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ABSTRACT: T o  probe the mechanism of chaperone substrate selection, we have investigated the kinetics 
of complex formation and dissociation between the molecular chaperone DnaK and a short peptide (Cro, 
representing amino acids 1-12 of the cro repressor protein). The Cro peptide was N-terminally labeled 
with the environmentally sensitive fluorophore dansyl chloride (Cro*), and steady-state and stopped-flow 
fluorescence spectroscopies and fluorescence-detected high-performance size exclusion chromatography 
(HPSEC) were used to monitor complex formation and dissociation over a range of temperatures in the 
absence of ATP. The results are summarized as follows: (i) Cro* binds to DnaK with a second-order 
rate constant, Icon, which varies from 8 to 200 M-' s-I between 15 and 37 "C. The slow on-rate is a 
consequence of a large activation energy barrier. The activation enthalpy (AH*) and the prefactor [w 
exp(AS*/R)] are 26 kcal mol-' and 7 x 1020 M-' s-I, respectively. (ii) Once formed, DnaK-Cro* 
complexes are long-lived, especially at low temperatures ( T  < 15 "C). The off-rate is unusually 
temperature-sensitive, for example, there is a 478-fold increase in koff from 2.3 x to 1.1 x lop3 s - I  

over a range of only 30 "C (5-35 "C). The steep temperature-dependence of the off-rate is a consequence 
of a very large activation energy barrier to DnaK-Cro* complex dissociation [AH" = 34.6 kcal mol-' 
and cu exp(AS*/R) = 2 x 1021 s-']. The relatively low affinity of the Cro* peptide for DnaK is due to 
a large kinetic barrier to binding. We discuss possible causes for these large kinetic barriers. 

The 70-kDa class of molecular chaperones utilizes free 
energy from ATP' binding and hydrolysis to mediate 
"housekeeping" activities that are common to all cells, such 
as protein folding and transport and protein assembly and 
disassembly [for reviews see Gething and Sambrook (1992), 
Georgopoulos and Welch (1993), Hendrick and Hart1 (1993), 
Becker and Craig (1 994)]. The common element among 
these diverse activities is the transient and selective binding 
of the chaperone to accessible sites on substrate proteins. 
While nearly all organisms express highly homologous 
constitutive and stress-inducible chaperones, and despite their 
importance for maintaining a cell's metabolic machinery, 
little is known about the kinetics and mechanism of substrate 
binding by the 70-kDa class of molecular chaperones. 

A 70-kDa chaperone consists of two functional domains: 
the N-terminal (44-kDa) domain contains the nucleotide 
binding site, and the C-terminal (23-kDa) domain contains 
the substrate binding site. The three-dimensional structure 
of the N-terminal domain is similar to the nucleotide binding 
site of hexokinase (Flaherty et al., 1990). The three- 
dimensional structure of the C-terminal domain is not known, 
however. On the basis of similarities in the sequences of 
class I MHC molecules and members of the 70-kDa family 
of chaperones, the structure of the peptide binding site of 
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class I MHC proteins has been used to model the structure 
of the C-terminal domain of molecular chaperones (Ripp- 
mann et al., 1991). We note that preliminary NMR evidence 
from a study (Zuiderweg et al., 1995) on a genetically 
engineered truncated version of the peptide binding site from 
a 70-kDa chaperone (heat shock cognate protein) indicates 
that the site contains a preponderance of /3-sheet. The two 
functional domains are conformationally coupled, that is, the 
binding of Mg-ATP and potassium ions to the N-terminal 
domain triggers the release of bound substrates (Palleros et 
al., 1993a). Conversely, substrate binding triggers the 
hydrolysis of adenosine triphosphate (Flynn et al., 1989). 

Peptides have been used to probe various aspects of 
chaperone chemistry. For example, combinatorial peptide 
libraries have been used to probe the substrate specificity of 
the chaperones BiP and DnaK (Flynn et al., 1991; Blond- 
Elguindi et al., 1993; Gragerov et al., 1994). DnaK, the 
chaperone used in this study, is expressed by Escherichia 
coli and selects for peptides that contain a hydrophobic core 
that is flanked near the N- and C-termini by positively 
charged residues (Gragerov et al., 1994); negatively charged 
residues within the peptide appear to reduce or even eliminate 
binding. Schmid and co-workers (1 994) recently investigated 
the pre-steady-state kinetics of the binding reaction of the 
21-mer targeting signal prepiece of the precursor of mito- 
chondrial aspartate aminotransferase (pp- 1) to DnaK (Table 
1). The pp- 1 peptide, which contains two hydrophobic cores 
flanked by positively charged residues, binds and dissociates 
relatively rapidly at 25 "C in the absence of adenosine 
triphosphate (ken = 9400 M-I s-' and k,ff = 4 x s-'). 
ATP significantly lowers the affinity of pp-1 for DnaK by 
differentially increasing the on- and off-rates (ken = 3.5 x 
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ethanol (2-ME) at pH = 8.0. The ATP column was eluted 
with 6 mM ATPMgC12. Fractions were pooled, and then 
DnaK was preciptated with ammonium sulfate (70% satura- 
tion). The resuspended pellets were then dialyzed overnight 
against 3 L of the MONO Q buffer (25 mM T R I M 0  mM 
KC1/1 mM EDTA/5 mM 2-ME at pH = 7.8). DnaK was 
eluted from the MONO Q column (Pharmacia, HR 5/5) with 
a 50-500 mM KC1 gradient at room temperature, as 
described by Walker and McCarty (1991). Fractions were 
assayed by SDS-PA gel electrophoresis to determine which 
fractions contained DnaK. Fractions containing DnaK were 
pooled and dialyzed for 48-72 h against 8-12 L.of the 
sample buffer (25 mM HEPES/SO mM KCU5 mM MgC12/5 
mM 2-ME at pH = 7.0). DnaK, purified as described above, 
appears as a single band on a Coomassie Blue-stained SDS- 
PA gel; densitometric scans of such gels give an estimate of 
DnaK purity at >98%. Protein concentrations were deter- 
mined by the Bio-Rad protein assay. 

