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ABSTRACT. Dnak, theEscherichia coliHsp70, possesses two functional domains, the N- and C-terminal
ATPase and peptide-binding domains, respectively. Elucidation of the mechanism of allosteric coupling
between the two domains is key to understanding how Hsp70 chaperones interact with their substrates.
We previously reported that ATP reacts with wild-type Drgbeptide complexes according to the two-

step reaction, ATP+ DnaK—P < ATP—DnaK—P < ATP—DnaK* + P, where ATP binds in the first

step, and a conformational change that quenches DnaK'’s tryptophan fluorescence (denoted by the asterisk)
and expels bound peptide occurs in the second step. Here we report that DnaK(2-517), a lidless variant,
also reacts with ATP and peptide by this two-step mechanism. Compared to wild-type DnaK, we found
that, depending on the sequence of the bound peptide and the temperature, deletion of the lid produces a
27- to 66-fold increase in the rate constaky) (for the ATP-triggered conformational change (ATP
DnaK—P— ATP—DnaK*+P) but only a~2-fold increase in the rate constakt) for the reverse reaction
(ATP—DnaK*+P — ATP—DnaK—P). A model is proposed in which the lid regulates the rate of
interdomain communication by retarding motions within flisandwich that occur as a consequence of

ATP binding. New evidence in support of the reversible, two-step conformational switch mechanism is
also presented.

The Escherichia coliHsp70 chaperone DnaK promotes a
variety of essential reactions in the cell, such as the folding,
assembly, transport, and proteolysis of other proteins (for
reviews, see ref4—5). In these different reactions, it is
thought that DnaK and other members of the Hsp70 family
selectively bind partially unfolded or disordered regions of
other proteins in an activity cycle that is controlled by the
binding and hydrolysis of ATP. The mechanism by which
the binding and hydrolysis of ATP is coupled to the binding,
retention, and release of polypeptides by these molecular
chaperones is not known.

DnaK is composed of two functional domains: residues
1-387 comprise the N-terminal domain, which binds and

; ; Ficure 1: Structure of the polypeptide-binding domain (residues
[‘ggrg_léz rEr!T?i r’;TIZ Oﬁr)n’ a\?;]h?;?is; er is)ldvl;re]iscﬁ ﬁﬁ?ai ;ﬁg‘?glzz ses 394—607) of DnaK. The bound NR peptide (NRLLLTG) is depicted
g ’ in black. The arrow indicates residue 517. The lid is latched to the

polypeptide targetsr( 8). A subdomain composed of five B-sandwich via a network of hydrogen bonds. The amino acids
helices (residues 56/%638) serves as a lid-like device that that participate in the network are indicated. The fixdelices
encapsulates the bound peptide in the ADP-bound state. Théhat comprise the lid are labeled-A. The image was constructed
hallmark of the Hsp70 reaction cycle is that the activities of rom PDB file 1DKX.

these two functional domains are coupled; i.e., ligand-induced
conformational changes are transmitted in a reciprocal
fashion between the two domains. As examples, ATP binding
triggers the rapid release of peptide substrates from the
peptide-binding domairg( 10). Conversely, peptide binding
triggers a rapid global conformational change in DnaK)(
which results in accelerated DnaK-mediated ATP hydrolysis
(12—14). From recent work it is now known that interdomain
coupling occurs even when the lid is deletdd17).

B-sandwich

An excellent way to study the allosteric coupling between
the two domains is to follow the kinetics of the ATP-induced
conformational change in DnaK by monitoring changes in
tryptophan fluorescencd 8, 19). The presence of only one
tryptophan residue2Q), Trp'%, which is in close proximity
to the ATP binding site, simplifies the interpretation of the
spectral changes. It has been shown that in the absence of
added peptide the binding of ATP to nucleotide-free DnaK
results in two phases of tryptophan fluorescence quenching

* Support for this work came from the NIH (GM 51521). (19)._ The first and_ second phases are characterized by
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are consistent with a three-step mechanism. On the otherhydroxyethyl)piperaziné¥'-2-ethanesulfonic acid/50 mM

hand, when ATP is mixed with DnaKpeptide complexes,

KCI/5 mM MgCl,/5 mM 2-mercaptoethanol at pH 7.0).

tryptophan fluorescence quenching occurs in a single phaseNucleotide was removed from wtDnaK and Dnak{z17)

(11, 18) with kops~ 3—6 s7*. A detailed kinetic analysis of
the reaction between ATP with nucleotide-free DraK
peptide complexes revealed a hyperbolic dependenkgof
on [ATP] (11). The results are consistent with the minimal
two-step mechanism

o™ ko
ATP + DnaK-P === ATP-Dnak-P—=
o ez

ATP-DnaK* + P (1)

DnaK-P and ATPDnaK* are the high- and low-affinity
states of DnaK, respectively, and AdPhaK:-P is an
intermediate. A rapid equilibrium between DnaK and ATP
occurs in the first step, whereas a global conformational
change that reduces the fluorescence and simultaneous
expels bound peptide occurs in the second step. Interestingly
the reverse reaction, mixing ATP-bound DnaK (ADRaK*)

with unlabeled peptide, results in a rapid increase in
tryptophan fluorescencé 1). Because the rate of the peptide-

induced increase in tryptophan fluorescence is far faster than

Iy

either by exhaustive dialysi®{) or the method of Gao et
al. that employs AMP-PNP @2). Protein was stored in the
HEPES sample buffering containing 10% glycerol-s80
°C prior to use.

Construction of the DnaK@517) Expressing Plasmid
We previously reported the preparation of an N-terminal,
glutathione S-transferase (GST) tagged version of DnaK-
(1-517) (7). In this study PCR mutagenesis was used to
create a different plasmid, one that eliminated the need for
the GST fusion. The pMSK plasmid harboring the wild type
dnaKgene behind an IPTG inducible promoter was a gift to
us from Lila Gierasch (University of Massachusetts, Am-
herst). Using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene), a stop codon was introduced intati@ gene
uch that translation terminates at residue 517. The forward
and reverse primers were'-6AGAAAATGGTACGC-
TAAGCAGAAGCTAACGCC-3 and 3-GGCGTTAGCT-
TCTGCTTAGCGTACCATTTTCTG-3 respectively. To
ensure that a secondary mutation was not introduced during
the PCR protocol, the gene encoding DnaKglL7) in the

the rate of DnaK-mediated ATP hydrolysis, the second step PPNaKs17 plasmid was sequenced at the lowa State

of reaction 1, the conformational switch, occurs in the
forward and reverse directions without the hydrolysis of ATP.

It is possible that the second step of reaction 1 consists of
two steps:

kATP

k.
ATP + DnaK-P==ATP-DnakK:P—==
kAgP k ,

k.
ATP-Dnak*-P<=ATP-DnaK* + P (2)

A rapid equilibrium between DnalR and ATP, a global
conformational change in DnaK (that reduces tryptophan

University DNA Sequencing & Synthesis Facility. This
lidless variant of DnaK was expressed in the DnaK deficient
E. coli strain BB1553 23) and purified using the same
methods as the wild-type protein. N-terminal sequencing
(Macromolecular Structure Analysis Facility, University of
Kentucky, Lexington) revealed that Mé$ absent from both
the lidless and wild-type proteins. We refer below to the
lidless variant of DnaK that lacks residues 1 and-5688

as DnaK(2-517).

