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Abstract

The folding reactions of several proteins are well described as diffusional barrier crossing processes, which suggests
that they should be analyzed by Kramers’ rate theory rather than by transition state theory. For the cold shock protein
Bc-Csp from Bacillus caldolyticus, we measured stability and folding kinetics, as well as solvent viscosity as a
function of temperature and denaturant concentration. Our analysis indicates that diffusional folding reactions can be
treated by transition state theory, provided that the temperature and denaturant dependence of the solvent viscosity is
properly accounted for, either at the level of the measured rate constants or of the calculated activation parameters.
After viscosity correction the activation barriers for folding become less enthalpic and more entropic. The transition
from an enthalpic to an entropic folding barrier with increasing temperature is, however, apparent in the data before
and after this correction. It is a consequence of the negative activation heat capacity of refolding, which is independent
of solvent viscosity.Bc-Csp and its mesophilic homologBs-CspB fromBacillus subtilis differ strongly in stability
but show identical enthalpic and entropic barriers to refolding. The increased stability ofBc-Csp originates from
additional enthalpic interactions that are established after passage through the activated state. As a consequence, the
activation enthalpy of unfolding is increased relative toBs-CspB.� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Protein folding can be an extremely rapid proc-
ess, and many small single-domain proteins reach
their native states within a few milliseconds or
even less. This is all the more remarkable, because
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921-553661.

E-mail address: fx.schmid@uni-bayreuth.de(F.X. Schmid).

these proteins typically fold in all-or-none U|N
two-state reactions without populating partially
folded intermediates. The small two-state folders
thus provide the unique opportunity to study fold-
ing reactions at an elementary level and, in partic-
ular, to characterize the properties of the activated
states, which determine the rates of folding.
Regions that are already native-like in the activated
states of folding were identified by mutational
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Fig. 1. Ribbon drawing of the tertiary structure ofBc-Csp. Five
antiparallelb-strands(numbered) form ab-barrel. The N- and
C-termini are marked. ThisMOLSCRIPT-figure w44x is based on
the coordinates of Mueller et al.w27x.

analysesw1–8x. The thermodynamic and physical
properties of activated states such as enthalpy,
entropy, solvent exposure and interactions with co-
solvents, were characterized by varying tempera-
ture and solvent composition in the folding
experimentsw9–11x.
The kinetics of protein folding have traditionally

been analyzed by using transition state theory
(TST), but the dependence on viscosity of several
protein folding reactionsw12–18x suggests that
they are described more adequately as diffusional
barrier crossing processes, as in Kramers’ rate
theory w11,19,20x. Both kinetic theories have
strengths and weaknesses. TST allows the ther-
modynamic activation parametersDG , DH and‡ ‡

DS to be determined from the measured kinetics‡

and their temperature dependence, but the absolute
numbers calculated forDG andDS are unrelia-‡ ‡

ble, because the pre-exponential factor in the
Eyring equation is not known for protein folding
reactionsw11x. Nevertheless, changes in the ther-
modynamic activation parameters, e.g. as a func-
tion of temperature or upon mutation, can be useful
and interpretable. Kramers’ theory provides a
physically more appealing picture of the folding
process because it describes a reaction as the
diffusional motion across an energy barrier. In fact,
Kramers’ theory is being used by theoreticians to
model the protein folding processw21,22x.
The rate of a diffusional reaction and its tem-

perature dependence are determined not only by
the height of the energy barrier, but also by the
decrease in solvent viscosity with temperature.
Similarly, the dependence of the measured folding
rates(l) on denaturant concentrations(in the so-
called Chevron plots) reports not only on the
differential interactions of the native, unfolded and
activated states of folding with the denaturant
molecules, but is also influenced by the depend-
ence of solvent viscosity on denaturant
concentration.
We have been using the cold shock proteinBs-

CspB fromBacillus subtilis to investigate elemen-
tary protein folding. Bs-CspB is a small
single-domain protein of 67 residues with a five-
stranded antiparallelb-sheet structurew23x. It folds
and unfolds via a native-like activated state in a
very fast viscosity-dependent U|N two-state

reaction without intermediatesw15,16,24,25x. Bc-
Csp(Fig. 1) from the thermophilic organismBacil-
lus caldolyticus, is a closely related, but
thermostable homolog. It differs fromBs-CspB in
amino acid sequence at 12 surface positions, but
only two of them are responsible for the enhanced
thermostability of Bc-Csp w26x. The backbone
structures of the two proteins are virtually identical
w27x.
Although the two cold shock proteins differ

two-fold in stability (at 25 8C), they refold at
almost identical ratesw28x. The additional stability
of Bc-Csp relative toBs-CspB originates predom-
inantly from the 15-fold decrease in the rate of
unfolding.
Here, we investigated equilibrium stability and

folding kinetics ofBc-Csp as a function of both
temperature and denaturant concentration, to deter-
mine how the stability curve of the thermophilic
protein is changed and how the changes in equilib-
rium stability correlate with changes in the acti-
vation parameters.
Kramers’ theory describes the folding kinetics

of the cold shock proteins very well, and the rate
constants for both unfolding and refolding decrease
with solvent viscosity(h) w15,16x. At the same
time, these folding reactions are also well
described by the Eyring formalism and, in fact,
before the viscosity dependence was known, the
folding kinetics of Bs-CspB have been analyzed
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by applying TSTw24,25x. Solvent viscosity chang-
es with both temperature and denaturant concen-
tration. Therefore, we measured the folding
kinetics as well as the solvent viscosities in a
broad range of denaturant concentrations and tem-
peratures. After correction of the kinetic data for
the viscosity effect, the activation barriers of fold-
ing become less enthalpic and more entropic, but
the general transition from an enthalpic barrier at
low temperature to an entropic barrier at high
temperature is still apparent in the data. The
activated states forBs-CspB andBc-Csp are sur-
prisingly similar in their thermodynamic
properties.

2. Experimental

2.1. Materials

GdmCl and urea(ultrapure) were from ICN
(Cleveland, OH, USA). All other chemicals were
from Merck (Darmstadt, Germany). Bc-Csp and
Bs-CspB were overexpressed inE. coli using the
bacteriophage T7 RNA polymerase promoter sys-
tem w29x and purified as described previously
w24,27,28x.