DnaK used in ATPase assays was put through an ad- 
ditional purification step. To remove small amounts of 
contaminating ATPases, DnaK was passed over a size 
exclusion column (see below) (Palleros et al., 1993b). The 
fraction containing DnaK was collected and then concen- 
trated using a Centricon-30 microconcentrator (Amicon). 

Peptides and Fluorophores. Peptides, synthesized using 
9-fluorenylmethyloxycarbonyl (FMOC) chemistry, were 
purchased from the University of Kentucky's Core Facility. 
Dansyl chloride was purchased from Molecular Probes. The 
sequences of the peptides that were used in this study are 
shown in Table 1. The Cro peptide represents amino acids 
1-12 of the cro repressor protein, which is expressed by 
bacteriophage 2 (Hsiang et al., 1977). As discussed below, 
two control peptides were used in this study: VSV13 
represents amino acids 490-502 of the New Jersey strain 
of vesicular stomatitis virus glycoprotein (Gallione & Rose, 
1983), and VSV5 represents amino acids 498-502 of the 
New Jersey strain of vesicular stomatitis virus glycoprotein. 
The dansylation of the Cro peptide was accomplished using 
peptide-bound resin so that all reactive groups, except the 
N-terminal amine, were blocked with protecting groups. 
The labeling reaction consisted of approximately 0.1 g of 
peptide-bound resin suspended in 5 mL of dimethyl forma- 
mide containing a 3-fold molar excess (over peptide) of 
diisopropyl ethanol amine and a 2-fold molar excess of 
dansyl chloride. The reaction was stopped after 1.5 h of 
shaking, and the resin was washed and dried. Peptides were 
cleaved and deprotected with an Nl-purged cocktail of 85% 
TFA, 5% anisole, 5% thioanisole, and 5% 1,2-ethanedithiol. 
Peptides were purified via high-performance liquid chroma- 
tography (HPLC) using a reverse phase C4 column (Vydac, 
#214TP1010). Electrospray ion mass spectroscopy was used 
to verify peptide identity (Louisiana State University, New 
Orleans, Core Facility). Concentrations of dansylated peptide 
solutions were determined by measuring the absorbance of 
the dansyl group ( € 3 3 5  = 4600 M-I cm-l; Haugland, 1992). 
Concentrations of unlabeled Cro peptide solutions were 
determined by measuring the absorbance of tyrosine (€275 = 
1450 M-I cm-l; Brandts & Kaplan, 1973). Concentrations 
of unlabeled VSV13 solutions were determined via quantita- 
tive amino acid analysis (University of Kentucky Core 
Facility). The dansyl label is denoted as an asterisk (*). 

ATPase Assay. ATPase assays were carried out as 
outlined by Haber and Walker (1991). The assay mixture 

Table 1: Sequences of Peptides Used andor Discussed in this 
Studv 

~~ ~ ~ 

peptide sequence ref 
-+ +- 

MQEIUTLKDYAM (Cro) Sherman & Goldberg, 1991; 

+ + +  
KLIGVLSSLFRPK (vsv13) Flynn et at., 1989; 

Landry et al., 1992 

Gragerov et al., 1994 

+ +  
LFRPK (VSVS) 

+ ++ + 
CALLQSRLLLSAPWTARA (pp- 1)  Schmid et al., 1994 

lo5 M-I s-I and k,ff = 1.5 s-'). In general, ATP binding 
and hydrolysis modulates chaperone activity (Palleros et al., 
1993; Schmid et al., 1994). In E. coli, the cochaperones 
GrpE and DnaJ also function to modulate the activity of 
DnaK (Wall et al., 1995). 

Since the activity cycle of a molecular chaperone occurs 
on a relatively short time scale (seconds to minutes), 
chaperone substrate selection is most likely a predominantly 
kinetic rather than an equilibrium phenomenon (see Ap- 
pendix). We are interested in how the composition of a 
peptide affects the kinetics of chaperone-peptide complex 
formation and dissociation. The Cro peptide, with known 
reactivity for DnaK (Sherman & Goldberg, 1991; Gragerov 
et al., 1994), was chosen for this detailed kinetic study 
because it possesses a relatively polar sequence (Table 1) in 
contrast to the paradigmatic hydrophobic peptide, which 
DnaK selects from combinatorial peptide libraries, as stated 
above. Here we show that there are unusually large kinetic 
barriers to DnaK-Cro* complex formation and dissociation 
in the absence of adenosine triphosphate. The relatively low- 
affinity binding of Cro to DnaK is a consequence of a large 
kinetic barrier to binding (Kd = k,ff/k,, = 1.3 x s-'/18 
M-I s-I = 7 pM). We suggest that two negatively charged 
residues within the Cro peptide retard the rate of binding. 

MATERIALS AND METHODS 

Cell Culture. DnaK was harvested from the E. coli strain 
RLM893 (Zylicz & Georgopoulos, 1984). Cells were 
incubated in standard Luria broth (LB) media supplemented 
with 0.4% glucose and 25 pg of chloramphenicoUmL. Cells 
were first cultured at 30 "C to mid-log phase, diluted into 
fresh LB media, incubated an additional hour at 30 "C, and 
then shifted to 37 "C and incubated until late-log phase (4-6 
h) . 