Peptides were purchased from Genemed Synthesis Incor-
porated (S. San Francisco, CA), purifiedt®5% by high
performance liquid chromatography, and peptide mass was
verified by electrospray mass spectroscopy. The NR (NR-

fluorescence, as denoted by the asterisk), and rapid peptidd.LLTG) and p5 (CLLLSAPRR) peptides were the primary

dissociation/association define these three stegs. ¥ k;,
then the ATP-triggered conformational change in the protein
limits the rate of peptide release. Because there is no
evidence, to date, for an ATPnaK*-P intermediate, the data

peptides used in this study. The NR peptid®)(was
dansylated at its N-terminus as describ&d)(and the p5
peptide R5) was labeled at the cysteine residue with
acrylodan and subsequently purified as descridgy 26.

in this study are interpreted according to the above two-step The dansyl-NR and acrylodan-p5 peptides are referred to as
mechanism 1. That said, the rate constants determined heréNR and ap5, respectively. Masses of the labeled peptides
are microscopic rate constants if, and only if, reaction 2 can were verified by electrospray mass spectrometry. Control
be eliminated as a possible mechanism. In this regard,experiments showed that unlabeled peptide competitively
simulations of reactions 1 and 2, in the Appendix, indicate inhibits the binding of each labeled peptide to DnakK.
differences between these two mechanisms which support Kinetic MethodsA SX-18MV stopped-flow fluorescence
the two-step model for the interaction of DnaK with ATP  spectrometer (Applied Photophysics Ltd (Leatherhead, U.K.)
and peptide. was used to monitor spectral changes that occur in both the
We show here that deletion of residues 5838, which forward and reverse reactions. The dead-time of the instru-
constitute nearly all five helices of DnaK’s lid, dramatically ment was 1.5 ms, and the dimensions of the optical cell
increase; but leaves_; relatively unaffected. Without the  where mixing and detection occurs equaled 1xr.2 cm
lid, DnaK'’s ability to bind substrates polypeptides is severely x 0.1 cm. Excitation occurred through the 0.2 cm path and
compromised, especially at elevated temperatures. detection through the 0.1 cm path. The conditions under

which the several different types of rapid kinetic experiments
MATERIALS AND METHODS

1 Abbreviations: NR, synthetic peptide NRLLLTG; fNRy-N,
ddansyI-NR peptide; acrylodan, a, 6-acryloyl-2-(dimethylamino)naph-
thalene; p5, synthetic peptide CLLLSAPRR; ap5, acrylodan-labeled
p5 peptide; HEPES\-(2-hydroxyethyl) piperaziné¥-2-ethanesulfonic
acid.

Protein and Reagent®All reagents were of the highest
purity and were purchased from Sigma, unless state
otherwise. DnaK was isolated as previously descrid&) (
and stored at #C in the sample buffer (25 mMN-(2-
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were the same as those previously descriidyl For most
stopped-flow experiments, the instrumental time constant was
equal to 5% of the reaction half-time. For the case of very
fast reactions, no in-line filtering was used. Each stopped- The low-affinity state of DnaK was prepared by mixing
flow trace is the average of410 individual traces. In some ~ wtDnaK (2 uM) with excess ATP (1 mM) in buffers
cases, data were collected using a split time base modecontaining 5 mM MgCl or by mixing DnaK(2-517) (2uM)
Temperature control of both the jacketed reactants and thewith 8 mM ATP in the presence of 20 mM Mg&£lOne
jacketed mixing chamber was achieved with a circulating syringe was loaded with the solution of low affinity
external water bathtAT = £ 0.2°C). The concentrations in  complexes and the other with varying amounts of the
the text refer to after mixing. unlabeled peptide (5200 «M) with 1 or 8 mM ATP. The
Forward Reaction: ATP-Induced Peptide Dissociation peptide-induced increase in the tryptophan fluorescence of
from DnaK Fluorescent peptide dissociation from preformed wtDnaK or DnaK(2-517) followed
DnaK-fluorescent peptide (ap5 or fNR) complexes was
probed using a stopped-flow spectrometer with fluorescence — _ o kobd
detection. ATP (0.0£16 mM) and unlabeled peptide (10 FO=AF(1—e ™) +F ()
uM) were contained in one syringe, and DnaKy (%) and
ap5 or fNR (0.1uM) were contained in the other syringe.

k_
ATP-Dnak* + P=—= ATP-DnaK-P (6)

where klp, AF, and F, are the observed first-order rate

For the case of DnaK(2517), where much higher concen- constant, amplitude., and initial _fluorescgnce, respectively.

trations of ATP were used, [Mggl= 20 mM after mixing.  FOF Pinding according to reaction 6, with [P} [ATP:

The solution of protein and peptide was allowed to prein- PNak*], Kgps = k2[P] + k..

cubate fo 2 h at thedesired temperature in order to form ~ The excitation wavelength was 295 nm (1.5 or 2.5 nm

the protein-fluorescent peptide complexes. bandwidth), and stray excitation radiation was eliminated
When excess unlabeled peptide is contained in the syringeWith either a 320 or 335 nm Oriel long-pass filter. The

with ATP, rebinding of the fluorescent peptide is negligible following control experiments were conducted: (i) No
(k_» x [fP*] ~ 0), thus peptide dissociation occurs according Ncrease in tryptophan fluorescence was observed when either

to wtDnaK or DnaK(2-517) was rapidly mixed with excess
p5 or NR peptide; (ii) as a negative control, when ATP-
TP K bound DnaK (ATPwtDnaK*) was rapidly mixed with 200
ATP + DnaK-fP == ATP-DnaK-fP — uM poly-glutamic acid, no increase in tryptophan fluores-
K- cence was observed. (It was expected that poly-glutamic acid

ATP-DnaK + fP* (3) would not bind ATP-bound DnaK because DnaK is known
to weakly interact with peptides that contain negatively
The fluorescently tagged peptide is less fluorescent whencharged residue4). If there is no binding, there should
free in solution as compared to that when DnaK-bound. This be no increase in tryptophan fluorescence upon mixing.)
reduced fluorescence is denoted by the asterisk. Upon Experiments were also conducted in which complex
mixing, the decrease in fluorescence due to the dissociationformation between ap5 and ATP-bound DnaK was monitored
of the bound fluorescent peptide followed the equation by following the increase in acrylodan fluorescence that
occurs upon complex formation. In these experiments, the
F(t) = AFg koot = (4) concentration of ATP-bound DnaK was varied at a fixed
concentration of ap5 ([ATPDnaK}>[ap5]). Experiments
were the same as described above except that the excitation
wavelength was 370 nm (1.5 or 2.5 nm bandwidth), and stray
excitation radiation was eliminated with a 470 nm Oriel
long-pass filter. Formation traces followed eq 7, & =
k_z[ATP_DﬂaK] + ko.