2.2. Heat-induced equilibrium unfolding
transitions

Thermal unfolding transitions were measured in
0.1 M Na cacodylateyHCl, pH 7.0 at protein
concentrations of 4 or 8mM in the absence or
presence of urea, GdmCl or NaCl at various
concentrations. The transitions were monitored by
the decrease of the CD signal at 222.6 nm at 1 or
0.5 cm path length in a JASCO J600 spectropolar-
imeter. Heating rates were 608Cyh. Transitions
were evaluated using a non-linear least squares fit
according to a two-state modelw30x.

2.3. GdmCl-induced equilibrium unfolding
transitions

Samples ofBc-Csp (1.5 mM) were incubated
for 1 h in the presence of 0.1 M Na cacodylatey
HCl, pH 7.0 and varying concentrations of GdmCl.
The fluorescence of the samples was then meas-

ured at 343 nm(5 nm bandwidth) in a Hitachi
F4010 fluorescence spectrometer at the desired
temperature. The excitation wavelength was 280
nm (3 nm bandwidth). The experimental data were
analyzed by assuming that the transition between
the folded(N) and the unfolded(U) conformation
is a two-state reaction, and that the fluorescence
emissions of the native and the unfolded proteins
depend linearly on GdmCl concentration. A non-
linear least-squares fitw31x with proportional
weighting of the experimental data was used to
obtain the Gibbs free energy of stabilization as a
function of the GdmCl concentration.

2.4. Stopped-flow kinetic experiments

A DX.17MV sequential mixing stopped-flow
spectrometer from Applied Photophysics(Leath-
erhead, UK) was used for all kinetic measure-
ments. The path length of the observation chamber
was 2 mm and a 10 mM aqueous solution of
cytidine-29-phosphate in a 0.5-cm cell, was inserted
between the observation chamber and the emission
photomultiplier to absorb scattered light from the
excitation beam. The folding kinetics were fol-
lowed by the change in fluorescence above 300
nm after excitation at 280 nm(10 nm bandwidth).
All unfolding and refolding experiments were

carried out in 0.1 M Na cacodylateyHCl pH 7.0.
To initiate unfolding, typically 16.5mM nativeBc-
Csp in buffer was diluted 11-fold with GdmCl
solutions of varying concentrations to give final
GdmCl concentrations between 1.0 and 6.5 M
(depending on temperature). To initiate refolding,
16.5mM unfoldedBc-Csp in concentrated GdmCl
solutions (between 3 and 4.5 M, depending on
temperature) was diluted 11-fold with aqueous
buffer or with GdmCl solutions of varying concen-
trations to give final concentrations of 0.3–4 M
GdmCl. Kinetics were measured at least eight
times under identical conditions, averaged and
analyzed as mono-exponential functions by using
the software provided by Applied Photophysics.

2.5. Analysis of the folding kinetics

For a two-state folding reactionwEq. (1)x the
equilibrium constantK is equal to the ratio ofeq
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the microscopic rate constants for unfolding(k )NU

and refolding(k ) wEq. (2)x, and the measuredUN

rate constantl is equal to the sum ofk andNU

k wEq. (3)x. Log k and logk are assumedNU NU UN

to depend linearly on the denaturant concentration
wEqs.(4) and (5)x. In Eqs.(4) and (5), and‡mNU

are equal to≠D y≠wGdmClx and≠D y‡ ‡ ‡m G GUN NU NU

≠wGdmClx, respectively.
kNU

N|U (1)
kUN

K sk yk (2)eq NU UN

lsk qk (3)NU UN

Ž .yRTlnk syRTlnk H ONU NU 2
‡ w xqm GdmCl (4)NU

Ž .yRTlnk syRTlnk H OUN UN 2
‡ w xqm GdmCl (5)UN

B Ew z‡ ‡ w xDC qDC GdmClp,H p,iO2C F
B E B Ek T T D GRB x |C F C Fk sij 0h TD G D Gy ~

‡ 0 ‡ 0w w xŽ . Ž .DS T qDS T GdmClH iO2x=exp
Ry

‡ 0 ‡ 0 w xŽ . Ž .DH T qDH T GdmClH iO2
y

RT
‡ ‡ 0 zw x Ž .DC qDC GdmCl TyTŽ .p,H p,iO2 |y . (6)

RT ~

In our analysis of thel values we follow the
procedure described by Schindler and Schmidw25x.
Briefly, the entire set ofl values measured
between 0.3 and 6.5 M GdmCl, and between 2
and 518C was subjected to a joint kinetic analysis
based on the combination of Eqs.(2)–(6). In this
analysis, which is based on TST, we decompose
the activation Gibbs free energyDG into its‡

(temperature-dependent) enthalpic and entropic
components,DH and DS . DH is assumed to‡ ‡ ‡

depend linearly on temperature, i.e. the change in
heat capacity going from the initial to the activated
state, D , is assumed to be constant in the‡Cp

temperature range of our experiments(2–51 8C).
As the equilibrium thermodynamic parameters

of unfolding, the activation parametersDG , DH ,‡ ‡

DC and DS are assumed to vary linearly with‡ ‡
p

the denaturant concentration. The variation of
DG with GdmCl concentration,D s≠DG y‡ ‡ ‡Gi

≠wGdmClx, is identical with the kineticm value,
D s≠DH y≠wGdmClx, D s≠DS y≠wGdmClx,‡ ‡ ‡ ‡H Si i

andD s≠D y≠wGdmClx.‡ ‡C Cp,i p

2.6. Viscosity measurements

Viscosity was measured by the viscosity and
density meter VISCODENS, developed in the
Institute of Experimental Physics in Kosice, Slo-ˇ
vakia. It is a Couette-type non-contact viscometer,
which measures the true bulk viscosity without
errors originating from the contact of cylinders
with the sampleyair phase boundary. The inner
cylinder of the instrument consists of a glass buoy
with a diameter of 7.7 mm and a length of 63
mm, floating in the measured liquid. The outer
cylinder with a diameter of 8.7 mm is also made
of glass. In the upper part of the buoy is an SmCo
magnet, and the buoy is equilibrated in the axis of
the outer cylinder by the electromagnetic force.
The vertical position is optically controlled. In the
lower part of the buoy is a small aluminum
cylinder located in the rotating magnetic field
perpendicular to the axis. The interaction of this
magnetic field with the eddy currents generated in
the aluminum part causes rotation of the buoy. The
angular velocity of this rotation is optically detect-
ed and used to calculate the viscosity. The meas-
urement is controlled by a computer and performed
at constant temperature or in scanning mode. The
heating and cooling is provided by a thermoelectric
element(Marlow Industries, Inc.), and the tem-
perature is measured by a resistor thermometer
with a precision of;0.02 K.
The viscometer is calibrated by measuring the

viscosity of water in the range of 20–858C and
by comparison with tabulated reference dataw32x.
The precision of viscosity measurements is approx-
imately 0.1%. The sample(approx. 1.5 ml) is kept
at increased pressure(approx. 250 kPa) to avoid
bubble formation at elevated temperature.