DnaK Purification. DnaK purification followed the 
procedures of Cegielska and Georgopoulos (1989) with 
minor modifications. Unless stated otherwise, all reagents 
were of the highest purity and were purchased from Sigma. 
The purification steps preceding the MONO Q column took 
place at 0 "C. Briefly, approximately 30 g of cells, 
suspended in 10% sucrose/50 mM Tris at pH 8.0, were 
sonicated on ice for five 1-min treatments, and then the cell 
suspension was incubated for 30 min with lysozyme ( 2  mg/ 
mL). After centrifugation to pellet cellular debris, proteins 
in the supernatant were precipitated with ammonium sulfate 
(65% saturation). Following additional centrifugation, the 
resuspended pellets were passed over an ATP-agarose 
column (Sigma A2767) equilibrated in 25 mM HEPES/10 
mM KC1/3 mM MgCld1 mM EDTA/5 mM 2-mercapto- 
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was composed of the following reagents: 25 p L  of the 
reaction buffer (60 mM TRIS11.5 mM CaC1211.5 mM 
MgC1213 mM dithiothreitol10.3 mM EDTA at pH = 7.6); 
30 p L  of 3 p M  DnaK in the sample buffer (25 mM HEPES1 
50 mM KCV5 mM MgClJ5 mM 2-ME at pH = 7.0); 4.5 
pL of concentrated peptide in the sample buffer; 13.4 p L  
(13.4pCi) of [2,8-3H]ATP (36 Ci/mmol) in 1:l ethanokwater 
(NEN, 1 Ci = 3.7 x 1O'O Bq); and 2.25 pL of 500 mM 
ATP in water. The ATPase reactions were carried out at 
37 "C. Aliquots (6 pL) were periodically removed and 
mixed with a stop solution (2 pL) (50 mM EDTA/4 mM 
ATP14 mM ADP). Aliquots of the stopped reactions were 
spotted on PEI-cellulose plates (Baker) and developed as 
described (Haber & Walker, 1991). The spots on the PEI- 
cellulose plates corresponding to ATP and ADP were 
identified with a UV-lamp and scraped into scintillation vials, 
and then the radioactivity was counted. Liquid scintillant 
was purchased from DuPont. At 37 "C DnaK hydrolyzes 
ATP at a rate of 0.082 f 0.005 min-'. This turnover number 
(kcat) agrees with a previously reported value for highly pure 
DnaK (Palleros et al., 1993b). 

Sample Preparation. Preformed DnaK-Cro* complexes 
were prepared as follows. DnaK (4.0 pM) was incubated 
with Cro* (10 pM) for 60-90 min at 37 "C. DnaK-Cro* 
complexes were then separated from the excess free Cro* 
via passage over the HPSEC column, and the fraction 
containing DnaK-Cro" complexes was collected and stored 
at 0 "C until ready for use. At time zero, excess unlabeled 
Cro (20 pM) was added to inhibit rebinding (Cro* f DnaK - DnaK-Cro*). Samples for the peptide inhibition experi- 
ments had a fixed concentration of Cro* with varying 
concentrations of unlabeled peptides. Samples were incu- 
bated in a heaterkooler bath (Fisher Scientific, model 9101), 
which maintained the temperature to 50 .1  "C. 

Analytical Ultracentrifugation. A Beckman XL-A ultra- 
centrifuge in the Department of Chemistry, Louisiana State 
University, Baton Rouge, LA, was used in the sedimentation 
equilibrium experiments on the unlabeled and labeled Cro 
peptides. The samples (in 25 mM HEPES and 50 mM KCl 
at pH = 7.0) were spun for approximately 18 h at 40 000 
rpm at 25 "C. The detection wavelengths were 275 and 335 
nm. The sedimentation equilibrium data were analyzed using 
eq 1 (McRorie & Voelker, 1993), where c(r)  is the con- 

c ( r )  = cro exp{[02M(1 - vp>(r2 - r o 2 ) 1 / 2 ~ n  (1) 

centration at radius r, c,, is the concentration of the monomer 
at the reference radius ro, w is the angular velocity, R is the 
gas constant, T is the temperature in Kelvin, M is the 
molecular weight, v is the partial specific volume of the 
solute (peptide), and p is the density of the solvent. The 
partial specific volume of the Cro* peptide (vcro* = 0.72 
mL g-l) was calculated using standard values for the partial 
specific volumes of amino acid residues (Zamyathin, 1984). 
The solvent density ( p  = 0.998 g mL-I) was determined 
experimentally. 

High-Peij-ormance Size Exclusion Chromatography. A 
Bio-Rad size exclusion column (Bio-Si1 SEC-250, 300 x 
7.8 mm) with a precolumn (100 x 7.8 mm) was connected 
to a Gilson two-pump HPLC system. The column run- 
through passed through a UV-vis detector (Gilson, model 
218) and a fluorescence detector (Gilson, model 121) in 
series. The UV-vis detector was set at 280 nm. The 
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fluorescence detector was equipped with a 310-410 nm 
excitation filter and a 510-650 nm emission filter. The 
column experiments were conducted with a mobile phase 
of 25 mM KH*P04-K2HP04/50 mM KC115 mM 2-ME (pH 
= 7.0) at room temperature with a flow rate of 0.75 mL1 
min. Bovine serum albumin (BSA) and carbonic anhydrase 
(CA) were used as molecular weight standards. The elution 
volumes of DnaK, BSA, CA, and Cro* were 12.5, 13.1, 16.2, 
and 26.5 mL, respectively. 