To estimate how much ADP was generated while DnaK
(2 uM) and ATP (1 mM) incubated in the stopped-flow
K [ATP] syringe, the measured value fQg(25 °C) (3.6 x 1072 umol
off _ 2 (5) ATP (umol DnaK)* min~* at pH 7.0) was used to estimate

bs Kappt [ATP] keat Values at 15°C and 5°C, using

wherekS, AF, andF., are the observed first-order off-rate
constant, amplitude, and final fluorescence, respectively.
Kinetic parameters were extracted from the observed dis-
sociation rate constants using the following equation, which
was derived by applying the steady-state approximation. In
the equation belowkap, = (K17 + kK™

For the ap5 peptide, the excitation wavelength was 370 K.o(Ty) = k..(298 K) ex _AH*(i — L) (8)
nm (2.5 nm bandwidth), and stray excitation radiation was & & R \T, 298§
eliminated with a 470 nm Oriel long-pass filter. For the fNR
peptide, the excitation wavelength was 335 nm (2.5 nm In the above equatiomyH* equals 25.0 kcal/mol19), R =
bandwidth), and stray excitation radiation was eliminated 1.987 x 103 kcal mol't K™%, and T; = 288 or 278 K.
with a 399 nm Oriel long-pass filter. Calculated values fokea(15 °C) andk.(5 °C) are 8.3x
Reverse Reaction: Peptide Binding to ATP-Bound DnaK 102 min~*and 1.9x 1072 min~?, respectively. Using these
The binding of the p5 or NR peptide to the low affinity state k. values, wtDnaK-catalyzed ATP hydrolysis produced very
of DnaK was probed using a stopped-flow spectrometer to small quantities of ADP during the short residence time in
follow the increase in DnaK’s tryptophan fluorescence that the syringe. Specifically, 0.057, 0.25, and kMl (= 2 uM
occurs on peptide binding DnaK x 15 min x 3.6 x 1072 umol ATP (umol DnaK)*
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min~—) of ADP are generated after a 15 min incubation at 5,

15, and 25°C, respectively. When [ATP} [ADP], the
occupation of DnaK with ATP is calculated according to
the following equation Z7):

[Dnak-ATP] Ky ©
Prakly KB + key

Reported values fd¢;" at 15 and 25C are 2.2x 1022
and 1.2x 102s™%, respectively 19). Using eq 8 to estimate
w (5 °C), with AH* = 9.7 kcal/mol (9), yields K}77(5
°C) = 6.8 x 103 s L. Using eq 9, we calculate that 99.5,
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is evidence for a compact state of the lidless protein in which
the hydrophobic core of the protein is inaccessible. Ad-
ditionally, a related DnaK variant, Dnak{x07), functions

in vivo, albeit with reduced activity compared to wild-type
DnaK (15). The results show that Dnak{517) exists in a
compact, active conformation.

Forward Reaction: ATP-Triggered Peptide Dissociation
from Preformed DnaKPeptide Complexes basic question
is whether DnaK(2517) interacts with ATP and peptide
according to reaction 1. One way to answer this is to measure
the rate of peptide dissociation from DnaK or Dnak&l17)
as a function of ATP concentration using a stopped-flow
instrument. If DnaK(2-517) reacts according to the two-

98.9, and 97.3% of the DnaK molecules are ATP-bound after step mechanism, then a plot kff'. versus [ATP] should be

a 15 min incubation at 5, 15, and 2%, respectively.
Because DnaK(2517) exhibits nearly the sankg,(25 °C)
as wild type and because ADP dissociates from DnaK(2

hyperbolic (eq 5). These dissociation experiments consisted
of rapidly mixing preformed nucleotide-free Dnedfp5
complexes with ATP and excess unlabeled peptide. The

517) with nearly the same rate constants as wild type, acrylodan fluorescence signal decreases as the peptide

approximately the same percent of ATP-bound DnaK(2
517) occurs after a 15 min incubation.

ATPase Actiity Assay The steady-state rate of DnakK-
mediated ATP hydrolysiska{zmol ATP (umol of DnaK)*
min~1]) was measured by separating [2{8ATP from [2,8-

dissociates.

Panles A and B of Figure 2 show traces for ap5
dissociation from preformed wtDnagp5 and DnaK(2
517yap5 complexes, respectively. The dissociation traces for
each protein were fitted to a single-exponential function (eq

*H] ADP using PEI cellulose plates as previously described 4), yielding values for the observed first-order off-rate

(17). The ke values used in the Arrhenius plots were constant k). Dissociation traces for the wild-type protein
obtained at saturating concentrations of added peptide ([NR], exhibit a slight deviation from the single-exponential fit for

[P5] = 1 mM).
Curve Fitting and Error AnalysisStopped-flow data were
fitted to single-exponential function using a curve fitting

[ATP] < 40uM, and no improvement in fit occurs when a
double exponential function is used (Figure 2, top of panel
A). The deviation from the single-exponential fit is due to

program that used a Marquardt algorithm based on the the presence of a slight lag phase at low ATP concentrations

program Curfit given in Bevingtor2@). Least-squares fitting

and low temperatures. Such a lag phase, which is expected

of data to hyperbolic or linear equations and determinations for sequential reaction 3, is due to the time required to reach
of standard errors of the fitted parameters were conductedthe maximum concentration of the intermediate complex
using the program KaleidaGraph (Synergy Software, Read- ATP-DnaK-P (30). The large values fok, observed for
ing, PA). Dissociation traces obtained at low concentrations DnaK(2—517) significantly shorten the time required to reach
of ATP and low temperatures exhibited a slight deviation the maximal concentration of the intermediate on mixing;
from single-exponential kinetics, as described below. Our thus, no lag phase is apparent over the time scale of the

simulations of reaction 3, using the program KINSIRB),

measurements (Figure 2B). For [ATR] 40 uM, at 5 and

also show a slight lag phase in the simulated traces at low 15 °C, values for Ogs were estimated by using a single

ATP concentrations and for small valueske{ <2 s™%). For

exponential to fit each trace commencing just after the lag

each trace with this short lag phase, the fit to eq 4 was startedphase (Figure 2, residual top of panel A). For [ATP}0
right after the lag phase. According to our simulations of ,M, at each temperature, all dissociation traces, commencing

reaction 3, this approximation results in~d0% error in
the reported values fdfapp

RESULTS

at the zero point, fit a single-exponential function. In general,
ap5 dissociation from DnaK(2517) was about-10-fold
faster at a given ATP concentration as compared to the wild-
type protein. For example, at 4M ATP kggs equals 0.40

The purpose of this study was to elucidate how the lid and 5.2 s?, respectively, for ap5 dissociation from wtDnaK
affects interdomain coupling in the molecular chaperone @nd DnaK(2-517).