2.7. Correction of measured rate constants for
solvent viscosity

The dependencies of the measured solvent vis-
cositiesh on temperature and denaturant concen-
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tration (wDx) in Fig. 4 can be described by an
empirical equation with nine parameters(a–i) wEq.
(7)x.

w w xxhs aqbexpc Dµ ∂
w w xx w xq dqeexpf D exp gqh Dµ ∂ wŽ

2w x Ž .qi D Ty273.15 . (7). x

This equation has no physical meaning, but
describes the dependence of viscosity on temper-
ature and denaturant concentration very well. It
was used to normalize the measured and the
microscopic rate constants to a relative viscosity
h s1 for water at 258C wsee Eq.(11)x.rel

2.8. Temperature dependence of viscosity

The viscosity of water decreases with tempera-
ture in an approximately exponential fashion. This
suggests an alternative to the above described
normalization of the reaction rates to a standard
viscosityh s1 for water at 258C. The temper-rel

ature dependence ofh at a given denaturantrel

concentration can be approximated by an exponen-
tial term wEq. (8)x, which gives apparent contri-
butions to the measured activation enthalpy
(DH ) and activation entropy(DS ) wEqs.‡ ‡

corr corr

(8) and (9)x. This empirical treatment has no
physical implications. In particular, it does not
imply that diffusion involves transitions over ener-
gy barriers.

‡B EŽ .DG corrC Fh sexp yrel RTD G

‡ ‡B E B EŽ . Ž .DS DHcorr corrC F C Fsexp expy (8)
R RTD G D G

‡Ž .DH corr≠lnhrelsy . (9)
≠1yT R

3. Results and discussion

3.1. Equilibrium stability

Bc-Csp is approximately twice as stable as its
mesophilic homologBs-CspB at pH 7 and 258C.
Under these conditions the midpoint of the urea-

induced unfolding transition ofBc-Csp is above 7
M, and 10 M urea cannot unfoldBc-Csp complete-
ly. Therefore, we used the strong, but ionic dena-
turant GdmCl in all experiments. GdmCl-induced
equilibrium unfolding transitions(Fig. 2a) were
measured at 13 temperatures between 2 and 48
8C, and thermal unfolding transitions(Fig. 2b)
were measured at 20 different GdmCl concentra-
tions ranging from 0 to 1.4 M.

Bc-Csp is, among others, stabilized by electro-
static interactions at the protein surface. Therefore,
its thermal stability decreases slightly when these
favorable interactions are screened by adding 0–
0.5 M NaCl w27x. At higher salt concentrations the
stability increases linearly, probably as a conse-
quence of general Hofmeister effects(Fig. 2c).
The non-linearity caused by electrostatic screening
is also evident in the data obtained from the
thermal unfolding transitions in the presence of
GdmCl (Fig. 2c). The linear extrapolations of the
stabilities as obtained at high NaCl or GdmCl
concentrations thus underestimate stability in the
absence of salt in both cases by approximately 3
kJymol (Fig. 2c), because they do not account for
the favorable ionic interactions inBc-Csp that are
screened inG0.5 M salt. Urea is an uncharged
denaturant and thus does not screen electrostatic
interactions. TheDG values from thermal unfold-D

ing depend linearly on urea concentration between
0 and 2 M urea(Fig. 2c).
Thermal unfolding transitions at different dena-

turant concentrations and denaturant-induced tran-
sitions at different temperatures can be combined
to determine the stability curve of a protein, i.e.
the dependence on temperature of the Gibbs free
energy of denaturation,DG , over a wide temper-D

ature rangew33x. Fig. 3a gives the stability curve
of Bc-Csp as determined at 1.2 M GdmCl. At this
GdmCl concentration, the stability depends line-
arly on salt concentration and long extrapolations
of the thermal transitions in the presence of GdmCl
can be avoided. The curvature in the stability data
gives a value of 3.8 kJy(molØK) for DC andp

shows that the stability is highest at approximately
11 8C. The data from the thermal transition at 1.2
M GdmCl and from the GdmCl-induced transitions
at various temperatures, coincide very well because
all measurements were performed at high salt.



178 D. Perl et al. / Biophysical Chemistry 96 (2002) 173–190

Fig. 2.(a) GdmCl-induced equilibrium unfolding transitions of
Bc-Csp at 2(s), 13 (●), 25 (h), 35 (j), 40 (n) and 488C
(m). (b) Thermal unfolding transitions ofBc-Csp in the pres-
ence of 0(s), 0.2 (●), 0.4 (h), 0.6 (j), 0.8 (n), 1 (m), 1.2
(∑) and 1.4 M (%) GdmCl. (c) Free energy of unfolding
DG of Bc-Csp at 708C as a function of the NaCl(h), GdmClD

(s) and urea(m) concentrations. For evaluation, the heat
capacityDC was fixed to 3.3 kJy(molØK). All measurementsp

were performed in 0.1 M Na cacodylateyHCl, pH 7.0 as
described in Sections 2.2 and 2.3. In panel(a) and (b), the
fractions of native protein as obtained after two-state N|U
analyses of the dataw30,31x are shown as a function of the
GdmCl concentration and temperature, respectively. The con-
tinuous lines represent the results of least-squares fit analyses
based on the two-state unfolding mechanism. In panel(c), the
continuous lines result from linear fits of the data points above
0.5 M salt for NaCl and GdmCl data, and of all data points
for urea.