Fluorescence Instrumentation. A SLM SPF-500 C spec- 
trofluorometer was used for the steady-state fluorescence 
experiments. The sample holder was thermostated to the 
desired temperature via an external water bath. Temperature 
was maintained to f0 .5  "C. The excitation wavelength was 
335 nm, which is the wavelength of maximal absorption by 
the dansyl group. Excitation and emission slits were set at 
5 nm. 

An Applied Photophysics stopped-flow spectrometer (DX- 
17MV) with fluorescence detection was used for experiments 
conducted at 37 "C. An Oriel 470 nm long-pass filter was 
used to remove stray excitation radiation (lex = 335 nm). 

Analysis of the Complex Formation Kinetic Curves. The 
kinetics of DnaK-Cro* complex formation and dissociation 
are consistent with reversible reaction 2 in which Cro* and 

km 
Cro" 4- DnaK - DnaK-Cro* 

koff 
(2) 

DnaK-Cro* denote the free fluorescent peptide and bound 
fluorescent peptide with enhanced emission, respectively. For 
complex, formation reactions carried out with [DnaK] > 
[Cro"], the experimental formation traces followed single- 
exponential kinetics according to eq 3 

(3) 

where Feq is the fluorescence intensity of the stable asymptote 
at long times, and kobs is the observed first-order rate constant. 
The formation curves were fitted to eq 3 to obtain values 
for kobs. The observed rate constant is related to the second- 
order rate constant for peptide binding (ken) and the first- 
order rate constant for peptide dissociation (k,ff) by eq 4. 

(4) 

The numerical values for k,, and k,ff reported here were 
obtained from the slope and y-intercept of the least squares 
fit of the observed rate constants to eq 4. The uncertainties 
in the rate constants were determined according to Bevington 
(1969). 

RESULTS 

Since a dansylated Cro peptide (Cro*) was used throughout 
this kinetic study, several experiments were conducted to 
ascertain whether specific N-terminal dansylation altered the 
physical and/or the biological properties of the Cro peptide. 
As part of the characterization of the unlabeled and labeled 
Cro peptides, two control peptides (Table 1) were used. The 
VSV13 peptide, which is known to bind to DnaK (Landry 
et al., 1992) and to the chaperone BiP (Flynn et al., 1989), 
was used as a positive control. The VSV5 peptide, which 
exhibits only negligible binding to DnaK, was used as a 
negative control. 
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FIGURE 1 : Sedimentation equilibrium analysis of the dansylated 
Cro peptide. A plot of the absorbance at 335 nm versus the radial 
distance. The solid line is the theoretical sedimentation curve for a 
Cro* monomer; the open triangles represent the data points. The 
theoretical curve was calculated from the eq 1 with the following 
parameters: cro = 60 pM; p = 0.998 g mL-'; vcro* = 0.72 mL 
ggl; M = 1732 g mol-'; w = 40 000 rpm; T = 298 K; and R = 
8.314 x lo7 erg mol-' K-'. 
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FIGURE 2: The rate of DnaK-catalyzed ATP hydrolysis versus 
peptide concentration. Closed circles represent the unlabeled Cro 
peptide; open circles represent the dansylated Cro peptide; and 
closed triangles represent the unlabeled VSVS peptide. The dotted 
lines are to help guide the eye (temperature = 37 "C). 

Analytic Ultracentrifugation. To avoid artifacts due to 
peptide aggregation, the solution molecular weights of the 
unlabeled and labeled Cro peptides were determined using 
analytic ultracentrifugation. The results obtained from a 
sedimentation equilibrium experiment on the Cro* peptide 
(60 pM) at 25 "C are shown in Figure 1. The absorbance 
of the Cro* peptide at 335 nm as a function of the radial 
distance from the center of the rotor is consistent with the 
theoretical molecular weight of monomeric Cro* (M = 1732 
g mol-'). The unlabeled Cro peptide also sediments as a 
monomer at 25 "C, even at an initial concentration of 200 
pM (data not shown). Since the Cro* peptide is monomeric 
at relatively high concentrations, the peptide is certainly 
monomeric at the low concentrations (-0.5 pM) used in the 
kinetic experiments in this study. 

ATPase Assay. We assessed whether N-terminal dansy- 
lation of the Cro peptide alters its ability to stimulate the 
ATPase activity of DnaK. Over a wide range of peptide 
concentrations (1 -450 pM) (Figure 2), unlabeled and labeled 
Cro stimulate the ATPase activity of DnaK to nearly the 
same magnitude. Maximal stimulation occurs for both 
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FIGURE 3: Effect of DnaK on the fluorescence spectrum of the 
dansylated Cro peptide. Closed and open squares trace the 
fluorescence spectra of the dansylated Cro peptide in the presence 
and absence of DnaK, respectively. Conditions: [Cro*] = 0.34 pM; 
[DnaK] = 6.0 pM; temperature = 25 "C; Lex = 335 nm. 

peptides at -400-500 p M ,  with YATP = 0.4 min-I. The 
KM for unlabeled Cro is approximately 30 p M  at 37 "C, 
confirming the results of Gragerm et al. (1994); we found 
the KM for labeled Cro to be nearly identical. 

To demonstrate that the observed increase in ATPase 
activity of DnaK is a consequence of specific peptide 
binding, the stimulatory ability of a 5-mer peptide (VSV5) 
was assessed. As expected, unlabeled VSVS causes only a 
negligible stimulation of the ATPase activity of DnaK over 
a wide concentration range. On the basis of the combined 
results from the analytic ultracentrifugation experiments and 
the ATPase assays, we conclude that the dansylated Cro 
peptide is monomeric, and N-terminal dansylation does not 
alter the stimulatory ability of the peptide. 