DnaK. Wild-type DnaK and DnaK(2517), which lacks

The K. values determined from the above experiments

residues 518638, were used in this study. Before conduct- are plotted against ATP concentration in Figure 2C,D. The
ing the kinetic experiments, our initial characterization of hyperbolic nature of the plots is consistent with two-step ATP
DnaK(2-517) (M. Sehorn and S. Witt, unpublished results) binding to DnaK (eq 1), with peptide kick-off occurring in
showed that (i) the circular dichroism spectrum of DnaK- the second stepl(, 18). Fits of the data to eq 5 yield the
(2—517), with two intense negative bands at 208 and 222 parameters,,, andk.. At 5 °C, for the wild-type protein,

nm, is similar to that of the wild type protein. Thus, loss of

the parameters(,p, and k. equal 3.2uM and 0.44 s?!

the lid therefore does not create a partially denatured protein.respectively, whereas for Dnak{517), Kap, andk, equal

(i) Unlike wtDnaK, DnaK(2-517) exhibits no appreciable

100uM and 18.4 s respectively. Table 1 gives.pp,andk,

self-association, as judged from high performance size values, which were determined over a range of temperatures,
exclusion chromatography. (iii) The hydrophobic dye ANS for ap5 dissociation from wtDnaK and Dnak{817). For
(1-anilino-naphthalene-8-sulfonate) shows no appreciablecomparison, Table 2 gives the same parameters but for the

binding to either wtDnaK or DnaK(2517) at pH 7.0, which

NR peptide (NRLLLTG).
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Ficure 2: Kinetics of ap5 peptide dissociation from preformed Dregd& complexes triggered by ATP binding. (A) ap5 dissociation from
wtDnaK. (B) ap5 dissociation from DnaK{517). For each protein, traces are fit to a single-exponential function, eq 4 (solid lines),
yielding values fo °[.,fs Residuals, discussed in the text, are shown above panels A and B. Conditions: The reagents in the two stopped-
flow syringes are shown in brackets, [wtDnaK or Dnak@L7) + ap5] + [ATP + p5]. Concentrations after mixing werexM protein,

0.05uM ap5, 5uM p5, 2.5-2500uM ATP, and 5 mM (A) or 20 mM (B) MgCJ. The excitation wavelength was 370 nm, and a 470 nm

long pass filter was used to collect emission. Temperatuf® °C. For clarity, traces in panel A are offset from each other by 0.01 V.
Panels C and D show plots bZES(S °C) vs [ATP] for dissociation data collected from wtDnaK and DnaK{47), respectively. Data are

fit to

DnaK(2-517),k, = 18.4+ 0.2 s andKap, = 100+ 10 uM (R = 0.989).

= KJATP]/(Kapp + [ATP]) (solid lines). Parameters: wtDnatk; = 0.44+ 0.01 s* andKapp = 3.2 + 0.4 uM (R = 0.953).

Table 1: Kinetic Parameters for the Forward and Reverse Reactions that Use the p52Peptide

Forward Reaction:

Reverse Reaction:

Ka
ATP+- DnaK-apS% ATP-DnaK-apSﬁ ATP-DnaK + ap5*

k_.
p% ATP-DnakK* k~=‘2 ATP-DnaK-p5
2

forward reverse ATPase
T Kapp k2 ka: (kz/Kapp) kz kfz kz/kfz KA
(°C) (uM) (s (M's™) (s (M~1s™) (uM) (uM)
wtDnaK

5 3.2+ 0.4 0.44+ 0.1 1.4+ 04 x 1P 0.76+ 0.51 1.5+0.1x 1C° 5.1+ 3.8 45+ 2.2
15 7.3+1 20+ 04 27+£0.7x 10° 244+0.8 3.44+0.1x 10° 7.1+ 2.6
25 28+ 2 7.6+ 05 27+ 03x 1P 7.0+ 3.1 9.4+ 0.4 x 10P 7.4+ 3.8

DnaK(2-517)

5 100+ 10 18.4+ 2 1.8+ 0.3x 10 20.44+45 2.8+ 0.3x 10° 73+ 27 87+ 20
15 289+ 30 84+ 4 2.9+ 0.3x 1C¢° 100+ 7 45+ 04x 10° 222+ 33
25 1060+ 185 299+ 21 2.8+ 05x 1

aa = acrylodan.

Reverse Reaction: Peptide Binding to ATP-Bound DnaK ATP-DnaK* == ATP-DnaK-peptide. It was previously shown

Followed by Changes in Tryptophan Fluorescenicethis
section, we focus on the reverse reaction, that is, 5

that a rapid burst of tryptophan fluorescence is observed upon
mixing unlabeled peptide with ATP-bound wtDnaK and that
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Table 2: Kinetic Parameters for the Forward and Reverse Reactions that Use the NR2Peptide

K, k
Forward Reaction: ATPF Dnak-fNR == ATP-Dnak-fNR — ATP-DnaK + fNR*
k72

Reverse Reaction: NR+ ATP-DnaK* ~ ATP-DnaK-NR
2

forward reverse ATPase
T Kapp kz ka= (kz/Kapp) kz k—2 k2/k—2 KA
(°C) (uM) (s (M™1s™) (s (M™1s™) (uM) (uM)
wtDnaK
5 1.3+0.2 0.19+ 0.03 1.5+ 03x 1 0.48+ 0.03 1.5+0.2x 10¢ 32+2 29+ 15
15 5.9+ 0.6 1.1+ 0.2 1.9+ 04 x 1C¢° 21+0.1 4.8+ 0.2x 10* 44+ 4
25 25+ 2 4.8+ 0.3 1.9+ 02x 10° 9.44+1.0 1.1£0.1x 10° 86+ 6
DnaK(2-517)
5 298+ 35 32+5 1.14+£0.2x 10° 32+ 9 2.2+ 05x 10¢ 1455+ 950
15 740+ 105 150+ 15 2.0+ 0.4 x 10
25 2260+ 220 4744 30 21+0.2x 1P
af = dansyl group.
A B
0.12 | wtDnaK [p5] (1M 0.6 | DnaK(2-517 [pS]
E 2 E ( ) (M)
8 S 04l
L K= g
) s
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Ficure 3: Kinetics of p5 binding to low affinity DnaK followed by changes in tryptophan fluorescence. (A} porP-wtDnaK. As a
negative control, wtDnaK (2M) was mixed with poly-glutamic acid (40@M) (trace C). (B) p5+ ATP-DnaK(2—517). For wtDnaK and

DnaK(2-517), traces are fit to a single-exponential function, eq 7 (solid lines), yielding valué§ fo€Conditions: The reagents in the
two stopped-flow syringes are shown in brackets, [wtDnaK or Dnats(@®7) + ATP] + [ATP + p5]. Concentrations after mixing were
(A) 1 uM protein, 7—200uM p5, 1 mM ATP, and 5 mM MgGland (B) 8 mM ATP and 20 mM MgG! The excitation wavelength was
295 nm, and a 320 nm long pass filter was used to collect emission. TemperaBi€. For clarity, traces in panel B are offset from each

other by 0.1 V. Panels C and D show plotskf, (5 °C) vs [ATP] for p5 peptide binding data collected from wtDnaK and Dnak§27),

respectively. Data are fit to the equatikj, = k_,[p5] + k. (solid line), yieldingk_, = 1.5+ 0.1 x 10* Mt st andk, = 0.76 + 0.51
s 1 (R=0.975) for the wild-type protein (C), arld, = 2.8+ 0.3 x 10° M1 st andk, = 20.4+ 4.5 s (R = 0.940) for DnaK(2-517)