Fig. 3. Stability curves forBc-Csp in (a) 1.2 and(b) 0 M
GdmCl, 0.1 M Na-cacodylate pH 7.0.(a) DG was derivedD

from GdmCl-induced unfolding transitions at 13 different tem-
peratures(s), and from a thermal unfolding transition(●).
The joint fit of these data based on a two-state model is shown
by the continuous curve(DC s3.8"0.1 wkJy(molØK)x,DH(25p

8C)s64.6"1.2 (kJymol), DS(25 8C)s180"4 wJy(molØK)x).
The results for 1.2 M GdmCl from the joint fit of the kinetic
data of Fig. 5 without viscosity correction(dotted curve)
(DC s3.4"0.1 wkJy(molØK)x, DH (25 8C)s68.0"0.9p

(kJymol), DS (25 8C)s195"4 wJy(molØK)x), and after vis-
cosity correction (broken curve) (DC s3.4"0.1p

wkJy(molØK)x, DH (25 8C)s68.9"0.9 (kJymol), DS (25
8C)s197"4 wJy(molØK)x) are also shown.(b) DG at 0 MD

GdmCl (upper continuous curve) derived from a thermal
unfolding transition(●) with a fixedDC of 3.3 kJy(molØK).p

The data, as extrapolated linearly from the GdmCl-induced
transitions to 0 M GdmCl (b), were not included in the fit.
The results for 0 M GdmCl from the joint fit of the kinetic
data of Fig. 5, before and after the viscosity correction are
shown by the dotted and broken curves, respectively. The cor-
responding stability curve forBs-CspB (lower continuous
curve) is taken from Schindler and Schmidw25x.

This is not the case for the dependence of
DG on temperature in 0 M GdmCl(Fig. 3b).D

TheDG values derived from the thermal unfold-D

ing transition reflect the stability at low salt con-
centration where the favorable ionic interactions
in Bc-Csp are not screened. TheDG valuesD
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extrapolated linearly from the GdmCl-induced
transitions at various temperatures reflect the sta-
bility at high salt and thus underestimate the
stability by approximately 3 kJymol (see Fig. 2c).
As a consequence, these extrapolated values fall
to approximately 3 kJymol below the stability
curve extrapolated from the thermal unfolding
transition. The latter curve was calculated by using
a DC value of 3.3 kJy(molØK), as obtained fromp

the analysis of the folding kinetics(see below).
Fig. 3b also shows the stability curve for the

mesophilic homologBs-CspB, calculated from the
data given in Table 2 of Schindler and Schmid
w25x. The curve forBc-Csp is shifted upwards
relative to this reference, but the temperature of
maximum stability and the curvature are essentially
unchanged.Bc-Csp is thus more stable thanBs-
CspB at all temperatures.

3.2. Viscosities of GdmCl and urea solutions

The viscosities of 0–6.6 M GdmCl solutions in
0.1 M Na cacodylate, pH 7.0(the buffer used in
our experiments forBc-Csp) were measured as a
function of temperature between 10 and 508C
(Fig. 4a). In the previous kinetic experiments with
Bs-CspB urea was used as a denaturantw25x and
therefore viscosities of 0–9.5 M urea solutions in
the same buffer were also measured(Fig. 4c). The
viscosity of pure water(broken line) was taken
from Weast w32x. GdmCl and urea increase the
solvent viscosity in a non-linear fashion with a
particularly strong increase at high denaturant con-
centrations, as observed previously by Kawahara
and Tanford at 258C w34x. At all concentrations,
the solvent viscosity decreases with temperature in
an approximately exponential manner. This
becomes evident when the viscosities are shown
in the form of pseudo Arrhenius plots(Fig. 4b,d).
This representation reveals that between 0 and 4
M the relative decrease with temperature of solvent
viscosity becomes slightly smaller and that all
curves are slightly bent upwards with decreasing
temperature. Above 3 M the viscosity of GdmCl
solutions increases more strongly with denaturant
concentration than in the case of urea(Fig. 4e).
The measured temperature dependence of the

rate of a diffusional reaction reflects(i) the height

of the energy barrier of the reaction itself, and(ii)
the decrease in solvent viscosity with temperature.
To determine the contribution of solvent viscosity
it is helpful to analyze its dependence on temper-
ature as if it were a chemical reactionwsee Eqs.
(8) and (9)x. Such treatments(as in Fig. 4b,d)
have no physical meaning, but they provide pseudo
activation parameters,(DX ) , which can be used‡

corr

to correct the activation parameters that were
calculated, e.g. based on TST,(DX ) , for the‡

calc

contributions that originate from the temperature-
dependent decrease in solvent viscositywEq. (8)x

‡ ‡ ‡Ž . Ž .DX s DX q DX . (10)calc corr

These pseudo activation parameters are shown
in Table 1 for 0–6.6 M GdmCl and for 0–9.5 M
urea. Both sets of data are based on a relative
viscosity of 1 for the water viscosity at 258C.
(DG ) is generally very small, because addi-‡

corr

tions of 6.6 M GdmCl or 9.5 M urea increase the
solvent viscosity by less than a factor of two.
(DH ) and(DS ) are, however, large because‡ ‡

corr corr

the relative solvent viscosity depends strongly on
temperature(Fig. 4b,d). (DH ) is y17.1 kJy‡

corr

mol in buffer at 258C andy13.7 kJymol in the
presence of 6.6 M GdmCl. Since(DG ) is very‡

corr

small, the(DH ) values are opposed by almost‡
corr

equal T(DS ) values. The small curvatures in‡
corr

the pseudo Eyring plots in Fig. 4b,d lead to a
slight decrease of(DH ) with temperature,‡

corr

equivalent to a very small value for(D ) of‡Cp corr

approximately 0.1 kJy(molØK).
The apparent activation enthalpies,(DH ) , as‡

calc

calculated from Eyring plots are thus larger than
the ‘true’ activation enthalpies,DH . There is no‡

need to correct the measured activation heat capac-
ities of unfolding and refolding because the values
of approximately 0.1 kJy(molØK) for (D )‡Cp corr

