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The J-Domain of Hsp40 Couples ATP Hydrolysis to Substrate Capture in Hsp70
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ABSTRACT. TheEscherichia colHsp40 DnaJ uses its J-domain to target substrate polypeptides for binding
to the Hsp70 DnakK, but the mechanism of J-domain function has been obscured by a substrate-like
interaction between DnaJ and DnaK. ATP hydrolysis in DnaK is associated with a conformational change
that captures the substrate, and both DnaJ and substrate can stimulate ATP hydrolysis. However, substrates
cannot trigger capture by DnaK in the presence of ATP, and substrates stimulate a DnaK conformational
change that is uncoupled from ATP hydrolysis. The role of the J-domain was examined using the fluorescent
derivative of a fusion protein composed of the J-domain and a DnaK-binding peptide. In the absence of
ATP, DnaK-binding affinity of the fusion protein is similar to that of the unfused peptide. However, in
the presence of ATP, the affinity of the fusion protein is dramatically increased, which is opposite to the
decrease in DnaK affinity typically exhibited by peptides. Binding of a fusion protein that contains a
defective J-domain is insensitive to ATP. According to results from isothermal titration calorimetry, the
J-domain binds to the DnaK ATPase domain with weak affinity € 23 uM at 20°C). The interaction

is characterized by a positive enthalpy, small heat capacity cha@ge< —33 kcal mot?), and increasing
binding affinity for increasing temperatures in the physiological range. In conditions that support binding
of the J-domain to the ATPase domain, the J-domain accelerates ATP hydrolysis and a simultaneous
conformational change in DnaK that is associated with peptide capture. The defective J-domain is inactive,
despite the fact that it binds to the DnaK ATPase domain with higher than wild-type affinity. The results
are most consistent with an allosteric mechanism of J-domain action in which the J-domain couples ATP
hydrolysis to peptide capture by accelerating ATP hydrolysis and delaying DnaK closure until ATP is
hydrolyzed.

Members of the 70 kDa molecular chaperone (Hsp70) change at rates that far exceed the rates of ATP hydrolysis
family mediate folding, assembly, and transport of proteins (12).
(1, 2). In these various processes, Hsp70s selectively bind DnaK is a well-characterized member of the Hsp70 family
to partially unfolded or disordered regions of proteins in an in Escherichia coli whose synthesis is upregulated during
activity cycle that is controlled by the binding and hydrolysis stress {3). Modulation of the activity of DnaK is provided
of ATP (3, 4). A 44 kDa N-terminal domain contains an in E. coli by the cochaperones DnaJ and GrpE, which affect
ATPase activity §), and a 23 kDa C-terminal domain binds specific steps of the ATPase cycl®4( 15). DnaJ increases
peptides in an extended conformati@¥). The ATP-bound the ATP hydrolysis rate, and GrpE increases the rate of ADP/
state of Hsp70 is characterized by weak peptide binding, with ATP exchange. DnaJ also stabilizes Dradtibstrate com-

rapid rates of association and dissociatigpn ATP hydroly- plexes and promotes loading of substrates onto Drid<-(
sis is associated with a conformational change that converts18).
Hsp70 to tight peptide binding9). Intrinsic tryptophan Members of the 40 kDa molecular chaperone (Hsp40)

fluorescence has been used to monitor ATP-dependentfamily are structurally more diverse than Hsp7as,(20).
conformational changes in Hsp7a(( 11), but peptide  The paradigmatic Hsp40, DnaJ, has an N-terminal J-domain,
binding was shown to promote a similar conformational followed by a disordered Gly/Phe-rich domain ?Zibinding
domain, and additional C-terminal domains that are involved
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by the combination of a synthetic peptide with a recombinant
J-domain 26), and binding of DnaK to immobilized DnaJ
is blocked by mutations in either the ATPase domain or
peptide-binding domain of Dnakg, 32, 33). Evidence that

Wittung-Stafshede et al.

(26), except that glycerol was omitted from buffer solutions.
Dithiothreitol also was omitted from buffers used for
purification of Jd and JdD35N. DnaK and Kase (DnaK
residues 2388) were prepared fronk. coli C600 cells

the J-domain alone can stimulate ATP hydrolysis or substratecontaining pRLM163 and pRLM156, respectivel{t5].
capture has been lacking. J-domain molecules truncatedDnaK preparations were extensively dialyzed in buffer

precisely at the end of the J-domain were reportedly inactive
(26, 28). In contrast, J-domain molecules containing C-
terminal extensions stimulated ATP hydrolysis and capture

containing 25 mM HEPESNaOH, pH 7, 50 mM KCI, 5
mM MgCl,, and 5 mMgB-mercaptoethanol to remove DnaK-
bound nucleotide.

of the J-domain molecule or of a separate substrate molecule Protein Modification with AcrylodanJdp5 or JAD35Np5

(16, 26, 28). Thus, the C-terminal extension seems to be
essential for expression of J-domain function.