Effect of DnaK on the Fluorescence Spectrum of Cro*. 
The fluorescence spectra of the Cro* peptide (0.34 pM) in 
the absence and presence of added DnaK (6.3 pM) at 25 "C 
are shown in Figure 3. In the absence of added DnaK, the 
fluorescence spectrum of the Cro* peptide is a broad band 
centered at A,,, = 565 nm. Two spectral changes occurred 
following the incubation of the Cro* peptide with excess 
DnaK for 1 h. There was a 47% increase in the total 
fluorescence and a 10 nm blue-shift of the fluorescence 
maximum from 565 to 555 nm. To ensure that the observed 
fluorescence enhancement was not due to nonspecific binding 
of the dansyl moiety to DnaK, in separate experiments excess 
DnaK was incubated with the dansylated VSVS peptide. Only 
a slight increase in dansyl fluorescence occurred in this 
negative control (data not shown). Thus the observed 
increase in dansyl fluorescence and the spectral blue-shift, 
which occur upon addition of DnaK to the dansylated Cro 
peptide, are consistent with reversible complex formation 
according to reaction 2. 

Isolation of DnaK-Cro * Complexes via HPSEC. DnaK- 
Cro* complex formation was verified using fluorescence- 
and absorbance-detected HPSEC. In this column assay, 
DnaK-Cro* complexes are separated from free Cro* pep- 
tide. DnaK (4 pM) and Cro* (10 pM) were incubated for 
60 min at 37 "C to form complexes. Upon injection of an 
aliquot onto the HPSEC column, two main bands (V, = 12.5 
and 26.5 mL) are observed in the fluorescence-detected 
chromatogram (Figure 4). Separate injections of DnaK 
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FIGURE 4: Isolation of long-lived DnaK-Cro* complexes by size 
exclusion chromatography. Top panel: DnaK (4.0 p M )  was 
incubated with Cro* (10 p M )  for 60 min at 37 "C and then injected 
on the HPSEC column (absorbance, solid line; fluorescence, dotted 
line). Bottom panel: The fraction at 12.5 mL, which is due to 
DnaK-Cro* complexes, was collected and reinjected (fluor- 
escence, dotted line). 

(absorbance detection) and Cro* (fluorescence detection) 
enabled us to assign these two bands to the DnaK-Cro* 
complex and free Cro* (data not shown), respectively. We 
note that DnaK elutes as a monomer even at fairly high 
concentrations (6 pM), which is consistent with the results 
from several other labs (Schmid et al., 1986; Palleros et al., 
1991). The band at 21 mL in the absorbance-detected 
chromatogram has variable intensity and is not due to protein. 
The fraction at 12.5 mL was collected, stored on ice, and 
then reinjected 1 h later. Upon reinjection, a band is 
observed in the fluorescence-detected chromatogram at the 
same position (Figure 4). The above results reveal that 
DnaK-Cro* complexes are surprisingly long-lived. 

Specificity controls were conducted using the fluorescence- 
detected HPSEC column assay to determine whether unla- 
beled peptides inhibit Cro* binding to DnaK. A 50% 
inhibition is attained when [Cro]/[Cro*] = 3, instead of at 
the expected ratio of 1:l (Figure 5). This result indicates 
that Cro* binds to DnaK with a slightly higher affinity than 
unlabeled Cro. As expected, DnaK-Cro* complex forma- 
tion is completely inhibited at a large ratio of unlabeled to 
labeled Cro*. The unlabeled VSV13 peptide also inhibits 
Cro* binding to DnaK (Figure 5). On the basis of these 
results we conclude that (i) DnaK-Cro* complex formation 
is specific; (ii) the Cro peptide and the VSV13 peptide have 
similar affinities for DnaK; and (iii) the Cro peptide and the 
VSV13 peptide bind at the same site on DnaK. 

Formation Kinetics. The kinetics of reversible DnaK- 
Cro* complex formation (reaction 2), in the absence of ATP, 
were investigated over a limited temperature range (15-37 
"C). Complex formation was followed by monitoring the 
increase in dansyl fluorescence upon Cro* binding to DnaK 
(Figure 3). Complex formation proceeds so slowly between 
15 and 25 "C that the reactions were conveniently monitored 
using a steady-state fluorescence instrument. At 37 "C, 
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FIGURE 6: Kinetics of DnaK-Cro* complex formation at 25 "C. 
Complex formation was followed using steady-state spectroscopy. 
[Cro*] = 0.35 p M .  Closed diamonds, [DnaK] = 0.7 p M ;  closed 
circles, [DnaK] = 1.8 p M ,  and closed squares, [DnaK] = 4.3 p M .  
,lex = 335 nm and ,le,,, = 560 nm. Data sets were fitted to a single- 
exponential function (solid lines). 

complex formation was monitored using a stopped-flow 
fluorescence instrument set on a long time-base (17 min). 