(Table 1) are smaller than the confidence limits of
experimental activation heat capacities.
The data in Table 1 reflect how, for a diffusional

reaction, the calculated activation enthalpies differ
from the true activation enthalpy and how the
(DH ) values can be used to correct the exper-‡

corr

imental values. We used, however, an alternative
approach and corrected the measured rate constants
(as a function of temperature and denaturant con-
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Fig. 4. Viscosity of aqueous GdmCl and urea solutions.(a) Viscosities of 0(s), 1.0 (●), 1.9 (h), 2.9 (j), 3.8 (n), 4.9 (m), 5.7
(∑) and 6.6 M(%) GdmCl in 0.1 M Na cacodylate, pH 7.0.(b) Replot of the data of panel(a) in the form of an Arrhenius
diagram.(c) Viscosities of 0(s), 1.0 (●), 2.2 (h), 3.1 (j), 4.2 (n), 5.2 (m), 6.4 (∑), 7.6 (%), 8.3 (e) and 9.5 M(�) urea in
0.1 M Na cacodylate.(d) Replot of the data of panel(c) in the form of an Arrhenius diagram. The broken curves represents the
viscosity of water calculated according to Weastw32x. The curves represent the fit based on Eq.(7) with the following parameters.
GdmCl: as0.1780,bs0.1225,cs0.2028,ds1.4376,es0.01674, fs0.5802,gsy0.0331,hs0.0004424, andis2.272=10 ;y8

urea:as0.1341,bs0.1670,cs0.1155,ds1.3206,es0.1657, fs0.2302,gsy0.0339,hs0.0003582, andisy3.244=10 . E:y5

viscosities of GdmCl(s) and urea(●) solutions in 0.1 M Na cacodylate, pH 7.0 at 258C relative to the viscosity of water at 25
8C.

centration) for the viscosity effect. In this approach
the entire set ofh values in Fig. 4a was fitted to
an empirical equation with nine parameterswEq.
(7)x, and these values were then used to calculate
rate constants(k ), that are normalized to the0

viscosity of water at 258C (h s0.8904 mPaØs)0

from the rate constants(k), measured at different
temperatures and denaturant concentrationswEq.
(11)x.

h
k sk skh . (11)0 rel

h0
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Table 1
Eyring analysis of the viscosities of solutions at 258Ca

(a) GdmCl

wGdmClx (M) 0 1.0 1.9 2.9 3.8 4.9 5.7 6.6
(DG ) (kJymol)‡

corr y0.1 y0.2 y0.3 y0.5 y0.7 y0.9 y1.2 y1.6
(DH ) (kJymol)‡

corr y17.1"0.1 y16.0"0.1 y15.2"0.1 y14.5"0.1 y14.0"0.1 y13.7"0.1 y13.6"0.1 y13.7"0.1
(DS ) wJy(molØK)x‡

corr y56.9"0.1 y53.1"0.1 y49.9"0.1 y47.0"0.1 y44.8"0.1 y42.8"0.1 y41.6"0.1 y40.8"0.1
(D ) wJy(molØK)x‡Cp corr 118"3 98"2 89"3 76"2 45"1 69"3 71"3 71"2

(b) Urea

wGdmClx (M) 0.0 1.0 2.2 3.1 4.2 5.2 6.4 7.6 8.3 9.5
(DG ) (kJymol)‡

corr y0.1 y0.2 y0.4 y0.5 y0.7 y0.9 y1.1 y1.3 y1.5 y1.8
(DH ) (kJymol)‡

corr y17.1"0.1 y16.7"0.1 y16.3"0.1 y16.1"0.1 y15.8"0.1 y15.7"0.1 y15.6"0.1 y15.8"0.1 y15.8"0.1 y16.0"0.1
(DS ) wJy(molØK)x‡

corr y56.9"0.1 y55.2"0.1 y53.5"0.1 y52.1"0.1 y50.6"0.1 y49.7"0.1 y48.9"0.1 y48.4"0.1 y48.0"0.1 y47.5"0.1
(D ) wJy(molØK)x‡Cp corr 111"2 104"2 103"2 97"2 95"2 88"2 92"2 92"2 91"2 80"3

Viscosities of solutions of GdmCl and urea in 0.1 M Na cacodylate, pH 7.0 were related to the viscosity of water at 258C of 0.8904 cP.(DG ) , activationa ‡
corr

Gibbs free energy,(DH ) , activation enthalpy,(DS ) , activation entropy,(D ) , activation heat capacity derived from the fit of the data to Eqs.(8) and(9).‡ ‡ ‡Ccorr corr p corr
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Fig. 5. Dependence on GdmCl concentration of the rate constantl of refolding (open symbols) and unfolding(closed symbols) of
Bc-Csp at 14 temperatures before(s, ●) and after the viscosity correction(n, m). All 1309 data points were subjected to a joint
fit to Eqs. (2)–(6). The parameters for these fits are given in Table 2a. The profiles for the apparent rate constantl (continuous
lines), the rate constants of unfolding,k (broken lines) and refolding,k (dotted lines) as calculated from this fit are shown.NU UN
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Table 2
Activation parameters of folding reactions at 258Ca

Parameterb Uncorrected data With viscosity correction for GdmCl

U™‡ N™‡ N|U U™‡ N™‡ N|U

(a) Bc-Csp

DH (H O) (kJymol)2 32.6"0.5 107.4"0.6 74.9"0.8 16.3"0.5 93.0"0.6 76.7"0.8
DH wkJy(molØM)x)i 2.1"0.4 y3.6"0.1 y5.7"0.4 3.0"0.4 y3.5"0.1 y6.5"0.4
DS (H O) wJy(molØK)x2 y77"2 112"2 189"3 y131"2 62"2 194"3
DS wJy(molØKØM)xi y16"2 y10"1 5"2 y12"2 y9"1 3"2
DC (H O) wkJy(molØK)xp 2 y2.2"0.1 1.1"0.1 3.3"0.1 y2.1"0.1 1.2"0.1 3.3"0.1
DC wJy(molØKØM)xp,i y2"50 82"17 84"53 12"50 63"18 51"53
DG (H O) (kJymol)2 55.5 74.0 18.5 55.5 74.4 18.8
M wkJy(molØM)x 6.7 y0.5 y7.2 6.5 y0.8 y7.3

(b) Bs-CspBc

DH (H O) (kJymol)2 31.6"2.2 96.1"3.3 64.4"4.0 15.4"2.1 81.0"3.3 65.6"4.0
DH wkJy(molØM)x)i y2.4"1.6 y1.3"0.5 1.1"1.6 y2.0"1.5 y1.4"0.5 0.6"1.6
DS (H O) wJy(molØK)x2 y81"7 106"11 186"13 y135"7 55"11 189"13
DS wJy(molØKØM)xi y17"5 y4"2 13"6 y15"5 y4"2 12"6
DC (H O) wkJy(molØK)xp 2 y2.7"0.3 0.3"0.4 3.0"0.5 y2.6"0.3 0.5"0.4 3.1"0.5
DC wJy(molØKØM)xp,i y66"135 149"70 216"152 y80"133 128"70 208"150
DG (H O) (kJymol)2 55.7 64.6 8.9 55.6 64.8 9.2
M wkJy(molØM)x 2.7 y0.1 y2.8 2.5 y0.3 y2.8

The activation parameters for refolding(U™‡) and unfolding(N™‡) are the result of a joint fit of all 1309 rate constantsa

measured between 0.3 and 6.5 M GdmCl, and 2 and 518C according to Eqs.(1)–(6), either with or without correction of the
measured rates for solvent viscosity according to Eq.(11). Equilibrium parameters for unfolding(N|U) are the difference between
activation parameters of unfolding and refolding. Measurements were performed in 0.1 M Na cacodylate, pH 7.0. N, U and ‡ denote
the native, unfolded, and transition states, respectively.