To study the effect of the J-domain on peptide capture by

was desalted to remove dithiothreitol in a pD10 column
(Pharmacia) equilibrated with 100 mM sodium phosphate,
pH 7.0. Acrylodan (Molecular Probes, 10 mM in dimethyl-

DnaK, we prepared a fusion protein (Jdp5) composed of the formamide) was added dropwise over several minutes to the

J-domain and peptide p5, CLLLSAPRR. The DnaK-binding

protein (1 mg mL?) in a vessel wrapped in foil, and then

properties of a fluorescent acrylodan-labeled p5 have beenthe mixture was left at £C overnight. The mixture was

described34—36). We also prepared a mutant fusion protein
(JdD35Np5) that incorporates the D35N substitution, which
renders DnaJ defectiv8?). D35 is in the conserved His-
Pro-Asp (HPD) tripeptide, which lies in a flexible loop
between the coiled helices Il and 1137). The HPD-
containing loop is implicated in J-domain conformational
dynamics 88), and it is located at the edge of the DnakK-
binding site on helix Il 25).

Binding studies with acrylodan-labeled versions of the
fusion proteins (Jdp5A and JdAD35Np5A) revealed that Jdp5A
mimicked a Dnadsubstrate complex in that it bound with
high affinity to DnaK in the presence of ATP. JdAD35Np5A
binding was not sensitive to ATP. The kinetics of Jdp5A
binding suggested that a conformational change in DnaK
follows the initial association, and this was confirmed by
monitoring the tryptophan fluorescence of DnaK during
binding of Jdp5. In contrast, binding of JAD35Np5A occurred
in a single kinetic phase, and JAD35Np5 did not induce the
conformational change. The mechanism of J-domain action
was studied using recombinant wild-type and mutant J-
domains (Jd and JdD35N). Jd coordinately stimulates ATP
hydrolysis and a conformational change in DnaK. JdD35N

does not stimulate either process, despite its binding to the

recombinant DnaK ATPase domain (Kase) with higher than
wild-type affinity. Since the DnaK conformational change
is associated with closing of the peptide-binding domain,
these experiments reveal for the first time that the J-domain
couples ATP hydrolysis to peptide capture.

MATERIALS AND METHODS

Proteins.The QuickChange site-directed mutagenesis kit
(Stratagene) was used for modification of protein-coding

centrifuged at 300aPfor 20 min. Protein in the supernatant
was separated from low-molecular-weight components and
concentrated by ultrafiltration (CentriPrep-10, Amicon).
According to the mass spectrum, the protein modified with
a single acrylodan group was the predominant species.
Protein concentration was determined by Bio-Rad protein
assay, and the extent of derivatization {B0)%) was
determined using theg (12900 Mt cm™?) for the acrylodan
moiety.

Kp Determinations.Fluorescencetitration experiments
were carried out using a PTI Quantamaster with excitation
and emission slit widths of 3 nm and the temperature in a 1
cm x 1 cm cell maintained at 28C with a circulating water
bath. At each concentration of DnakK, fluorescence emission
was scanned in 1 nm increments from 460 to 540 nm upon
excitation at 370 nm. The increase in fluorescence emission
upon binding to DnaKAF, was the emission intensity at
490 nm (average of nine points centered at 490 nm) for the
sample with DnaK minus the emission intensity for the
sample without DnaK. To determine valuesky, data for
AF vs DnaK concentration were fitted to the equation
AF = AFnafPLL) = [AFma/2L][(Ko + L + P) —
((—Kp — L — P)? — (4LP))¥3, whereL, is the total con-
centration of Jdp5A or JAD35Np5A; is the total concentra-
tion of DnaK, and PL is the concentration of a protein
DnaK complex. Additional methods are in the figure legends.