DnaK-Cro* complex formation traces, which were ob- 
tained at 25 "C, are shown in Figure 6. For each kinetic 
experiment, the Cro* concentration was fixed at 0.35 pM 
while the DnaK concentration was varied from 0.7 to 6.3 
pM. As the DnaK concentration is increased, there is a 
parallel increase in the rates of complex formation and the 
values of the stable asymptotes at long times, as expected. 
Each formation trace was fitted to a single-exponential 
function to obtain a value for kobs. The plot of kohs versus 
[DnaK] is linear with a slope and y-intercept equal to 18 
M-' s-l and 1.3 x s-l (Figure 7), respectively. 
[DnaK-Cro* complex formation at 25 "C was also followed 
using fluorescence-detected HPSEC in experiments where 
peptide was varied (1.5 - 10 pM) while the concentration of 
DnaK was fixed (0.15 pM) (data not shown). The k,, and 
koff values, obtained from a plot of kobs versus [Cro*], were 
20 M-] s-l and 2.8 x s-l, respectively.] The kinetic 
traces from experiments conducted at 15 and 37 "C were 
analyzed in a similar way (data not shown). The rate 
constants are given in Table 2.  Activation parameters for 
complex formation are calculated below. 
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FIGURE 7: Plot of kobs versus [DnaK]. The kobr values were obtained 
by fitting the 25 "C experimental formation traces (Figure 6) to a 
single-exponential function. The solid line was obtained from a 
least-squares fit of the data to the equation for a straight line. The 
slope and y-intercept of the plot equal 18 M-' s-I and 1.3 x 
s-l, respectively. 

Table 2: On- and Off-Rate Constants as a Function of Temperature 

complex formation complex dissociation 
experiments" experimentsb 

temperature 
("C) k,, (M-' S - I )  k,fr ( s - I )  kaii (s-') 

5 2.3 i 0.2 x 
15 8 f 4 6.0 k 2.0 x 2.0 i 0.1 x 
25 18 f 5 1.3 0.2 x 10-4 1.2 i 0.2 x 10-4 
35 1.1 i o . 2  x 10-3 
3 1  200 i 124 3.4 i 0.3 x 

a On- and off-rate constants were determined from plots of kabi versus 
[DnaK]. The uncertainties in the rate constants were calculated 
according to Bevington (1969). Off-rate constants determined from 
complex dissociation experiments. The uncertainties in the off-rate 
constants represent the standard errors of the mean of either duplicate 
or triplicate determinations. 

Dissociation Kinetics. The kinetics of Cro* dissociation 
from preformed DnaK-Cro* complexes (reverse reaction 
2) were investigated over a range of temperatures using 
fluorescence-detected HPSEC to directly determine off-rate 
constants. Preformed DnaK-Cro* complexes were prepared 
as described. Samples were incubated at the desired tem- 
perature, and aliquots were removed at various times and 
injected on the HPSEC column. The integrated intensity of 
the band at 12.5 mL, which is proportional to the number of 
DnaK-Cro* complexes, was determined for each injection. 
The DnaK-Cro* molecular complex dissociation curves in 
Figure 8 represent the integrated intensity of the band at 12.5 
mL at time t divided by the integrated intensity of the first 
injection [Z(t)/Z(t=O)]. Cro* peptide dissociation from 
preformed DnaK-Cro* complexes follows first-order kinet- 
ics at each temperature we investigated (5-35 "C). The 
effect of temperature on the half-time (t112 = [In 2]/koff) for 
Cro* peptide dissociation is remarkable. There is 478-fold 
decrease in t112 from 84 to 0.18 h when the temperature is 
increased by only 30 "C. Significantly, the koff values 
obtained from the HPSEC experiments are nearly identical 
to k,ff values obtained from the complex formation experi- 
ments (Table 2). 

Arrhenius plots of the on- and off-rate constants in Table 
2 are shown in Figure 9. The activation enthalpy (AH*) 
and the prefactor [w exp(AS*/R)] are obtained from the slope 

1 
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FIGURE 8: Kinetics of Cro* dissociation from preformed DnaK- 
Cro* complexes (5-35 "C). Dissociation kinetics were monitored 
by fluorescence-detected SEC. The approximate concentration of 
DnaK-Cro* complexes was 0.4 pM. Each sample contained 20 
pM unlabeled Cro. Closed squares, 5 "C; closed circles, 15 "C; 
closed diamonds, 25 "C; and closed triangles, 35 "C. Each data set 
was fitted to a single-exponential function (solid lines). 
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FIGURE 9: Arrhenius temperature-dependence of the on- and off- 
rate constants. Plots of In k,, and In koff versus UT. The activation 
enthalpy and prefactor for Cro* peptide binding to DnaK (closed 
squares) are 26 & 8 kcal/mol and 7 x 1020* M-' s-I. The 
activation enthalpy and prefactor for Cro* peptide dissociation from 
DnaK (closed circles) are respectively 34.6 ?C 1.2 kcal/mol and 2 
x lo2'*' s-'. Solid lines represent the least-squares fit of the data 
to the equation In k = In w + AS*/R - AH*/RT. 

and intercept of each plot, respectively. The activation 
parameters for Cro* peptide binding to DnaK (upper plot) 
are AH* = 26 & 8 kcal mol-' and w exp(AS*/R) = 7 x 
1020*6 M-' s-l. The activation parameters for Cro* peptide 
dissociation from DnaK (lower plot) are AH* = 34.6 & 1.2 
kcal mol-] and w exp(AS*/R) = 2 x 1021* s-l. 

DISCUSSION 

In this report, we have determined that there are very large 
activation energy barriers to complex formation and dis- 
sociation between the molecular chaperone DnaK and a 
N-terminally dansylated dodecameric peptide (Cro*). Be- 
cause of the unexpectedly slow rate of Cro* binding to DnaK, 
several control experiments were executed to ensure that the 
kinetic experiments were free of artifacts. To that end we 
have determined that the N-terminally dansylated Cro peptide 
is monomeric (Figure 1); the dansyl label does not signifi- 
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cantly alter the affinity of the Cro peptide for DnaK (Figures 
2 and 5); and Cro* binding to DnaK is specific (Figures 2, 
3, and 5 )  and follows reaction 2. Possible causes for these 
large activation energy barriers are discussed below. 

