nucleotide
equilibrium titration measurements as opposed to being but also by the acceleration of nucleotide exchange it brings
obtained with time-resloved stopped flow measurements. about. While these two effects are related, time-resolved
This distinction was necessary since some of these dissociameasurements are needed to quantitate the kinetic properties.
tion constants are composed of two individual steps as shownWe therefore measured the nucleotide exchange rate in a

fluorescence (arbitrary units)

[GrpE] (uM)

Scheme 1
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z 3 Scheme 2
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Ficure 2: Time course of the displacement of MABA-ADP from
a DnakMABA-ADP complex in the absence and presence of
GrpE. In a stopped flow experiment, DnaK (@51) and MABA-
ADP (2 uM) were mixed with 200uM ADP (to make the K,5 K,7
dissociation of MABA-ADP irreversible) in the absence)(or
presence of GrpEA, 5uM). The data can be described by a single-
exponential equation with ks = 0.023 st (+) or 23 s (A, 5
uM). The stimulation of nucleotide dissociation is thus 1000-fold ~

at 5uM GrpE. The signal for the dissociation was the change of K*.E - K*.E.A
the fluorescence of MABA-ADP upon dissociation from DnaK. K6

Excitation was at 340 nm, and emmission was measured with a

cutoff filter at 455 nm.

conformational change withla; of 127 s to give K*-E-A,

100 the DnaK species that allows for fast nucleotide exchange.
50 In Scheme 2, the following abbreviations were used: K
. = DnakK, E= GrpE, A= MABA-ADP, and K* = the DnaK
z 97 isomer that allows for fast nucleotide exchange. Kj
£ w4 o) values are defined in the direction of KA dissociating
1 to the individual components; the rate constants are accord-
207 4 ingly defined by the subscript for all steps leading to
- fr—r—T—T—T— 1T K*-E-A. The rate constant leading fronrE-A to K* -E-A
0 20 40 60 is defined ask,, for example.

[GrpE] (uM) Although it was not shown directly, we think it is very
Ficure 3: Dependence of the observed dissociation rate constantlikely that the KE complex exists in two different conforma-
of MABA-ADP on GrpE concentration. Stopped flow experiments  tions (K-E and K*E) also in the absence of nucleotide. In
as described in Figure 2 were performed at various GrpE Conce”tra'principle the rate-limiting step with 127 5could also be
tions, and the resulting rate constaqtd is plotted versus the GrpE . ! : c . .
concentration in the mixing chamber. The data can be describedass'gned to thg d|3500|at|on of nucleotides(in the_me
by a hyperbolic curve with &4 of 20 + 4 uM and an amplitude ~ 2). However, in _th|§ case, the calculated association rate
of 127+ 9 s ! for the maximal GrpE-stimulated nucleotide release. constant for the binding of MABA-ADP to the Dna&rpE
The maximal stimulation of GrpE-mediated nucleotide exchange complex would be 1273/20uM (=6 x 10° M~1s71) which
is thus 5000-fold. appears to be at least 1 order of magnitude too slow for the
diffusion-controlled binding of nucleotide to a presumably
=/ open binding pocket. To clarify this point, we performed
and MABA-ADP was formed by mixing 0.6BM DnaK and 5 sets of stopped flow experiments. First, the accessibility
2 uM MABA-ADP in syringe A of the instrument. This ¢ the nucleotide binding site of the DnaBrpE complex
complex was then mixed with 2QEM ADP in the presence a5 probed by adding MABA-ADP (215 uM) to this
or ab_sence of aM GrpE. In bot_h cases, the data represent preformed complex (&M DnaK and 4uM GrpE, data not
the time dependence of the displacement of MABA-ADP  g,6\yn). Even at low MABA-ADP concentrations (but high
by ADP and follow single-exponential curves withkeof enough to allow for complex formation), the binding was

0.023 s* in the absence andkeof 23 st in the presence of (4 fast to be measured in the dead time of the stopped flow
GrpE. This shows that the dissociation rate constant of gyperiment of 2 ms. This sets a lower limit fiors of 2000

MABA-ADP is accelerated 1000-fold in the presence of o1

GrpE. The second set of stopped flow experiments measured the
To determine the maximal acceleration brought about by dissociation of MABA-ADP (with 1 mM ADP as a chase)

GrpE, the observed dissociation rate constant was measuredrom a preformed DnaKVIABA-ADP -GrpE complex at

as a function of the GrpE concentration (Figure 3). Areplot different concentrations of GrpE (@ DnaK, 2uM MABA-

of the observed rate constaktd) versus the GrpE concen-  ADP, and 2-15 uM GrpE). Again, the dissociation was

tration follows a hyperbolic curve with K4 of 20 &+ 4 uM too fast to be observed by stopped flow. What could be

and an amplitude of 122 9 s*. This shows that the  observed was a time trace with a minor amplitude (decreasing

maximal stimulation of GrpE-induced nucleotide exchange to 4% of the expected full signal for MABA-ADP dissocia-

is 5000-fold. The most straightforward interpretation of the tion at high GrpE concentrations) with a rate constant of

hyperbolic form of this replot is that GrpE binds to the 150 s?. This observation is consistent with fast dissociation

DnaK-MABA-ADP complex in a two-step binding mecha- of MABA-ADP from K* -E-A with k_s of >1000 s and

nism (Bagshaw et al., 1974). The first step would be fast subsequent isomerization of a small amount (determined by

with a K43 of 20 uM (see also Scheme 2), followed by a Kg47) of K-E-A to K* -E-A with 130—150 s'* followed again

stopped flow experiment (Figure 2). A complex of DnaK
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by fast dissociation of MABA-ADP. It is not consistent with 100
k_s being the rate-limiting step with 130"5since in this
case the amplitude of the observed signal should increase
with increasing concentrations of GrpE. The experiments
described above show that the nucleotide binding site of
DnaK is highly accessible in the presence of GrpE. The
equilibrium and rate constants determined by these measure-
ments are summarized in Table 1.