DnaK-Binding Kinetics in the Presence of ATRn
Applied PhotoPhysics SX18.MV stopped-flow spectrofluo-
rometer was used to monitor rapid changes in acrylodan
emission associated with Jdp5A or JAD35Np5A. The excita-
tion wavelength was 370 nm, and the emission was moni-
tored at 500 nm for 2 s. Both excitation and emission slit
widths were set to 2.5 nm.

sequences. Plasmids directing the expression of Jdp5 and DnaK-Binding Kinetics in the Absence of ATR.Cary

JdD35Np5 were derivatives of pPid (kind gift of R.
McMacken), which is equivalent to pRLM232€), except

Eclipse spectrofluorometer was used to monitor acrylodan
emission associated with Jdp5A or JAD35Np5A. The excita-

for inconsequential differences in noncoding sequences.tion wavelength was set to 370 nm, and the emission was
Mutagenic oligonucleotides were used to insert the sequencemonitored at 500 nm for 2660 min. The slit widths for
encoding the p5 peptide (CLLLSAPRR) followed by a stop both the excitation and emission were set to 5 nm. The
codon on the 3side of codon 78 in the DnaJ-coding average time for each point taken was 3 s. Data recorded
sequence. The resulting plasmid was used to construct theafter the first minute describe the pseudo-first-order rate of
derivative encoding the D35N mutation using appropriate association with DnaK and thus were fitted to a single-
oligonucleotides. The plasmid directing expression of JAD35N exponential function.

was a derivative of pRLM23326). The expression and
purification of Jd, JdD35N, Jdp5, and JdD35Np5 fr&mn
coli Nap IV cells was as described by Karzai and McMacken

Calorimetry.Proteins were dialyzed together into 50 mM
morpholinoethanesulfonic acid (MOPS)YaOH, pH 6.7, and
chilled samples were degassed under house vacuum prior to
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being loaded into the VP-ITC (MicroCal). Jd or JAD35N presence of ATP (Figure 1B). Thus, fusion to the wild-type
(1.15 mM) was titrated into Kase (initially, 0.048 mM). The J-domain enhanced the DnaK affinity of the peptide in the
reference power was set to l@al s*. Baseline heats of  presence of ATP by more than 10000-fold.

dilution determined by injecting Jd or JAD35N into buffer In the absence of ATP, the affinities of Jdp5A and
were not appropriate for subtraction from actual experiments JAD35Np5A for DnaK were similar to each other and similar
with Kase. Instead, the baseline heat of dilution was treatedto the affinity of p5A. The data for acrylodan fluorescence
as a variable in fitting each curve dfH vs protein ratio. change were fit with quadratic functions, but the data for

Single-Turneer ATPase Actity of DnaK.Single-turnover ~ Jdp5A in the absence of ATP are sigmoidal. The fit of Jdp5A
ATPase rates were measured af@Gssentially as described  binding vs log [DnaK] with the Hill equation yielded the
by Russell et al.15). Briefly, reaction mixtures described ~Mmidpoint reported in Table 1 and a Hill coefficient of 2.0
in the legend for Figure 3 were incubated for 5 min. (not shown). The sigmoidal binding curve indicates that
Immediately, and at specific time pointsy8 samples were ~ JdpSA has two or more interacting sites that bind DnaK.
combined with 24L of 1 N HCI. Subsequently, 2L from We do not have a satisfactory explanation for the sigmoidal
each time point was spotted onto poly(ethylenimine) curve, but it is likely to involve both the peptide and the
cellulose thin-layer chromatography sheets and developedJ-domain in JdpSA. The hyperbolic curve for JAD35Np5A
in 1 M formic acid and 0.5 M lithium chloride. After  Suggests that a sigmoidal curve requires a functional interac-
completely dried, images of the radioactivity were recorded tion between the J-domain and DnaK. Furthermore, in the
on Fuiji Phosphorimaging plates and analyzed on a Fuji BAS absence of ATP, DnaK is known to form dimers that
3000. The quantity ofd-3?P]JADP at each time point was dissociate to monomers upon binding to a substrate polypep-
corrected for the background level present in samples lackingtide (39).

DnakK, and then the progress of ADP production was fited ~DnaK-Binding Kinetics of Jdp5A and JdD35NpFRapid
to a double-exponential function. binding kinetics were monitored by acrylodan fluorescence