DX (H O), thermodynamic parameter in the absence of GdmCl or urea at 258C, DX , GdmCl or urea dependence of theb
2 i

thermodynamic parameter at 258C, with X being either the reaction enthalpyH, the reaction entropyS, or the heat capacityC .p
DG (H O), Gibbs free energy in the absence of GdmCl or urea at 258C. m, dependence ofDG on GdmCl or urea at 258C. NoD 2 D

errors forDG (H O) andm are given because these parameters do not result from the fit.D 2

Taken from Schindler and Schmidw25x.c

3.3. Unfolding and refolding kinetics of Bc-Csp as
a function of GdmCl concentration and
temperature

The kinetics of unfolding and refolding were
measured by the change in protein fluorescence
after stopped-flow dilutions of the native and
unfolded protein, respectively, to the final condi-
tions. Folding was reversible under all conditions
(0–7 M GdmCl, 2–51 8C), and the kinetics
followed single exponential time courses.

The measured rate constantsl of unfolding and
refolding of Bc-Csp are shown in Fig. 5 as a
function of the GdmCl concentration at 14 tem-
peratures between 2 and 518C. The values for
logl follow a V-shaped dependence on denaturant
concentration, which is commonly referred to as
an (inverted) chevron. As in the previous experi-
ments at 258C, no evidence for folding interme-
diates could be found. The observed amplitudes
accounted for the entire change in fluorescence at
all temperatures and GdmCl concentrations, and
there is no evidence for a roll-over in the refolding
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or unfolding kinetics in Fig. 5. At all temperatures
the chevrons are strongly asymmetric with high
m values for refolding and lowm values for‡ ‡

unfolding, which suggests that the activated state
of folding resembles the native state in its inter-
actions with the denaturant molecules in the
solvent.
Fig. 5 shows the values forl both before and

after the correction for solvent viscosity. As out-
lined above, the data were normalized relative to
the viscosity of water at 258C, therefore the
differences are smallest for the refolding data at
25 8C. The influence of the denaturant on solvent
viscosity is small between 0 and 2 M GdmCl(Fig.
4), and therefore the slopes of the refolding limbs
of the chevrons(the m values) in Fig. 5 are‡

virtually unaffected by the viscosity correction.
This is borne out by the quantitative analysis of
the data in Fig. 5(see below). At high GdmCl
concentration the solvent viscosity increases mark-
edly (Fig. 4), and therefore the corrected rates of
unfolding increase progressively relative to the
uncorrected values, leading to a marked increase
in the m value for unfolding. The temperature‡

dependencies of both unfolding and refolding rates
are decreased by the viscosity correction and there-
fore the corrected rate constants are higher than
the measured values below 258C, but smaller
above 258C.

3.4. Influence of solvent viscosity on the activation
parameters

This visual inspection of the original and the
viscosity-corrected kinetic data in Fig. 5 thus
indicates that the correction has two consequences.
The activation enthalpies for both unfolding and
refolding become smaller, and them value for‡

unfolding increases. To assess these consequences
quantitatively, we analyzed the folding kinetics
before and after the viscosity correction by using
transition state theory(TST). Analyses based on
Kramers’ theory and TST are not mutually exclu-
sive w20x. We use TST here to demonstrate how
the correction for viscosity affects the calculated
activation parameters of a diffusional folding reac-
tion, but we are aware that the absolute numbers
for DG andDS are unreliable, because the pre-‡ ‡

exponential factors in both the Eyring and Kramers

equations are not known for protein folding reac-
tions. Nevertheless, changes in these activation
parameters, e.g. as a function of the conditions,
can be interpreted. The values forDH andD‡ ‡Cp

are reliable, because they are derived directly from
the temperature dependence of the rate constants
for unfolding and refolding.
The entire set of 1309l values between 2 and

51 8C, and between 0.3 and 6.5 M GdmCl meas-
ured forBc-Csp (Fig. 5), was subjected to a joint
analysis based on Eqs.(2)–(6). In this analysis,
the activation parametersDH , DS andD were‡ ‡ ‡Cp

assumed to vary linearly with the GdmCl concen-
tration, and the values forD were assumed to‡Cp

be independent of temperature. All kinetic data
were obtained above 0.3 M GdmCl, and under
these conditions we found no deviation from
linearity in the slopes of the chevrons in Fig. 5,
suggesting that theDG values for unfolding and‡

refolding depend linearly on the denaturant con-
centration in this range of conditions.
The resulting kinetic parameters calculated for

25 8C are shown in Table 2, a graphical represen-
tation of the changes inH, yT S andDC duringp

folding at three temperatures is provided by Fig.
6. The correction to the viscosity of water at 25
8C lowers theDH values for unfolding by 14.4‡

kJymol and for refolding by 16.3 kJymol, which
implies that the actual enthalpy barriers are signif-
icantly lower than the measured values. As out-
lined above, this originates from the decrease of
solvent viscosity with temperature.
The free energies of activation,DG , for unfold-‡

ing and refolding are virtually unaffected by the
viscosity correction because at 258C, the addition
of 6 M GdmCl increases the relative viscosity of
the solvent less than two-fold. As a consequence,
the decreases in theDH values are accompanied‡

by concomitant decreases in theTDS values of‡

16.1 and 14.9 kJymol for refolding and unfolding,
respectively. Consequently, ignoring the tempera-
ture dependence of the solvent viscosity leads to
an overestimation of the enthalpic barrier and an
underestimation of the entropic barrier of refolding
(Fig. 6b,c).
The activation heat capacitiesD of unfolding‡Cp