(D).

this peptide-induced increase in tryptophan fluorescence DnaK*] or [ATP-DnaK(2—517)]), where the p5 peptide
occurs much faster than DnaK-mediated ATP hydrolysis concentration was varied while maintaining a fixed concen-
(17). The question is, how does loss of the lid affect the tration of the ATP-bound protein (ZM). Representative
reverse reaction? If the lid is rotated away from the exposed formation traces, obtained at&, are shown in Figure 3A,B.
peptide-binding site in the ATP-bound form of the wild- Traces were fit to a single-exponential function (eq 7),
type protein giving relatively unhindered access to entering yielding values for the observed first-order on-rate constant
peptides 8), then we hypothesize that deletion of the lid (kggs)_ Trace “C” in panel A is a negative control. 4G
should not significantly improve the accessibility of the poly-glutamic acid was mixed with an equal volume of ATP-
peptide-binding site, and thus it is predicted that the bound wtDnaK. The lack of signal upon mixing is consistent
magnitude ofk-, should be similar for both proteins, i.e., with a lack of binding of poly-glutamic acid to ATP-bound
k-o(wtDnaK) ~ k-»(DnaK[2—517]). DnaK. Thus, the increase in tryptophan fluorescence ob-
The complex formation kinetic experiments were con- served upon mixing with the p5 or NR peptide is a
ducted under pseudo-first-order conditions ([p5][ATP- consequence of specific binding. Trace “C” in panel B is
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Table 3: Comparison of Peptide On and Off Rates Constants for the ReactioATHP-DnaK* = ATP-DnaK-P?

T
(°C) reaction ko (sY) k(M ts?)
5 p5+ ATP-DnaK(2-517) (Trp fluorescence) 204 4.5 2.8+ 0.3x 1P
5 ap5+ ATP-DnaK(2—517) (acrylodan fluorescence) H60.4 1.2+ 0.1x 10°
25 p5+ ATP-DnaK (Trp fluorescence) 748 3.1 9.4+ 0.4 x 1C°
25 ap5+ ATP-DnaK (acrylodan fluorescence) 4451.3 1.14+0.1x 10°
25 ap5+ ATP-DnaK (acrylodan fluorescende) 5.7 1.1x 1¢°
25 NR-+ ATP-DnaK (Trp fluorescence) 94 1.3 1.1+ 0.1x 10°
25 aNR+ ATP-DnaK (acrylodan fluorescence) 4.5 1.0x 10°

a Rate constants were determined by following increases in either the tryptophan fluorescence of dnak or the acrylodan fluorescence of the
acrylodan-labeled peptidé Data taken from Gisler et al2p). a = acrylodan.

the output signal obtained on mixing nucleotide-free DnakK-
(2—517) (2uM) with an equal volume of p5 peptide (400
uM). Added peptide does not change the tryptophan fluo-
rescence of nucleotide-free Dnak{217). Note that at 25
°C peptide binding to ATEDnaK(2—517) molecules was
too fast Kps > 500 s?) to be precisely measured with the

stopped-flow instrument.
Figure 3C,D shows thaky,, values for the wild type

protein and its lidless variant increase linearly with increasing A o ous oz ozs
concentrations of the p5 peptide. The linear plots are Time (s)
consistent with the reaction p%& ATP-DnaK* = ATP- B ¥ n
DnaK-P. The slope ang-intercept of the plots give values 25 L
for k—, andk;, respectively. From the experiments conducted _ /
at5°C, k_; andk; equal 1.5+ 0.1 x 1®* M~tstand 0.76 “w 20f e

+ 0.51 s}, respectively, for p5 binding to wtDnaK, whereas - 4

k-, andk, equal 2.8+ 0.3 x 1° M1 st and 20.4+ 4.5 =

s1, respectively, for p5 binding to DnakK{517). As 10} /

expected, deletion of DnaK’s lid does not significantly alter N ‘ . .
k_,. Rate constants for p5 peptide binding to AWMEDnaK 0 5 10 15 20

at other temperatures are given in Table 1. Notice that [wtDnaK] (1M)

values fork,, determined from the forward experiments, agree Figure 4: Kinetics of ap5 binding to ATP-bound wtDnaK followed
quite well with the values determined from the reverse by changes in acrylodan fluorscence. (A) apSATP-wtDnaK.
experiments (Table 1). For comparison, the rate constantsTraces are fit to a single-exponential function, eq 4 (solid lines),

for the reverse reaction involving the NR peptide are given Yielding values fork; Starting from the top trace, [wtDnakg
in Table 2. 20, 15, 10, and M. (B) Plot of k}pvs [wtDnaK]. Data are fit to

P : P ) the equatiorklp, = k-[wtDnaK] + k; (solid line), yieldingk—, =
Reverse Reaction: Peptide Binding to ATP-Bound DnaK 114+01x 1% M-Ts1and ko= 45+ 1.3 ST (R = 0.986).

Followed Changes in Acrylodan-Labeled Peptide Fluores- conditions: The reagents in the two stopped-flow syringes are

cence As indicated above, peptide binding to the C-terminal shown in brackets, [wiDnak- ATP] + [ap5+ ATP]. Concentra-

domain of ATP-bound DnaK triggers a concerted confor- tions after mixing were 0.06M ap5, 1 mM ATP, and 2.520uM

mational change in the N-terminal domain that quenches theﬁ;ﬁa’;’ggggé };Egre\,)\‘,g'sta&'gg d"‘{gvf(')ﬁggtthem‘?:s%zo ?2};132? aé‘:]f'e70
) o : :

fluorescence of Tr32 If the kinetic constants derived from ﬁ °C. Traces are offset from each other by 0.005 V.