Stimulation of DnaK Conformational Changeor experi- after stoppe_d-flow mixing. The fluoresc_ence change in Jdp5A
ments with Jd or JAD35N, a Cary Eclipse spectrofluorometer Was best fit by a double exponential, whereas that for
was used to monitor DnaK tryptophan fluorescence at 20 JAD35N was adequately fit by a single exponential (Figure
°C. The excitation wavelength was set to 293 nm, and the 1, Table 1). Approximately 50% of the fluorescence change
emission was monitored at 350 nm. The slit widths for both N JAPSA and JAD35NpSA occurred in the dead time of the
the excitation and emission were 2.5 nm. The average timeinStrument, and thus it was not possible to measure the
for each point was 3 s. Within 1 min after addition of ATP, Second-order DnaK association ratis)( Exceptionally fast
Jd or JdD35N was added, and the recording continued forassom_atl_on could be characteristic of p5—re_|ated sequences.
2 h. Data recorded after 4 min were normalized to span theASsociation of a-Ala-p5S (ALLLSAPRR with acrylodan
range of 6-1 and fitted to a single-exponential function. For coupled to the amino terminus) was found to have multiple
experiments with Jdp5 or JAD35Np5, an Applied Photo- phases, including at_least one th.at'was faster than could be
Physics SX18.MV stopped-flow spectrofluorometer was used Measured40). To estimate lower limits fokon, the observed
to monitor rapid changes in DnaK tryptophan emission. The rates for 1uM DnaK (fast phase for Jdp5A) were divided
excitation wavelength was 293 nm, and the emission wasPY the DnaK concentration. The slow phase of Jdp5A
monitored at 350 nm. Both excitation and emission slit fluorescence change could not be fit reliably enough to

widths were set to 2.5 nm. determine whether it depended on DnaK concentration, and
thus the rate observed auM DnaK is reported in Table 1.
RESULTS Experiments at lower Jdp5A and JAD35Np5A concentrations

yielded similar rate constants, but the noise was greater, and

DnaK' Affinity of Jdp5A and JdD35Np5Ainding of the rates and amplitudes of the fast process were fit less
Jdp5A and JdD35Np5SA to DnaK was monitored by the consistently.
increase in fluorescence of the acrylodan moiety, as described Binding of Jdp5A and JAD35Np5A to DnaK without ATP
by Christen and co-workers for acrylodan-modified peptides was slow, like that of p5A (Figure 1D, Table 1).
(8). Upon binding to DnaK, the fluorescence intensity — Thermodynamics of Jd and JdD35N Binding to Kdse.
increased 2-fold, and the wavelength maximum shifted 15 previous studies, the interaction of the J-domain with DnaK
nm toward the blue. These fluorescence changes are virtuallyhas been found to be weak or not observed at24) 26,
identical to those observed for the p5SA peptid@d)( 28, 29, 32). Binding of Jd and JdD35N to Kase was analyzed
suggesting that the pS5A portion of the fusion proteins by isothermal titration calorimetry. Initial peaks associated
engaged the peptide-binding domain of DnaK in the same with injection of Jd into Kase were positive, and therefore,
manner (Figure 1A,B, insets). A similar binding experiment hinding is endothermic at this temperature (Figure 2). In the
with a recombinant DnaK molecule that lacks the peptide- course of the titration, peaks decreased until reaching nearly
binding domain produced no change in the acrylodan the level observed for injection of Jd into buffer lacking Kase,
fluorescence, demonstrating that the fluorescence changendicating that the binding was near saturation.
reports an interaction with the peptide-binding domain (data  The observed\H corresponds to a heat that is comparable
not shown). in magnitude to the background heat of mixing the Jd

In the presence of ATP, the affinity of Jdp5A was more solution with buffer alone. Thus, the precisionxifl depends
than 100-fold higher than in the absence of ATP (Figure on an appropriate estimate of the background heat of mixing.
1A, Table 1). This result contrasts with the nearly 100-fold The heat observed upon injection of Jd into buffer (0.24 kcal
reduction in affinity of p5A in the presence of ATP. The mol™t) was significantly larger than the value approached
affinity of JAD35Np5A increased less than 2-fold in the at high Jd:Kase ratio (0.170.20 kcal mot?). Thus, for each
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Ficure 1: Binding of DnaK to Jdp5A and JAD35Np5A in the presence and absence of ATP. (A, B) DnaK was titrated into samples of 5
nM Jdp5A (A) or JdD35Np5A (B), 50 mM HEPESNaOH, pH 7.6, 10 mM KCI, 1 mM MgGJ| and, where indicated, 0.5 mM ATP.
Binding to DnaK (20 nM) causes an increase in fluorescence intensity of acrylodan (insets). ATP dramatically enhances the DnaK-binding
affinity of Jdp5A, as indicated by the shift of the curve to lower DnaK concentrations. (C) Binding kinetics in the presence of 2 mM ATP
and otherwise the same buffer as above were monitored by acrylodan emission following rapid mixing of equal velsfnes) (of

Jdp5A or JdD35Np5A (final concentration, Qu&) and DnaK (final concentration,-14 uM). The average of eight measurements was

fitted to a single exponential for JAD35Np5A and double exponential for Jdp5A. Lower limits on the second-order rate constants were
estimated from the illustrated fits and reported in Table 1. (D) Reactions in the absence of ATP were initiated by addition of DraK (0.05
uM) to samples of Jdp5A or JdD35Np5A (5 nM) while monitoring the steady-state acrylodan emission. The kinetics of association with
DnakK conform to single exponentials and are similar for Jdp5A and JAD35Np5A. Second-order rate constants are reported in Table 1.