and refolding are virtually unaffected by the vis-
cosity correction. Both increase by 0.1 kJy(molØK)
(Table 2) as expected from the dependence on
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Fig. 6. Reaction profiles for the folding reaction ofBc-Csp in
0 M GdmCl, pH 7.0 when going from the unfolded state(U)
via the transition state(‡) to the folded state(N). The open
and closed symbols refer to the analyses before and after the
viscosity correction, respectively. The parameters for ‡ and N
were calculated from the difference relative to the values for
the unfolded state U that were set to zero. The heat capacity
wpanel (a)x was assumed to the independent of temperature.
The enthalpyH wpanel(b)x and the entropic termyT S wpanel
(c) and (d)x are shown for 2(squares, broken lines), 25 (cir-
cles, continuous lines) and 50 8C (triangles, dotted lines).
yT S values calculated with pre-exponential factors in the Eyr-
ing equation of 6=10 and 10 s at 258C are shown in12 8 y1

panels(c) and(d), respectively.
Fig. 7. Arrhenius plots of the microscopic rate constants of
unfolding k (broken lines) and refoldingk (solid lines)NU UN

of Bc-Csp in 0, 3.5 and 7 M GdmCl. The lines were calculated
from the parameters after viscosity correction given in Table
2a.

temperature of the solvent viscosities(Fig. 4b).
The m value for refolding is only marginally‡

changedwfrom 6.7 to 6.5 kJy(molØM)x by the

viscosity correction, because the refolding kinetics
are measured at low GdmCl concentration. The
m value for unfolding changes fromy0.5 to‡

y0.8 kJy(molØM), because the kinetic data that
determine the GdmCl dependence of the unfolding
rate are measured at high denaturant concentration,
where the viscosity increases significantly. This
leads to the small tilts in the chevron plots in Fig.
5, and thus the folding transition state appears a
bit less native-like after the viscosity correction,
as judged by them -value criterion.‡

The activation parameters in Table 2 were used
to calculate the microscopic rate constants of
unfolding and refolding,k andk , as a functionNU UN

of temperature. The resulting values forlsk qNU

k are shown in Fig. 5 as continuous lines. TheyUN

follow the experimental data very well in the entire
range of temperatures and GdmCl concentrations.
Fig. 7 shows k and k as a function ofNU UN

temperature at 0, 3.5 and 7 M GdmCl.
The viscosity correction affects only the kinet-

ics, but not the equilibrium stability ofBc-Csp.
The equilibrium thermodynamic parameters, as
obtained from the differences of the activation
parameters for unfolding and refolding, are iden-
tical before and after the correction(Table 2).
Moreover, the data obtained for 1.2 M GdmCl
coincide within experimental uncertainty with the
equilibrium parameters as obtained from the anal-
ysis of the thermal and denaturant-induced unfold-
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ing transitions(Fig. 3a,b). A slight difference in
theDC valuesw3.4 kJy(molØK)x as derived fromp

the kinetics and 3.8 kJy(molØK) as derived from
the equilibrium data) leads to a small difference
in the curvature of the two stability profiles in Fig.
3. A similar deviation was observed forBs-CspB
before w25x and reflects the large uncertainty in
the DC values, which are obtained from thep

second derivative of the measured rate and equi-
librium constants. TheDG values that were cal-D

culated from the kinetic data and extrapolated to
0 M GdmCl (Fig. 3b), coincide with theDGD

values as derived from the GdmCl-induced equi-
librium transitions. In both cases, the experimental
data obtained at high salt concentrations are extrap-
olated linearly to 0 M GdmCl and therefore lack
the electrostatic contribution of approximately 3
kJymol to stability.
Sixty-four percent of the overall change in heat

capacity occurs between the unfolded and the
activated state of folding(Fig. 6a), suggesting that
by theDC criterion the activated state of foldingp

of Bc-Csp is only approximately two thirds native-
like. For Bs-CspB, the activated state was approx-
imately 90% native. We are not sure whether this
difference in the ‘native character’ of the activated
state is significant. The values forD are derived‡Cp

from the second derivative of the measured rate
constants and thus reflect the curvature in a con-
ventional Arrhenius diagram. It is often, but not
always, observed that the analyses of them and‡

theD values give similar values for the ‘native-‡Cp

like’ character of a folding transition statew35,36x.
It should be noted that them values report on the
interaction of the protein with denaturant mole-
cules, whereasDC reports on changes in thep

hydration of hydrophobic and polar groupsw37,38x.
Panels(b) and(c) of Fig. 6 show the enthalpic

(H) and the entropic(T S) contributions to the
activation barrier of folding ofBc-Csp at three
temperatures. The values for the unfolded protein
are arbitrarily set to zero in these comparisons.
These profiles visualize that the neglect of the
viscosity correction generally leads to an overes-
timation of the enthalpic and an underestimation
of the entropic barrier of folding. The corrections
are relatively large for refolding at 258C, where

the enthalpic barrier is twofold decreased and the
entropic barrier two-fold increased after accounting
for solvent viscosity. However, before as well as
after correction, the profiles in Fig. 6b,c indicate
that in the range of physiological temperatures,
there is a pronounced transition from an enthalpic
barrier (at low temperature) to an entropic barrier
(at high temperature).
The positions of theT S values for the activated

state in Fig. 6c are uncertain, because they depend
on the pre-exponential factor in the Eyring equa-
tion, which isk Tyhs6=10 s at 258C. Based12 y1

B

on the rates of contact formations in proteins, Bieri
and Kiefhaber suggest that the maximal rate of
protein folding(and thus the pre-exponential factor
in the Eyring equation) might be near 10 s8 y1

w11x. We therefore calculated theT S values also
with this factor. As expected, the entropic barrier
becomes smaller by approximately 25 kJymol
(Fig. 6d), but the fundamental result that refolding
is limited by an enthalpy barrier at low temperature
and by an entropy barrier at high temperature
remains unaffected, even though the pre-exponen-
tial factor in the Eyring equation was changed by
more than four orders of magnitude.
We used the viscosity data for urea solutions