Interestingly, no fast phase oflp;&-1q the fluorescence
change was observed at high GrpE concentrations, indicating
that the formation of the KE-A complex from KA and E
is spectroscopically silent. This suggests that the initial
binding of GrpE does not change the environment of MABA- '
ADP bound to DnaK such that the fluorescent group would 0 30 60 90 120
be affected. This is in support of a mechanism where GrpE

80

60+

40+

luciferase activity (%)

20,

affects nucleotide binding of DnaK indirectly as described time (min)
below. 100

Efficiency of Chaperone Action Dependent on the GrpE/ B .
DnaK Ratio. It was shown before that, in addition to DnaK 80

and ATP, the accessory proteins DnaJ and GrpE are
necessary to allow efficient refolding of firefly luciferase
after denaturation (Schder et al., 1993; Buchberger et al.,
1994). To determine the optimal ratio of GrpE to DnaJ, we "
performed the luciferase refolding assay with constant

concentrations of DnaK and DnaJ and various GrpE con- 0 l_‘mlﬂﬂ | H

T T T |
centrations (Figure 4A). A plot of the yields of refolding 0 0005005025 05 1 25 5 10 25

versus the GrpE/DnaJ ratio (Figure 4B) shows that the [GrpE]:[Dnal] (M/M)
refolding efficiency reaches a maximum at about 2.5 GrpE/ . - .

. ; . Ficure 4: Determination of the GrpE dependence of luciferase
DnaJ. Interestingly, the yield of refolded luciferase drops yefoiging. (A) Time course of luciferase refolding reaction contain-
at a ratio of 5 to 1 or higher which we interpret as clear ing varying amounts of GrpE. Chaperone-dependent refolding of
evidence that the balance of ATPase stimulation and ac-guanidinium hydrochloride-denatured firefly luciferase was per-
celeration of nucleotide exchange by DnaJd and GrpE, formed at 30°C as described (Buchberger etal., 1994) The final

; ; ol ; ; concentrations of luciferase (80 nM), DnaJ (160 nM), and DnaK
respectively, is of crucial importance for the functionality (800 nM) were held constant, and GrpE was present at the following

60

yield (%)

40

T I T I S |

of DnaK-assisted protein folding. molar ratios relative to DnaJ: GrpE/DraJ0 (M), 0.005 (), 0.05
Luciferase activity was normalized to the activity of a nondenatured
Interactions of DnaK, GrpE, and NucleotideThe dis- control sample. Each data point is the average of two parallel

sociation constant of 1 nM for the DnatGrpE interaction reactions, with the standard deviation error bars being typically

equn ; . . smaller than the plot symbols. (B) Luciferase refolding yield plotted
(K§*2 in Scheme 1) agrees well with the observation that a 555 function of the GrpE/DnaJ ratio. The refolding yield was

stable complex of DnaK and GrpE can be observed by native estimated from the plateau phase of the curves in part A.
gel electrophoresis (Buchberger et al., 1994) and ultracen-
trifugation (Schiofeld et al., 1995). The affinity of MABA-  that the displacement mechanism is associative. This means
ADP with a K3™1 of 0.09uM (Theyssen et al., 1996) is that the binding sites of GrpE and ADP are either distinct
reduced 200-fold in the presence of GrpE t&#4 of 20 or only partially overlapping. The mechanism by which
uM. Detailed thermodynamic balance requires that in turn GrpE accelerates nucleotide exchange is presumably the
the affinity of GrpE is also decreased 200-fold in the presence following. GrpE rapidly forms a weak association complex
of excess nucleotide. This effect was actually observed whenwith the binary DnaKADP complex with aKq43 of 20 uM.
GrpE was first purified, since it was recognized that the This complex then undergoes a conformational change at a
addition of ATP disrupts the formerly stable DneBpE rate of 127 st (k7) that opens the nucleotide binding site,
complex (Zylicz et al., 1987). In summary, the binding of the function of GrpE being to lower the energy barrier for
GrpE and the binding of ADP to DnaK are mutually this switch in nucleotide binding site accessibility.
destabilized in the ternary complex by a factor of 200 but It has been shown that a highly conserved surface loop
are not completely exclusive (classically competitive) so that (amino acids 2833) of the ATPase domain of DnaK is
a ternary complex can be observed under appropriateinvolved in GrpE binding (Buchberger et al., 1994). This
concentration conditions. loop is remote from the nucleotide binding site, consistent
Mechanism of Nucleotide Exchang&he formation of with the proposal that GrpE does not directly interact with
the ternary DnakKADP-GrpE complex as indicated by the active site. It was proposed recently that GrpE lowers
equilibrium studies is a requirement for accelerated nucle- the affinity of ATP by disturbing the interaction of Mg
otide dissociation. If GrpE would merely compete with ADP  with the nucleotide and strengthening the interaction of Mg
for the same binding site, the exchange mechanism wouldwith DnaK (Skowyra & Wickner, 1995). However, the 200-
be dissociative with the consequence that the apparentfold reduction of the affinity of ATP caused by GrpE in the
nucleotide affinity is reduced, but no acceleration is brought absence of Mg (Skowyra & Wickner, 1995) matches the
about. Instead, the formation of a ternary complex shows 200-fold reduction of affinity of ADP we measured in the
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presence of M§f, making it rather unlikely that Mg plays accelerating the rate of hydrolysis of DnaK 1200-fold.
a major part in the acceleration of nucleotide exchange.
Furthermore, these conclusions were derived from rather ACKNOWLEDGMENT
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