Table 1: DnaK-Binding Properties of J-Domain-Containing Fusion Proteins and Constituent Domains

Kon Kon
Ko (M) ) Kot (M~1sY Kot

ligand +ATP —ATP (+ATP) (s (—ATP) (s

Jdp5A 0.00022 0.03 binding >45 x 1P 0.0 49x 10¢ 0.0029
conform. 365!
JdD35Np5A 0.02% 0.04 binding >54 x 1P 1.z 3.2x 10* 0.0013
p5A & 0.0% 1.1 x 1084 57 binding 2x 104 0.0010
conform. 0.004 s

Jd 2@
JdD35N 4.7

a ApparentkKp determined by titration with DnaK and monitored by acrylodan fluorescence (FigubeCbycentration of half-maximal binding
from the fit to the Hill equation (see text)Derived fromKp andkon. ¢ From refs36 and 48. € From calorimetry at 20C with Kase (Figure 2).

experiment, the heat of mixing the two protein solutions was and AH = 0.41 4 0.25 kcal mot?. TheKp for Jd binding
estimated by sampling the quality of fiX) with a range of to Kase is similar to the previous estimate from NMR studies
values in increments corresponding to 0.01 kcal thdin (25).

all cases, a clear optimum was obtained. The fitting error in  In a calorimetry experiment in which Jd and JdD35N were
AH reported by the software algorithm (Microcal Origin) dialyzed together with Kase, the fitted values for JAD35N
was larger than the increments in heat of mixing, and thus were as follows:N = 1.04, K, = 213000+ 28000 M

the fitting error was adopted for the overall errorAi for (corresponding t&p = 4.69uM and range 5.394.14uM),

a particular experimentowever, the global uncertainty in ~ andAH = 0.494- 0.02 kcal mot?. The difference irKp for
measurements from multiple experiments was larger, pre-JdD35N and Jd was larger than the experimental error and
sumably due to variations in solution composition and pH. larger than the global uncertainty; thus, JAD35N binds to
The global uncertainty was estimated with a series of Kase with higher affinity than Jd.

experiments in which Jd and Kase were dialyzed together The enthalpy of Jd binding to Kase progressively de-
on three separate occasions. The average and standardreased at 20, 30, and 4C (Table 2).AC, for T in the
deviations of fitted values for the three experiments were as physiological range was obtained from the plotAdfl vs T,
follows: N = 1.14 4+ 0.35, Kn = 435004+ 6400 M1 which was well fit by a line with slope-33 & 1 cal mol?
(corresponding t&p = 23 uM and range 20.627.0 uM), K.
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FiGure 2: Isothermal titration calorimetry of Jd and JdD35N binding to Kase &2JA) Raw calorimetry traces during injections of Jd
and buffer alone to a solution of Kase. (B) Thermodynamics were analyzed by fiftthgs molar ratio of Jd:Kase or JAD35N:Kase.
Optimal fits were obtained with Kase-binding stoichiometries of 1.2 for Jd and 1.0 for JdD35N, suggesting that they form 1:1 complexes.

Table 2: Temperature Dependence of Jd Binding to Kase A o
20°C 30°C 40°C g "
N 077 1.15 1.30 ¢,
Kax103(M™Y) 405+7.8 722+ 14 1324 43 22 no addition
Kp (uM) 20.7-30.6 116172 57112 BE 05 S I
AH (kcal) 0.70£0.14  0.38:0.03  0.038: 0.004 kS < 20 M3
AG (kcal) —6.18 —6.74 —-7.33 £ * 5 iM JdD3EN
AS(cal K 23.1 23.1 23.2 z ; - 25 LM JDoeN
X u
O'Go 50 100 150
Stimulation by Jd of ATP Hydrolysis in DnaKhe ability Time (min)
of Jd and JdD35N to stimulatex{*?P]JATP hydrolysis by B
DnaK was tested under single-turnover conditions as de- —+—Jd - Conf. change
scribed (5). In some experiments, the hydrolysis was +j§5§;ﬁa§f A
biphasic. The faster phase may be explained by the presence e iD3EN - ATPaea O
of contaminants with ATPase activity. The presence of "
contaminating ATPase in preparations of DnaK has been = 0'2_
reported 15). Thus, we confine our interpretation here to i 0'17
the slower phase, which had the typical rate for DnaK. 0'0:
Without stimulants, ATP hydrolysis proceeded slowly, with 0 10 20
a rate constant of 0.016 mih In contrast to the previous [Jd] or [JAD35N] (uM)