such experiments are accurate, the same rate constants shou

be o_btained when changes in the fluoresc_ence of a labeled,onstants agree with those determined by Gisler e28). (
peptide are measured. Because the reaction between ATPrrape 3). Moreover, these rate constants are identical within
bound wtDnaK and the apS peptide at'Z5has been studied e experimental error to those determined from the experi-
in detail @5), this reaction was studied. ments that monitored the p5-induced increase in DnaK'’s
DnaK-fluorescent peptide complex formation experiments tryptophan fluorescence (Table 3). This is a key finding:
were conducted under pseudo-first-order conditions ([ATP experiments that monitor peptide-induced changes in DnaK’s
DnaK*] > [ap5]), where the concentration of ATP-bound tryptophan fluorescence give the same results as those that
wtDnaK was varied while maintaining a fixed concentration monitor DnaK-induced changes in labeled-peptide fluores-
of ap5 (0.05«M). The complex formation traces are shown cence.
in Figure 4A. Traces were fit to a single-exponential function Steady-State ATPase Ass&pparent rate constants for
(eq 7), yielding values fokg,; Consistent with what is  peptide binding to and release from ATP-bound DnaK were
expected for a ligand binding to and releasing from a protein, determined using two different fluorescence assays. Another
ops Values increase linearly with increasing concentrations way to probe this reaction is to measure the steady-state
of ATP-bound DnaK (Figure 4B). The slope apdhtercept ATPase activity of DnaK at different concentrations of added
of the plot ofk3; versus [wtDnaK] equak—, (1.1 4+ 0.1 x peptide. Plots ok, versus [peptide] are hyperbolic, and the
10°M~1ts 1) andk, (4.5+ 1.3 s'%), respectively. These rate  concentration of peptideK@) that gives half-maximal
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A OO ek Table 4: Activation Parameters
. ) dissociation parameter AH* (kcal mol™)) @ exp@ASY/R) (s
Tg 0006 k> (ap5/wtDnaK) 23.4-1.3 1.2 10181
£ k> (ap5/DnaK[2-517]) 23.0+0.8 2.1x 1008
= k2 (FNR/wtDnaK) 26.6+ 1.5 1.8x 10701
x© 0.004¢ ke (fNR/DnaK[2—517]) 22.3+ 1.4 1.1x 10t
0.002 ‘ ‘ . . association paramefer AH* (kcal mol™) w expASY/R) (M~ts™)
o 10 20 30 40 k-2 (p5+wtDnaK) 14.5+ 0.8 1.3x 1006
[p5] (1M) k_2 (NR+wtDnaK) 15.9+1.2 1.8x 10M£09
B 0.03 | DnaK(2-517) _aThe enthalpy and frequency prefactor for association were deter-
: mined from a plot of INK-»/T) vs 11T.
§= _
g 002 Activation ParametersWe have previously reported that
_25 many of the reactions between DnaK and peptides, whether
0.01 binding or dissociation, are characterized by unusually large
activation enthalpies when the reactions are carried out with
0 100 200 300 400 500 ADP and that, in general, the presence of ATP lowers these
[p5] (kM) activation enthalpy barrier82, 33). To ascertain how loss

of the lid affects the activation barriers, the temperature
dependence df;, andk-, was examined. Arrhenius plots of
the parametek,, determined from the forward experiments

Ficure 5: Plots ofk.s Vs p5 concentration. (A) Wild-type DnakK.
A least-squares fit of the data to the equatiorr ¢ + Kl [p5)/
(Ka + [p5]) (solid line) yieldsc, ki, andKa equal to 0.0016E

0.0010 min?, 0.0061 + 0.0008 min?, and 4.5+ 2.2 uM, (Tables 1 and 2), are shown in Figure 6. The activation
respectively R= 0.977). (B) DnaK(2-517). A least-squares fitof ~ enthalpy AH*) and frequency prefactor exp[AS/R]) are

the data to the above equation (solid line) yietd&2, andKa determined form the slope and y-intercept of the plots,
equal to 0.0033t 0.0016 min, 0.028+ 0.002 min, and 87+ respectively. The upper plots are for peptide dissociation
20 uM, respectively R = 0.991). Temperature= 5 °C. from DnaK(2-517), whereas the lower plots are for peptide

dissociation from wtDnaK. The activation parameterskior
andk_, are given in Table 4. The thermodynamic parameters

B\mwﬁ are discussed below.
~ \\ DISCUSSION
wtDnaK
of (eq 1) for the interaction of DnaK(2517) with ATP and
added peptide: (i) Analysis of the forward reaction, peptide

$35 34 345 35 355 36 dissociation, yields the rate constdat When the reverse
1T x 10% (K) reaction is studied, the sanke value is obtained from the

FIGURE 6: Arrhenius plots. Values fdt, are from Tables 1 and 2. Y-intercept of plot o obs Versus [peptide] (Tables 1 and 2).
Solid lines are the linear least-squares fit of the data to the equation(ii) Analysis of the reverse reaction, whether studied by

The following evidence supports a two-step mechanism

Inko=In o + ASYR ~ AH*/RT. ®, p5/Wthg)?8§ AH" = 2344 monitoring the intrinsic fluorescence of the protein or of the
1.3 kcal mot - and fr.eque*nfy factor 1.2 x 1 15 (R=0.994). labeled peptide, yields the same values for the rate constants
O, p5/DnaK(2-517): AH* = 23.0+ 0.8 kcal mot* and frequency ke and K (Figures 3 and 4: Table 3). (iii) The apparent
factor= 2.1 x 10'%06 51 (R = 0.998).M, NR/wtDnaK: AH* = 2 and K-z (Figures 5 ' - A pp

26.64 1.5 kcal mot?! and frequency factor 1.8 x 1(?%*1s™1 (R equilibrium dissociation constank,, obtained from the

= 0.994).0, NR/DnaK(2-517). AH* = 22.3+ 1.4 kcal mof? ATPase experiments, equaddgk , (Figure 5; Tables 1 and
and frequency factor 1.1 x 1011 s (R = 0.993). Error bars ) These findings support a model in which peptide binding
are of the same size as the symbols. to the ATPDnaK* state triggers a very rapid and concerted
conformational change in the ATPase domain that quenches
the fluorescence of THF and the fact that this peptide-
triggered conformational change occurs before ATP hydroly-

response can be thought of as the equilibrium dissociation
constant for the reaction ATPnaK:p5 = ATP-DnaK* +
p5 31). Ka values from such experiments should ekl sis

k_, (Table 1).
2 ( ) The striking findings in this study are revealed by

Panels A and B of Figure 5 show plotslof versus the ¢, 541ing results obtained at 16 for wtDnak and DnaK-
concentration of p5 peptide for wtDnaK and Dnak{17), (2—517):

respectively.Ka values for p5-stimulated ATP hydrolysis

mediated by wtDnaK and DnaK{517) at 5°C are 4.5+ 7.3uM

2.2 and 87+ 20 uM, respectively. Comparing this to the ATP +wtDnaK:p5=

results ir! Table 1, we see thij for wtDnaK and DnaK- ATP-WtDnaK-pS—%* ATP-wtDnaK* + p5
(2—517) in the presence of ATP at’® ki/k_, equals 5.1 34x1PM7tst

3.8 and 73t 27 uM, respectively. The agreement between (20)

these two very different assays supports peptide binding to
ATP-bound DnaK via reaction 1. Our interpretation of these reactions, and the other results
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289uM

ATP + DnaK(2-517)p5
90s1
ATP-DnaK(2-517)* + p5 (11)

in this study, is that the lid is a cis-acting structural
component that down-regulates the rate of interdomain
communication in DnaK. By reducing the rate of the forward
conformational change,, the lid increases the affinity of
substrates for AT#DnaK. The key questions are, why does
loss of the lid appear to affect ATP binding4, and how
does the lid retard the rate of the ATP-triggered conforma-
tional change?

Regarding the first question, we found that, at a given
temperature, deletion of the lid increagesindK,p, by about

Slepenkov and Witt

Table 5: Comparison of changeskpand Kap,

p5 peptide NR peptide
T(°C) ko(L)/ ko(WT) KapdL)/ KapdWT) kao(L)/ ko(WT) Kapd L)/ KapdWT)

5 42+ 5 31+5 168+ 37 229+ 44
15 49+ 9 40+ 7 136+ 28 1254 22
25 39+ 4 38+ 12 99+ 9 90+ 11

k:TP kz 2

v ME = O = @k

k" k.

