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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 viscosityBc-Csp and its mesophilic homolaBs-CspB from Bacillus subtilis differ strongly in stability
but show identical enthalpic and entropic barriers to refolding. The increased stabilBy-G6p originates from
additional enthalpic interactions that are established after passage through the activated state. As a consequence, ths
activation enthalpy of unfolding is increased relativeBteCspB.© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction these proteins typically fold in all-or-none &JN
two-state reactions without populating partially
Protein folding can be an extremely rapid proc- folded intermediates. The small two-state folders
ess, and many small single-domain proteins reachthus provide the unique opportunity to study fold-
their native states within a few milliseconds or ing reactions at an elementary level and, in partic-
even less. This is all the more remarkable, becausey|ar, to characterize the properties of the activated
*Corresponding author. Tel.:-49-921-553660; fax:+49- Stat(?s’ which determine t_he _rate,s of fo!dmg'
921-553661. Regions that are already native-like in the activated
E-mail address: fx.schmid@uni-bayreuth.dé=X. Schmid. states of folding were identified by mutational
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analyseg1-8. 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
experimentd9—11].

The kinetics of protein folding have traditionally
been analyzed by using transition state theory
(TST), but the dependence on viscosity of several
protein folding reactions[12—-18 suggests that
they are described more adequately as diffusional
barrier crossing processes, as in Kramers’ rate
theory [11,19,20. Both kinetic theories have
strengths and weaknesses. TST allows the ther-Fig. 1. Ribbon drawing of the tertiary structure®f-Csp. Five
modynamic activation parametessG*, AH* and antiparfsll!elB-strands(num_bered form ap-barrel. The N- and
AS? to be determined from the measured kinetics C-termlnl_are marked. ThismoLscripTfigure [44] is based on
. the coordinates of Mueller et g27].
and their temperature dependence, but the absolute
numbers calculated foAG* and AS* are unrelia-
ble, because the pre-exponential factor in the reaction without intermediatefl5,16,24,25 Bc-
Eyring equation is not known for protein folding Csp(Fig. 1) from the thermophilic organistBacil-
reactions[11]. Nevertheless, changes in the ther- lus caldolyticus, is a closely related, but
modynamic activation parameters, e.g. as a func- thermostable homolog. It differs froms-CspB in
tion of temperature or upon mutation, can be useful amino acid sequence at 12 surface positions, but
and interpretable. Kramers’ theory provides a only two of them are responsible for the enhanced
physically more appealing picture of the folding thermostability of Bc-Csp [26]. The backbone
process because it describes a reaction as thestructures of the two proteins are virtually identical
diffusional motion across an energy barrier. In fact, [27].

Kramers' theory is being used by theoreticians to  Although the two cold shock proteins differ
model the protein folding procegg1,23. two-fold in stability (at 25 °C), they refold at

The rate of a diffusional reaction and its tem- almost identical ratef28]. The additional stability
perature dependence are determined not only byof Bc-Csp relative toBs-CspB originates predom-
the height of the energy barrier, but also by the inantly from the 15-fold decrease in the rate of
decrease in solvent viscosity with temperature. unfolding.

Similarly, the dependence of the measured folding Here, we investigated equilibrium stability and
rates(\) on denaturant concentratiof# the so- folding kinetics of Bc-Csp as a function of both
called Chevron plots reports not only on the temperature and denaturant concentration, to deter-
differential interactions of the native, unfolded and mine how the stability curve of the thermophilic
activated states of folding with the denaturant protein is changed and how the changes in equilib-
molecules, but is also influenced by the depend- rium stability correlate with changes in the acti-
ence of solvent Vviscosity on denaturant vation parameters.