report @€), Jd alone stimulated DnaK ATPase activity, and Ficure 3: Stimulation of the DnaK conformational change and

the degree of stimulation depended on Jd concentrationATP hydrolysis by Jd but not JAD35N. (A) Tryptophan emission
(Figure 3, inset). JAD35N did not stimulate the DnaK ATPase was monitored after reactions were initiated by addition of ATP
activity at any concentration tested. (final concentration, ZM) to a solution of 25 mM HEPESNaOH,

: : ; pH 7, 50 mM KCI, 5 mM MgC}, 5 mM g-mercaptoethanol, 2M
Stimulation by Jd and Jdp5 of a Conformational Change DnaK, and Jd or JAD35N at 2C. (B) Rates of the conformational

in DnaK. Previous studies have shown that DnaK'’s tryp- change and ATP hydrolysis vs Jd or JAD35N concentration. ATPase
tophan emission reports on the state of the bound nucleotideassays were initiated by addition of radiolabeled ATP (final

and the conformation of the peptide-binding domdid, (L1). concentration, 2 nM cold ATP and 1 nM 3000 Ci/mme}t§P]-

The ATP-bound open state has low fluorescence intensity ATP) to a solution as above. Jd stimulates fluorescence recovery
) : 'and ATP hydrolysis by DnaK to equal extents in a concentration-

gnd the ADP bpund closed state has high fluorescencedependelnt manner.

intensity. After binding ATP, DnaK gradually recovers the

high fluorescence intensity on the time scale ef2lh (in change, which is consistent with its failure to stimulate ATP
parallel with ATP hydrolysis). However, peptides promote hydrolysis.
the conformational change in secondig)( Since this is much Results showing that Jd stimulates the DnaK ATPase

faster than peptide-stimulated ATP hydrolysis, peptide bind- activity are in apparent conflict with the study by McMacken
ing uncouples the conformational change from ATP hy- and co-workers26). However, that study employed a buffer
drolysis. system with much higher ionic strength, notably containing
Here, we found that Jd accelerated the conformational 0.3 M potassium glutamate. Indeed, we did not observe
change (Figure 3A), but the rate coincided with the rate of acceleration of the DnaK conformational change in that
ATP hydrolysis (Figure 3B). Thus, Jd stimulated ATP buffer system (data not shown). These results are consistent
hydrolysis and the conformational change in DnaK simul- with the expectation that binding of the J-domain to the DnaK
taneously. JAD35N did not stimulate the conformational ATPase is dominated by electrostatic interactions.
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A which the J-domain, through appropriate J-domaii Pase-
- domain interactions, couples ATP hydrolysis to capture of
’éﬁ /”—_ the peptide by DnaK. (i) The affinity of Jdp5A for DnaK
£ £ 401 was significantly greater than that of p5SA only when ATP
8z /—-— was present. (i) Jd stimulated ATP hydrolysis and the
8= //—-—-— conformational change in Dnagimultaneously(iii) JAD35N
= 55 10 uM Jdp5 failed to stimulate either ATP hydrolysis or the conforma-
e 15 uM Jdp5 tional change, despite the fact that it binds to the DnaK
20 pM Jdp5 ATPase domain with higher than wild-type affinity. (iv)
0.0 0.2 0.4 0.6 Biphasic DnaK association kinetics of Jdp5A suggested a
time (s) capture step that follows association in the presence of ATP.
B Accordingly, DnaK association kinetics of JdD35Np5A
4.0q 10 uM JdD35p5 lacked the second phase. (v) Jdp5 induced a rapid confor-
£ 15 uM JdD35Np5 mational change in DnaK that is associated with closing of
) 20 uM JdD35Np5 the peptide-binding domain, whereas JdD35Np5 induced a
; i |ondiag conformational change on a much slower time scale.
§§ 3 s A working model illustrates how the J-domain could
g | eanemedbgiibigeenilinit couple the closure of the DnaK peptide-binding domain with
§ - ATP hydrolysis (Figure 5). Witt and co-workers have shown
that peptide can stimulate closure of DnaR P at rates that
*2% : T far exceed the rate of ATP hydrolysis. The Cro peptide (400
ime(s) uM, 35 °C) stimulates the conformational change to a rate
c of 32 s but ATP hydrolysis to only 0.00067 5(12). Also,
10 compare stimulation by p5 (10M, 25 °C) of the confor-
8 " mational change to 11%(35) and ATP hydrolysis to 0.003
o 6 - s 1 (data not shown). Moreover, the closed state of DnaK is
34 P A transient prior to ATP hydrolysis since the rate constant for
=, reopening the pDnaK-ATP complex is 7.6 s (35). Thus,
0 R when DnaK is bound to both ligands (peptide and ATP), it
5 s - % has the fluorescence signature of the closed conformation,