(Fig. 4 and Table 1) to correct our previously
measuredw25x kinetic data for the unfolding and
refolding of Bs-CspB (Table 2). The reaction
profiles based on the viscosity-corrected data for
D , DH and DS are shown in Fig. 8 in‡ ‡ ‡Cp

comparison to the values forBc-Csp. By theDCp

criterion, the activated state is approximately 85%
native-like forBs-CspB, but only 63% native-like
for Bc-Csp. TheD values are, however, derived‡Cp

from the second derivative of the temperature
dependence of the measured rate constants and
therefore must be interpreted with due care.
The data for the activation enthalpies and entro-

pies (Table 2 and Fig. 8b,c) give a very clear
answer. AlthoughBc-Csp is approximately twice
as stable(at 25 8C) as its mesophilic counterpart
Bs-CspB, still the refolding reactions of the two
proteins show almost identical rates, activation
enthalpies and activation entropies, and the acti-
vated states of refolding are both approximately
90% native by them value criterion. This suggests
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Fig. 8. Reaction profiles for the folding reaction ofBc-Csp(j)
and Bs-CspB (s) in 0 M GdmCl, pH 7.0, as obtained after
the viscosity correction of the apparent rate constants. The par-
ameters were calculated from the difference relative to the val-
ues for the unfolded state U as in Fig. 6. The heat capacity
wpanel (a)x was assumed to the independent of temperature.
The enthalpyH wpanel(b)x and the entropic termyT S wpanel
(c)x are shown for 258C. The data forBs-CspB were taken
from Schindler and Schmidw25x, and corrected for solvent
viscosity.

that the two proteins show almost identical acti-
vated states of folding. In unfolding,Bc-Csp
resemblesBs-CspB in the activation entropy, but
the activation enthalpy is increased by 12 kJymol
(25 8C). This suggests a very simple explanation
for the difference in stability(approx. 10 kJymol,
Table 2) betweenBs-CspB andBc-Csp. It origi-
nates from additional enthalpic interactions at the

protein surface that are established in nativeBc-
Csp only after the molecules passed through the
activated state. Remember that all sequence differ-
ences between the two proteins are at the surface.
The energy barrier in protein folding is caused

by a slight asynchrony between the entropy and
enthalpy. Chain entropy is lost early when the
protein folds into an approximately native confor-
mation, but the enthalpy is harvested only when
all the native interactions are established at the
end of the folding process. Our comparison has
identified several surface residues that contribute
to this final gain in enthalpic interactions.

4. Conclusions

Diffusional protein folding reactions should be
analyzed on the basis of Kramers’ theory rather
than by TST, which was developed for reactions
of small molecules in the gas phase. Analyses
based on TST are, however, very popular because
this theory links kinetics with equilibrium ther-
modynamics, and provides numbers for the free
energies, enthalpies and entropies of activation.
Analyses by Kramers’ theory and by TST are not
mutually exclusive. After the appropriate correc-
tions, TST can still be used to calculate numbers
for the activation parameters of diffusional protein
folding reactions.
The Gibbs free energies of activation,DG , are‡

hardly affected by these comparisons when the
relative viscosity of water at 258C is set as one.
The m value (the dependence ofDG on dena-‡ ‡

turant concentration) of unfolding is slightly
increased after the viscosity correction, but the
resulting change in thea-value(as y( y‡ ‡m mUN UN

) is much smaller than 0.10.‡mNU

The values forDH andTDS are affected more‡ ‡

strongly, but in a predictable fashion by the tem-
perature dependence of solvent viscosity, and the
respective corrections are easily derived from pseu-
do-Arrhenius analyses of viscosity data as in Fig.
4b. It indicates that the measured values forDH‡

must be decreased by 17.1 kJymol, and those for
TDS increased by the same amount(at 25 8C,‡

where the relative viscosity of the solvent is 1).
Neglect of the viscosity effect leads to an overes-
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timate of the enthalpic and an underestimate of
the entropic barrier to folding. In the presence of
a denaturant, solvent viscosity increases less
strongly with temperature, and the correction for
DH drops slightly from approximately 17 to 14‡

kJymol, when the GdmCl concentration is
increased from 0 to 7 M. This drop primarily
affects unfolding kinetics that are measured at high
denaturant concentration.
The viscosity effects can be accounted for either

before the analysis by correcting the apparent rate
constants, or afterwards by subtracting the pseu-
dothermodynamic parameters from the Eyring
analysis of the viscosity data(Table 1) from the
calculated activation parameters.
The numbers forDH are virtually independent‡

of the kinetic theory used. For unimolecular reac-
tions they are determined directly by the temper-
ature dependence of the measured rate constants.
The values forTDS depend on the pre-exponential‡

factors in the various rate laws, and in TST a
reduction of the pre-exponential factor by four
orders of magnitude decreasesTDS by 23 kJymol‡

(Fig. 6d). It is reassuring to see that even such a
large change does not affect the fundamental con-
clusion that the refolding barrier of the cold shock
proteins changes from being enthalpic at low
temperature(2 8C) to being entropic at high
temperature(50 8C).
Such a change in the nature of the folding

barrier has been proposed in theoretical models of
folding w39,40x. These models focus on the chang-
es within the folding protein chain itself and often
neglect the changes in the solvent. These changes
are, however, responsible for the decrease in heat
capacity during folding and thus determine the
decrease of enthalpy and entropy of folding with
temperaturew41x. In an analogous manner, the
decreases with temperature of the activation enthal-
py and activation entropy of refolding, reflect the
differences in the solvation of the unfolded and
the activated state of folding. Not chain folding
itself, but the changes in the solvent that accom-
pany formation of the activated state lead to the
change from an enthalpic to an entropic barrier. It
is thus a consequence of the hydrophobic effect.
Makhatadze and Privalovw42,43x decomposed

the overall stability of folded proteins into individ-

ual contributions. Based on their numbers we
estimate a loss in chain entropy upon folding of
Bc-Csp equivalent to approximatelyyTDSs
1=10 kJymol. Compared with this estimate, the3

experimentalTDS values in the range ofy50 to‡

q50 kJymol are extremely small, revealing that
the loss in chain entropy during folding is com-
pensated by a large increase in solvent entropy,
which for Bc-Csp is estimated asTDSs500 kJy
mol. These crude calculations indicate that the
activated state of folding resembles the native state,
in the sense that large individual contributions to
enthalpy and entropy largely compensate each
other. Thus, the shift from a 70 kJymol enthalpic
barrier at 28C to a 70 kJymol entropic barrier at
50 8C, is caused by a slight asynchrony of the
energy balance.
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