concentration. Kramers’ theory describes the folding kinetics

We have been using the cold shock protBin of the cold shock proteins very well, and the rate
CspB fromBacillus subtilis to investigate elemen-  constants for both unfolding and refolding decrease
tary protein folding. Bs-CspB is a small  with solvent viscosity(n) [15,16. At the same
single-domain protein of 67 residues with a five- time, these folding reactions are also well
stranded antiparallgl-sheet structurg23]. It folds described by the Eyring formalism and, in fact,
and unfolds via a native-like activated state in a before the viscosity dependence was known, the
very fast viscosity-dependent &JN two-state folding kinetics of Bs-CspB have been analyzed
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by applying TST[24,25. 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-

175

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 unfoldedU) conformation

is a two-state reaction, and that the fluorescence

ing become less enthalpic and more entropic, but emissions of the native and the unfolded proteins

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 foBs-CspB andBc-Csp are sur-
prisingly similar in their thermodynamic
properties.

2. Experimental
2.1. Materials

GdmCI and urea(ultrapure were from ICN
(Cleveland, OH, USA. All other chemicals were
from Merck (Darmstadt, Germany Bc-Csp and
Bs-CspB were overexpressed m coli using the
bacteriophage T7 RNA polymerase promoter sys-
tem [29] and purified as described previously
[24,27,28.

2.2. Heat-induced
transitions

equilibrium unfolding

Thermal unfolding transitions were measured in
0.1 M Na cacodylateHCI, pH 7.0 at protein
concentrations of 4 or &M in the absence or
presence of urea, GdmCl or NaCl at various
concentrations. The transitions were monitored by

depend linearly on GdmCI concentration. A non-
linear least-squares fi{31] with proportional
weighting of the experimental data was used to
obtain the Gibbs free energy of stabilization as a
function of the GdmCI concentration.

2.4. Stopped-flow kinetic experiments

A DX.17MV sequential mixing stopped-flow
spectrometer from Applied Photophysi€seath-
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-2-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 nifl0 nm bandwidth

All unfolding and refolding experiments were
carried out in 0.1 M Na cacodylatelCl pH 7.0.

To initiate unfolding, typically 16.5.M native Bc-
Csp in buffer was diluted 11-fold with GdmCI
solutions of varying concentrations to give final
GdmCI concentrations between 1.0 and 6.5 M
(depending on temperatyteTo initiate refolding,
16.5 uM unfolded B¢-Csp in concentrated GdmCl

the decrease of the CD signal at 222.6 nm at 1 or solutions (between 3 and 4.5 M, depending on
0.5 cm path length in a JASCO J600 spectropolar- temperaturg was diluted 11-fold with aqueous

imeter. Heating rates were 61/h. Transitions

buffer or with GdmCI solutions of varying concen-

were evaluated using a non-linear least squares fittrations to give final concentrations of 0.3—-4 M

according to a two-state modg3Q].

2.3. GdmCl-induced
transitions

equilibrium  unfolding

Samples ofBc-Csp (1.5 wuM) were incubated
for 1 h in the presence of 0.1 M Na cacodylate
HCI, pH 7.0 and varying concentrations of GdmCI.

GdmCI. 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 reactiofEq. (1)] the

The fluorescence of the samples was then meas-equilibrium constank,, is equal to the ratio of
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the microscopic rate constants for unfoldiig,,) AC} and AS* are assumed to vary linearly with
and refolding(kyy) [Eq. (2)], and the measured the denaturant concentration. The variation of
rate constanf\ is equal to the sum ok, and AG* with GdmCI concentration, AGf=0AG*/
knu [EQ. (3)]. Log kyy and logkyy are assumed  9[GdmCI, is identical with the kinetion value,

to depend linearly on the denaturant concentration AHf=0AH*/39[GdmCI, AS*=0AS*/o[GdmCI,
[Egs. (4) and (5)]. In Egs.(4) and (5), m{, and andAC;;=9AC}/9[GdmCI.

mn are equal tAGY,,/[GdMC] and 0AGy/

o[GdmCI, respectively. 2.6. Viscosity measurements

U Viscosity was measured by the viscosity and
N=U D density meter VISCODENS, developed in the
kun Institute of Experimental Physics in Kosice, Slo-
K eq=knu/k un (2) vakia. It is a Couette-type non-contact yisco_meter,
which measures the true bulk viscosity without