but the peptide-binding affinity is actually low because DnaK

E 4: Stimulation of id Dnak conf fional ch b rapidly reopens prior to hydrolysis of ATP. The J-domain
IGURE 4 imulation or a rapi nak conrtormational change ny H ; H

Jdp5A but not JAD35NP5. (A, B) Binding-induced Dnak confor- can redL_Jce the peptide d|_SSOC|at|on rate by almost 3_orders
mational changes in 25 mM HEPESIaOH, pH 7.6, 50 mM KCl, of m_agn_ltude by acpeleratlng th_e rate of ATP hyd_roly3|s and
5 mM MgCl, and 5 mM S-mercaptoethanol monitored by locking-in the peptide. The estimated dissociation rate for
tryptophan emission after rapid mixing of equal volume$%uL) Jdp5A matches the rate of ADP/ATP exchange, 0.007 s

of Jdp5 (A) or JAD35Np5 (B) and DnaK preloaded with 1 equiv (1 ina th A di i from DnaK after ATP
of ATP. Concentrations of Jdp5 or JAD35Np5 are indicated in the ﬁ] 5d)7rc')slug?se:1tndgut ZlLJgi%%ind Sosfog ﬁteev?/ rr?oleculi 0? :TP
symbol keys, and the concentration of DnaK wasdvlL The average yaroly P 9 )

of 10 measurements was fitted to a single exponential. (C) Rates  An important issue is whether the J-domain can stimulate
of conformational change vs Jdp5 or JAD35Np5 concentration. The hydrolysis enough to capture the peptide before it dissociates.
rate constant for Jdp5 increased with DnaK concentration and wasy s -\acken and co-workers have shown that DnaJ can
more than 1000 times faster than for JAD35Np5. . e
stimulate ATP hydrolysis in DnaK by as much as 15000-

Stimulation by Jdp5 and JdD35Np5 of the DnaK confor- fold (41). If applied to the basal ATPase rate at %5, the
mational change was investigated by monitoring the recovery stimulated rate would be 5% which is comparable to the
of tryptophan fluorescence after stopped-flow mixing in the rate at which DnaK reopens to allow p5 dissociation.

presence of 1 equiv of ATP (Figure 4). Jdp5 stimulated @ The acrylodan fluorescence of Jdp5A and the tryptophan
rapid recovery of tryptophan fluorescence in DnaK. A single fiyorescence of DnaK report kinetic phases of Jdp5A/3dp5
exponential adequately described the recovery, and the rateonak binding that correspond to one or more conformational
constant depended on the concentration of Jdp5. MO changes in DnaK. It is not clear that they report the same
Jdp5, the observed rate was 7.24, or 27000-fold greater  conformational change. We could not establish whether the
than the unstimulated rate. The apparent second-order rat&econd-order rate constants were the same nor even if the
constant was 1.% 10° M~* s™*. JdD35Np5 stimulated @ ate of the JdpSA fluorescence change depended on Dnak
much slower rate of recovery, and the rate was not sensitiveconcentration. Nevertheless, the absence of these kinetic
to JAD35Np5 concentration over the range tested. AtNIO phases for JAD35Np5A and JdD35Np5 provides compelling
JdD35Np5, the observed rate was 0.0058 sr 22-fold evidence that the conformational changes are related to each
greater than the unstimulated rate. other and functionally significant. Moreover, the mutant
J-domain reveals a potentially crucial aspect of J-domain
DISCUSSION function. Since the unfused p5 peptide can induce a rapid
The Jdp5A fusion protein mimicked a Dnadubstrate DnaK conformational chang@&%), the failure of JAD35Np5
complex in that it bound tightly to DnaK in the presence of to induce the rapid conformational change indicates that the
ATP. The present observations support a mechanism inmutant J-domairblocksthe DnaK conformational change.

[Jdps] or [JAD35Np5] (M)
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Ficure 5: Model for J-domain function. The DnaK conformational change and ATP hydrolysis are uncoupled during binding of p5A (A)
but coupled during binding of Jdp5A (B). The conformational change is illustrated as closure of the peptide-binding domain, which coincides
with an increase in tryptophan fluorescence intensity. When p5A binds to Dnak, reopening of the peptide-binding domain is readily reversed
prior to ATP hydrolysis, and thus the affinity is low. J-domain binding blocks closure of the peptide-binding domain until ATP is hydrolyzed.