The Cro* peptide binds to DnaK with slow second-order 
kinetics (ken = 8-200 M-] SKI) (Table 2). The relaxation 
time to reach equilibrium is approximately 80 mins at 25 
"C at micromolar concentrations of protein and peptide 
(Figure 6). This slow binding is a consequence of a large 
activation enthalpy (AH* = 26.0 kcal mol-') (Figure 9). One 
explanation for this large AH* value is that substantial 
electrostatic repulsions between charged residues on the Cro* 
peptide and similarly charged residues in the chaperone 
binding site destabilize the chaperone-peptide transition 
state. This explanation is discussed in more detail below. 
Another explanation for this large AH* value is that the Cro* 
peptide is highly solvated, and bound water must be stripped 
from the peptide prior to binding. The large magnitude of 
the prefactor (7 x 1020 M-' s-l) is also consistent with 
desolvation of the Cro* peptide prior to binding. More 
experiments are required in order to distinguish between these 
two explanations. A peptide (or any other chaperone 
substrate) with such a large kinetic barrier to binding would 
be effectively excluded from binding to a chaperone at short 
times ( t  x 5 min) especially in the presence of other 
substrates with more rapid on-rates (see Appendix). 

DnaK-Cro* complex dissociation kinetics are intriguing 
because of the unusual temperature-dependence of the off- 
rate. Over a range of only 30 "C (5-35 "C), there is a 478- 
fold increase in k , ~  from 2.3 x s-l (Figure 
8, Table 2). Typically, a reaction rate doubles for every 10 
"C increase in temperature (Espenson, 1981), thus only a 
-10-fold increase in off-rate is expected over 30 "C. The 
steep temperature-dependence of the rate of DnaK-Cro* 
dissociation is a consequence of the very large magnitude 
of the activation enthalpy (AH* = 34.6 kcal mol-'), which 
indicates that a significant amount of bond breaking is 
required to reach the transition state. With respect to the 
prefactor (2 x 1021 s-l), if OJ = kBT/h ( k ~  and h are the 
Boltzmann and Planck constants, respectively), then AS* = 
38 cal mol-] K-I. Such a large positive AS* value indicates 
that a large order-to-disorder transition occurs upon dis- 
sociation of the Cro* peptide. The large magnitudes of both 
AH* and AS* are consistent with a substantial number of 
contacts, such as hydrogen bonds andor hydrophobic 
interactions, between the Cro* peptide and the residues 
within the DnaK binding site. It is important to note that, 
using 2-D NMR techniques, Landry and co-workers (1992) 
determined that the VSV13 peptide is bound to DnaK in an 
extended conformation, cemented in place by a network of 
bonds between the main chain atoms of the peptide and the 
residues within the binding site. Although we cannot make 
any statements regarding the structure of the DnaK-bound 
Cro* peptide, since VSV13 inhibits Cro* binding, the two 
peptides probably bind at the same site and are thus subject 
to similar bonding interactions. Elsewhere we will report 
the kinetics of DnaK-VSV13 complex formation and 
dissociation (manuscript in preparation). 

McCarty and Walker (1991) discovered that the rates of 
DnaK-catalyzed autophosphorylation and adenosine tri- 
phosphate hydrolysis exhibit a steep temperature-dependence. 
DnaK's ATPase and autophosphoylation activities increase 
70- and 400-fold, respectively, between 20 and 50 "C at pH 

to 1.1 x 
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6.2. On the basis of their results, they proposed that such 
large responses to only small changes in temperature are 
consistent with DnaK functioning as a temperature sensor: 
a molecular thermometer. Using the data in the Arrhenius 
plot in Figure 6 to extrapolate to 50 "C, we calculate a 250- 
fold increase in the rate of DnaK-Cro* complex dissociation 
between 20 and 50 "C. Although such a steep temperature- 
dependence of the Cro* off-rate is consistent with the idea 
that DnaK is a molecular thermometer, clearly more work 
is required to see whether other DnaK-peptide complexes 
exhibit such a temperature-sensitive off-rate. 