Ficure 7: Proposed model for the lid as a cis-acting down regulator
of the ATP-triggered conformational change. The inverted triangle
represents ATP. The black circle is a bound peptide.

P is an intermediate from which ATP hydrolysis is likely to
occur (L1), ATP-Efl, is the low-affinity state in which both

the same amount (compared to wild type). This can be seenthe-sandwich and lid subdomains are open, and the asterisk

from the data in Table 5 at a given temperature

KapdD) k(L)
KapdWT) ~ k(WT)

where L and WT refer to DnaK{2517) and wtDnaKk,
respectively. Thus, empirically, the increaseKg,, upon
deletion of the lid is due to the increasekn It is easy to
see why this is true, given that

TP

K+,

app™ TP
ke

For DnaK(2-517), given the large values fky, a reasonable
assumption is thak, > k_;, thus

ky(L)
k/i\TP

Similarly, for the wild-type protein, ik, > k-4, then

k,(WT)
klATP

Our interpretation of these results is that the loss of the lid

KapdL) ~

KapdWT) ~

has no appreciable effect on the conformation of the ATPase

domain; the increase iKapp upon loss of the lid is due to
the increase irk;.

In the nucleotide-free and ADP-bound states of Dnak, the
lid is thought to be attached to thfesandwich domain via
a network of noncovalent interactions, referred to as the latch
(Figure 1). A consequence of this attachment, we propose
is that the lid (I) constrains motions and rearrangements of
the -sandwich ) that occur following ATP binding. In
terms of a chemical equation, we propose that for the wild-
type protein, ATP triggers peptide release at@mccording
to

K_
ATP + EBJ -P—

2-8s1

ky

ATP-EB P ATP-E*B,+ P (12)

where EBlP is the high-affinity wtDnak-peptide complex
in which both the5-sandwich and lid are closed, ATES |

indicates reduced tryptophan fluorescence. Deletion of the
lid eliminates the constraints on the motions of flisand-
wich, which, upon ATP binding, occur with a characteristic
rate constant between 300 and 470 at 25°C (Tables 1
and 2), and peptide releases according to

k',=300-470s1

K_
ATP + EB+-P=—ATP-ESP
ATP-E*B, + P (13)

The fact that ATP-triggers fNR peptide dissociation from
nucleotide-free DnaK(2517) with K2 equal to 474 st at
25 °C (Table 2), whereas the fNR peptide dissociates from
ADP-bound clDnaK(+517¢ with k" equal to 0.1 st
(17), is strong evidence that tifesandwich can exist in either
a closed or open conformation. One way to test this model
is to engineer a DnaK variant that lacks the network of
hydrogen bonds and the salt bridge that comprise the latch.
The model predicts very rapid peptide dissociation from such
a full-length DnaK variantK2 ~ 300-470 s%). A sche-
matic of this proposed model is shown in Figure 7.

Notice that concerted motions of tifiesandwich and lid
occur in the second step of reaction 12. Of course, one can
envision that the lid ang@-sandwich are independertt7)
and that their respective motions occur sequentially

TP
kiCO

ATP-EBJ P>

1
e

—_
ATP
Kop

ATP + EB P

k CO
ATP-Eﬁclo-P% ATP-E*B.|, + P (14)

In the above reaction, lid opening) occurs at 28 st
and is the rate-limiting step for peptide dissociati@%)(
Upon deletion of the lid peptide, dissociation is governed
by the opening of the3-sandwich Ks); therefore, the
maximal rate of peptide dissociation jumps from& to
300-470 s. This three-step mechanism cannot be ruled
out. However, because the ATPase Arshndwich domains
are connected, ATP binding most certainly triggers a
conformational change first in thfesandwich domain, rather
than in the lid, as indicated in reaction 12. For this reason,
we favor reaction 12, where the lid, like a mechanical

2 clDnakK(1-517) is prepared by tryptic cleavage of an N-terminal
GST tag from DnaK(+517). Ten residues remain attached at the
N-terminus of DnaK(+517) after cleavage, and this is denoted by
“cl”.
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governor, impedes motions of tiflesandwich. In addition,
to date there is no evidence for this third step.

We have now analyzed the kinetics of three different
peptides binding to ATP-bound wtDnaK. It is interesting to
compare thé_, values of these different peptides. Cro, NR,
and the p5 peptides bind to ATP-bound wtDnaK at°25
with k-, equal to 2.4x 10* (11), 1.1 x 10°, and 9.4x 1(®

Biochemistry, Vol. 41, No. 40, 20022233
APPENDIX

As mentioned in the Introduction, suppose the second step
of two-step reaction 1 is composed of two distinct steps,
according to

KRTP

ATP + Dnak: P-— ATP-Dnak: P-—

M~ s71 These rate constants are much less than the rate (A

constant for a diffusion controlled reaction, which for an
enzyme-substrate interactions occur atl0® M~1sL. De-

ATP-DnaK*-Pk%g ATP-Dnak* + P (15)

spite the sequence and charge differences among these
peptides, for each peptide, the activation enthalpy equals 15ATP binding, a conformational change, and peptide release

kcal mol* for the reaction, peptide- ATP—DnaK* —

occur sequentially, and the asterisk denotes a state with

ATP—DnaK—peptide. This suggests that entropic effects play reduced fluorescence relative to the DrBKstate. Notice

a significant role in peptide binding to ATP-bound DnakK.

that whether the above reaction is carried out in the forward

Perhaps the peptide must adopt a precise conformation inor reverse directions, the change in fluorescence occurs in

order to be captured.

Physiological Relgance In vivo experiments have shown
that the related protein, Dnak{507), supports the propaga-
tion of bacteriophagg, albeit at about 25% of the efficiency
as the wild-type proteinl). Other in vivo experiments
showed that thelnaK163allele, which encodes for DnaK-

the second step. Previous simulations of this reactidi, (
which explored a very limited parameter space, yielded
simulated traces that did not mimic experimental traces. The
specific parameters used in these simulations were as
follows: KA = 22uM, k, =3 s, k= 0.1 5%, kg

= 0.1 or 30 st, andk_3 = 2 x 10* M1 s71, with initial

(2—538), complements the temperature-sensitive phenotypeconcentrations kM DnaK-P, 20— 400 uM peptide, and

observed in thé&. coli strain BB1553, which is a DnaK null
strain, only at very high concentrations of IPTG5). Our

view is that these lidless forms of DnakK, be it Dnak{2
507) or DnaK(2-517) or DnaK(2-538), are defective

500 uM ATP; the fluorescence factors weF§DnaK:P) =
F(ATP-DnaK-P) = 1 and F(ATP-DnaK*-P) = F(ATP-
DnaK*) = 0.85.