The apparent second-order rate constant for the Jdp5-the proposal by McMacken and co-workers that DnaJ confers
induced DnaK conformational change can be interpreted substrate specificity to DnaK by regulating the DnaK ATPase
using a kinetic scheme proposed by Russell et al. for DnaJ-(41). Moreover, it provides a mechanism for that model by
stimulated ATP hydrolysisil). A rapid equilibrium precedes  showing that the J-domain couples ATP hydrolysis to a

a rate-limiting conformational change: conformational change in DnaK that captures the substrate.
} This work also establishes the mechanistic basis for earlier

Jdp5A+ DnaK*-ATPk<—’i studies sh_owing that the J-domain F:atglytical_ly activates
-1 DnaK to bind substratesl§, 42), and it distinguishes the

JdpSADnaK*.ATpﬁJdp5ADnaK.ATp contribution of the J-domain from the contribution of
C-terminal domains of DnaJ that also interact with DnaK
Russell et al. indicated ADP, in the complex after the (28, 29).

conformational change chargcterized@Were, we indicate Endothermic proteirligand complexes, such as that of
ATP because we have monitored the conformational changeJd_Kase, typically are dominated by an electrostatic con-

directly and have not established whether ATP hydrolysis inution to binding 43—45). Moreover, Jé-Kase binding

can be resolved as a separate kinetic step. Using the notationg qe mbles nonspecifi P Ch :
: pecific DNA binding, which is characterized
?f W'E,t andf co-vvtquersf, DD naE*”(]Jletn?]tes Ithe ?TPt-bor:md by a small heat capacity andAS/AG that is near the value
ﬂ% %?QscgﬁZeo\’:{rST a:,\'/%r;n?( ;iz theaa Z?en(:\gecgﬁ dc-)gr d?r predicted by theory for ion hydratiod4). This is consistent
: 1 | PP with a binding interface that involves the basic surface of

rate constant correspondskgk/k—; or ko/Kp, whereKp is . ) -
the equilibrium dissociation constant for Jdp5A binding to helix Il on the J-domainZ3) and the acidic groove on Kase

Dnak-ATP. The Ko for Jdp5SA binding to DnakATP is (32 33).
unknown, but we assume that it could be no greater than The small heat capacity also suggests that Jd and Kase
the Kp measured for p5A, and thus, an upper limit for bind to each other without a significant protein-folding
would be 0.9 s'. For comparison, Russell et al. estimated a transition @6). Since the NMR and crystallographic studies
value of 5 s! on the basis of DnaJ-stimulated ATP have indicated little structural disorder in Jd or Kase, their
hydrolysis by DnaK41). Thus, the J-domain in Jdp5 appears binding must be similar to that of rigid bodies although a
to catalyze the rate-limiting conformational change in DnaK conformational change from one folded state to another
at a rate comparable to that achieved by the J-domain incannot be ruled out. Indeed, NMR perturbation studies
DnaJ. suggest that the J-domain undergoes an induced fit confor-
By stabilizing alternate Dnak conformations, the peptide mational change when it binds to the DnaK ATPase domain
and J-domain engage a mechanism that couples ATP(49) Electrostatic forces have been said to orient ligand
hydrolysis with peptide capture. The nearly identical affinities binding in numerous protein systend), Such a mechanism
of Jdp5A and p5A for DnaK in the absence of ATP suggest . 4 provide geometric constraint to the DraihaK

that the peptide-binding domain blocks access of the ‘]'interaction while minimally i . L .
. LN . ; y impeding the kinetics of their
domain to its binding site on DnaK. Results with JAD35Np5A association and dissociation.

and JdD35Np5 in the presence of ATP suggest that the o )
reverse is also true. The J-domain can block p5-induced The smallAC, of Jd—Kase binding contributes to the
closing of DnakATP until ATP is hydrolyzed. Since the observed increase in binding affinity at elevated temperature.
wild-type J-domain stimulates ATP hydrolysis, this block is AS & consequence, the J-domain’s influence on substrate
rapidly removed, and the outcome is coupling of ATP delivery to DnaK is expected to increase over the physi-
hydrolysis with peptide capture. ological temperature range, possibly allowing the DnaJ
The interdependence of the J-domain and substrate forDnaK chaperone system to be more discriminating as the
binding to DnaK revealed in this work is consistent with load of non-native protein increases.
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