It is useful to compare the Cro* on- and off-kinetic results 
reported here to the recent results of Schmid and co-workers 
(Schmid et al., 1994). In this comparison, we assume the 
Cro* peptide and the pp- 1 * peptide bind at the same site on 
DnaK. Schmid and co-workers have shown that peptide 
binding to DnaK can be quite fast. For example, at 25 "C 
the pp-1 peptide (Table 1) binds to DnaK with k,, and koff 
values equal to 9400 M-' s-l and 4.0 x s-l, respec- 
tively. Under identical conditions, Cro* binds to DnaK with 
k,, and k,ff values equal to 18 M-I s-l and 1.3 x s-l 
(Table 2), respectively. The pp- 1 peptide contains several 
stretches of aliphatic residues interspersed with polar (Q, S) 
and positively charged (R) residues. The Cro peptide 
contains a small hydrophobic core (ITL) flanked on the 
N-terminal side by a polar and two charged residues (QER) 
and on the C-terminal side by two charged residues (KD) 
(Table 1). As stated above, solvation of the Cro peptide is 
another possible explanation for its slow binding to DnaK. 
We surmise that the pp-1 peptide, which contains both polar 
and charged residues, might also be solvated, yet pp-1 rapidly 
binds to DnaK. Solvation of the Cro peptide probably does 
not fully account for the difference in reactivities between 
the Cro and pp-1 peptides with DnaK. The difference in 
reactivities is more plausibly related to charge differences 
between the two peptides (Table 1). The unlabeled Cro 
peptide contains two positively charged residues and two 
negatively charged residues, thus the peptide is charged but 
neutral at pH 7. In contrast, the unlabeled pp-1 peptide, 
which is devoid of negatively charged residues, contains four 
positively charged residues at pH 7. Interestingly, accordihg 
to Gragerov and co-workers (1994), negatively charged 
residues within the center of a short peptide inhibit or even 
eliminate binding to DnaK (Gragerov et al., 1994). We 
propose that this inhibition is a consequence of electrostatic 
repulsion between opposed negative charge(s) on a given 
peptide and negative charge(s) in the chaperone binding site. 
[Since DnaK has a very low isoelectric point (PI = 5.1; 
Zylicz & Georgopoulos, 1984), the protein is negatively 
charged at neutral pH. If the peptide binding site of DnaK 
contains one or more negatively charged residues, such 
charges could participate in the proposed transition-state 
destabilization.] With respect to the work described here, if 
electrostatic repulsions between the two negatively charged 
residues on the Cro* peptide and the putative negatively 
charged residues within the DnaK binding site inhibit DnaK- 
Cro* complex formation, the same electrostatic repulsions 
should promote rapid DnaK-Cro* complex dissociation. 
Yet, paradoxically, the rate of DnaK-Cro* complex dis- 
sociation is 31 times slower than the rate of DnaK-ppl* 
complex dissociation (k"dpp-1 *l/k,~[Cro*] = 4.0 x 
s-'/1.3 x s-l = 31). One possibility is that, following 
the formation of a DnaK-Cro* encounter complex, elec- 
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FIGURE 10: Hypothetical reactions between a molecular chaperone 
and four different peptides. 

trostatic repulsions between the peptide and the chaperone 
are reduced via an intramolecular reaction. Such a reaction 
might involve a conformational change in the peptide or the 
chaperone or both. 

In conclusion, the slow binding of the Cro* peptide to 
DnaK yields long-lived complexes. The low affinity of the 
Cro“ peptide for DnaK is a consequence of a large kinetic 
barrier to binding. We suggest that the large kinetic barrier 
to binding is related to the two negatively charged residues 
within the Cro peptide. Further kinetic experiments employ- 
ing Cro peptide analogs can test this idea. 

APPENDIX 

The four parallel reversible reactions depicted in Figure 
10 represent the simultaneous presentation of several different 
peptides to a molecular chaperone. This is an idealized case 
since in vivo a chaperone may have ADP or ATP bound in 
the nucleotide binding site. We simulated the reactions to 
show that the “kinetic selection” of one peptide over another 
can occur at short times, even when several different peptides 
have the same affinity for the molecular chaperone. The 
reactions in Figure 10 were simulated by numerically 
integrating the rate equations associated with the forward 
and reverse reactions. The hypothetical peptides are referred 
to as PI ,  P2, P3, and Pj. The simulation was conducted with 
the condition that each of the four sets of reversible reactions 
has the same equilibrium dissociation constant (& = 0.33 
pM) but different values for koff and kon, as follows: &(I) 
= koff/kon = 4.7 x 10-3 s-111.4 x 104 M-1 s-I; ~ ~ ( 2 )  = 2.3 
x 10-3 s-1n.o x 103 M - I  s-1; ~ ~ ( 3 )  = 3.3 x 10-4 S - v i . 0  
x lo3 M-’ s-l; and &(4) = l0-j s-’/3.0 x lo2 M-’ s-l. 

The initial concentrations of chaperone and peptides are 2.0 
pM. The simulated curves (Figure l l ) ,  which depict the 
kinetics of the approach to equilibrium for each of the four 
different hypothetical chaperone-peptide complexes (Figure 
lo), are characterized by the following features: (i) simulated 
curve 1 exhibits biphasic kinetics, with a rapid formation 
phase that is followed by a slow decay phase which 
ultimately reaches the equilibrium endpoint ( [c-PI], = 0.5 
pM) (not shown). The decay portion of the curve is due to 
the reduction in the number of c-Pl complexes via competi- 
tion with the other peptides; (ii) simulated formation curves 
(2-4) exhibit monophasic kinetics and gradually reach the 
equilibrium endpoint; (iii) the respective relaxation times for 
reactions 1-4 are 0.17, 0.32, 15.6, and 99 min; and (iv) 
although the four reactions have the same equilibrium 
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FIGURE 11 : Simulated chaperone-peptide complex formation. The 
four parallel reversible reactions in Figure 10 were simulated with 
the following parameters: kofflk,, values are 4.66 x s-’/14 000 
M-’ s-l (1); 2.33 x s-’/ 
1000 M-’ s-l (3); and s-’/300 M-’ s-’ (4); [chaperone],= 
[P,] ,= [p21 o= [p,l o= [P4] o= 2 pM and Kd(1-4) = 3.3 x IO-’ 
M. 

s-’/7000 M-’ s-* (2); 3.3 x 

endpoint, at short times there is a large disparity in the rates 
of formation and in the amounts of the different complexes; 
for example, at t = 1 min the ratio [c-P,]/[c-P4] = 30. This 
differential binding of hypothetical peptide PI over P4 at short 
times is primarily due to the fact that kon(l) (1.4 x lo4 M-l 
s-I) is larger than kOn(4) (3.0 x lo2 M-I s-’). On the basis 
of this simulation, when a molecular chaperone, such as 
DnaK, acts in vivo, the preferential binding of one substrate 
over another at short times is a consequence of disparate k,, 
values. The cofactor ATP and cochaperones GrpE and DnaJ 
probably function to modulate the activation energy barriers 
to chaperone-substrate complex formation (and dissocia- 
tion). 
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