We have conducted new simulations of this three-step

proteins compared to wild type. They are defective becausereaction, using the program KINSIM), and have found
the rate constant for substrate release is huge, falling in thethat whenk, ~ k-, andks > k; the simulated changes in

range of 306-475 s! at 25°C, which means that these three
lidless forms of DnaK bind to substrates with very low
affinities. For example, at 18C, the p5 peptide binds to
DnaK(2-517) with an apparerky equal to 222«M (Table
1), whereas for the wild-type proteifKq = 7.1 uM. Of
course, the intrinsically low affinity of these lidless forms

protein fluorescence, for forward and reverse reactions, are
quite similar to what is observed experimentally. These new
simulations, and simulations of two-step reaction 1, are
discussed below.

Reaction 16 was simulated in the forward and reverse
directions. The forward reaction, ATP-triggered fluorescent

for substrates may be compensated for thermodynamicallypeptide dissociation

by overexpressing the variants in cells via induction with
IPTG. This explains why Mayer and co-workers found that
at relatively low concentrations Dnak{538) (0.5uM)

cannot refold luciferase in an in vitro folding assay, whereas

overexpression of DnaK{2538) in vivo compensates for
the temperature sensitive phenotype of BB1553.

In summary, the importance of the lid is illustrated by

using the activation parameters in Table 4 to estimate values

for the rate of peptide dissociatioky) at, say, 42°C. For
ATP-triggered dissociation of ap5 from wild type and DnaK-
(2—517),k, equals 70 and 23005 respectively. For ATP-
triggered fNR dissociation from wild type and Dnak{2
517), k. equals 63 and 3700} respectively. Without the
lid, ATP-bound DnaK has incredibly weak affinity for the

p5 or the NR peptide at this elevated temperature. Loss of

the lid probably also reduces peptide affinity for DnaK in

the absence of ATP because, for the NR peptide, loss of the

lid (residues 518638) results in 10- and 100-fold increases

in the peptide on and off rates, respectively, for experiments

conducted in the presence of excess ADRP)(
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ATP +E-p22X0M =, ‘7)0;{““?1 ATP-E- P—’

50s1

1.5 million M~1s71

ATP-E*-P ATP-E* + P (16)

was simulated with initial concentrations of-f§ = 1 uM
and [ATPE-P] = [ATP-E*-P] = [ATP-E*] = [P] = 0; no
peptide rebinding was possiblk_¢ = 0), and the peptide
fluorescence factors weF§E-P) = F(ATP-E-P) = F(ATP-
E*-P)= 1 andF(P) = 0.5. The reverse reaction, the peptide-
triggered conformational change, was simulated with initial
concentrations of [ATHE*] = 1 uM, [E-P] = [ATP-E-P]
= [ATP-E*-P] = 0, and [ATP]= 1 mM, and the protein
fluorescence factors weg(E-P) = F(ATP-E-P) = 1 and
F(ATP-E*-P) = F(ATP-E*) = 0.85. Simulated traces in
each direction follow single-exponential kinetics (data not
shown).

For the forward reaction, the plot &ff' versus [ATP] is
hyperbolic (Figure 8A) and follows relation 17, which was
obtained using the steady-state approximation:

2k, + Ks [ATP

Kapp T [ATP]

off

bs — (17)
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Ficure 8: Simulations. (A) Three-step mechanism (eq 16).
Apparent rate constants from the forward reacti®) ére fit to
KM = {koko[ATP)/(2ky + ka)}{Kapp + [ATP]} (solid line),
yielding kxks/(2k, + ks) = 4.4 s andKqpp = 40.3uM. Apparent
rate constants from the reverse reactio ére fit tokjp, = ko +
k_J[ATP]/(Kapp + [ATP]) (dashed line), yielding, + k-, = 9.9
s tandKapp= 34.2uM. (B) Two-step mechanism (eq 20). Apparent
rate constants from the forward reactio®)(are fit to K. =
K[ATP]/(Kapp+ [ATP]) (solid line), yieldingk, = 53 st andKap,
= 211uM. Apparent rate constants from the reverse reaction (
are fit to klp, = k-o[P] + k. (dashed line), yielding—, = 1.5 x
10° M~1slandk, = 47 s'1. Parameters and conditions are given
in the Appendix.

whereKapp is defined by

K gk K Kk - kok — Kok
app— ky (2K, + ks)

(18)

In the case wher&; > k,, eq 17 simplifies to eq 5, with
Kapp = (K17 + ky)/Ki™" and an asymptote equal k. In
this case, which is most applicable to DnaK, a three-step
reaction is kinetically indistinguishable from a two-step
reaction in whichk, equals 5 s

For the reverse reaction, the plotkff versus [peptide]
is also hyperbolic (Figure 8A). The rate data obey the
following relation, which was derived using the steady-state
approximation

0 _ k_o[P]
kops = K> + otk
e [P]

(19)

The asymptote of the plot ([P} «) isk, + k_, (= 10 s%).

One reason that we favor two-step reaction 1 as the

mechanism for DnaK is that, for three different peptides,

we have never obtained a hyperbolic plot lgf versus
[peptide]. Of course, possibly we have not gone to large

enough concentrations of peptide; thus, the linear region of
the hyperbolic plot was sampled. Because the Cro (MQER-

Slepenkov and Witt

ITLKDYAM) peptide is more soluble than either the NR or
p5 peptides, we have extended our original experimédrs (
of the reverse reaction out to 1.2 mM Cro, and the plot of
ops Versus [Cro] is still linear.
For comparison, reaction 20 was simulated in the forward
and reverse directions:

270 000 Mr1s-1
75s1

ATP-E-P

ATP +E-P

50s1

1.5 million M~1s71

ATP-E* + P (20)

The forward reaction was simulated with initial concentra-
tions of [EP] = 1 uM and [ATP-E-P] = [ATP-E*] = [P]
= 0; no peptide rebinding was possible-{ = 0), and the
peptide fluorescence factors wetée-P) = F(ATP-E-P) =
1 andF(P) = 0.5. The reverse reaction was simulated with
initial concentrations of [ATFE*] = 1 uM, [E-P] = [ATP-
E-P]= 0, and [ATP]= 1 mM, and the protein fluorescence
factors werd=(E-P) = F(ATP-E-P) = 1 andF(ATP-E*) =
0.85. Simulated traces in each direction follow single-
exponential kinetics (data not shown). Plotskefs versus
ligand concentration (ATP or peptide) are shown in Figure
8B.

The data from this and a previous studgl) are
inconsistent with a three-step reaction in whigh> k,, for
the following reason. Consider the results for the reaction
of the p5 peptide with wtDnaK. From the analysis of the
forward reaction, the asymptote of the plot k@ﬂs versus
[ATP] yieldsk, = 0.45 s* (Figure 2C). To have reversibility,
three-step reaction 15 must hake~ k_,. Thus, for the
reverse reaction, the plot & versus [P] must have an
asymptote € k; + k_,) equal to 1 s%. However, the plot of
Kops vVersus [p5] in Figure 3C is linear, witkfy, = 15 st at
100uM p5. If that plot ever reaches an asymptote, the value
of the asymptote will be greater than 30',swhich means
thatk_, = 30 s*. With values ofk, = 0.5 andk_, = 30 5%,
ATP binding to DnaK would not trigger a perceptible
conformational change in DnakK.
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