A =knu+kun ) errors originating from the contact of cylinders
— RTnkyy= — RTInkyyu(H-0) with the sampléair phase boundary. The inner
+miu[GAmCI (4) cylinder of the instrument consists of a glass buoy

with a diameter of 7.7 mm and a length of 63

— RTInkyy = — RTInkyn(H-0) mm, floating in the measured liquid. The outer

+min[GdmCI (5 cylinder with a diameter of 8.7 mm is also made

. . of glass. In the upper part of the buoy is an SmCo

[““”20*““‘[‘3””@] magnet, and the buoy is equilibrated in the axis of

k--—[kiT] [1} Tk the outer cylinder by the electromagnetic force.
N A T° The vertical position is optically controlled. In the
+ _ lower part of the buoy is a small aluminum

X ex ASfi,o )+ ASTT 9[GdmC] cylinder located in the rotating magnetic field

R perpendicular to the axis. The interaction of this

AHELo(TO+ AHHT 9[GAmC] magnetic field with the eddy currents generated in

- RT 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
In our analysis of the\ values we follow the  heating and cooling is provided by a thermoelectric
procedure described by Schindler and Schik]. element(Marlow Industries, Ing, and the tem-
Briefly, the entire set of N values measured perature is measured by a resistor thermometer
between 0.3 and 6.5 M GdmCI, and between 2 with a precision of~0.02 K.
and 51°C was subjected to a joint kinetic analysis ~ The viscometer is calibrated by measuring the
based on the combination of Eq2)—(6). In this viscosity of water in the range of 20-8& and
analysis, which is based on TST, we decompose by comparison with tabulated reference dfga].
the activation Gibbs free energgG* into its The precision of viscosity measurements is approx-
(temperature-dependententhalpic and entropic  imately 0.1%. The samplépprox. 1.5 mi is kept
components AH* and AS*. AH* is assumed to  at increased pressuf@pprox. 250 kPato avoid
depend linearly on temperature, i.e. the change in bubble formation at elevated temperature.
heat capacity going from the initial to the activated
state, AC}, is assumed to be constant in the
temperature range of our experimef#s-51°C).
As the equilibrium thermodynamic parameters  The dependencies of the measured solvent vis-
of unfolding, the activation parametesss*, AH, cositiesm on temperature and denaturant concen-

(AC} 0+ ACE [GAMCI)(T —T9)
B RT ] (6)

2.7. Correction of measured rate constants for
solvent viscosity
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tration ([D]) in Fig. 4 can be described by an induced unfolding transition aBc-Csp is above 7

empirical equation with nine parametdrs-i) [EQ. M, and 10 M urea cannot unfolBlc-Csp complete-
M]. ly. Therefore, we used the strong, but ionic dena-
turant GdmCI in all experiments. GdmCl-induced
n={a+bexgc[D]]} AT : " :
+{d+eexplf[D]] }expl(g + h[D] equilibrium unfolding transitiongFig. 28 were

) measured at 13 temperatures between 2 and 48
°C, and thermal unfolding transition&=ig. 2b)
were measured at 20 different GdAmCI concentra-

This equation has no physical meaning, but tions ranging from 0 to 1.4 M.

describes the dependence of viscosity on temper- Bc-Csp is, among others, stabilized by electro-

ature and denaturant concentration very well. It static interactions at the protein surface. Therefore,

was used to normalize the measured and theits thermal stability decreases slightly when these

microscopic rate constants to a relative viscosity favorable interactions are screened by adding 0—

+i[D]A(T —273.15)].

=1 for water at 25°C [see Eq(11)]. 0.5 M NaCl[27]. At higher salt concentrations the
stability increases linearly, probably as a conse-
2.8. Temperature dependence of viscosity quence of general Hofmeister effectfig. 20).

) ] ] The non-linearity caused by electrostatic screening
The viscosity of water decreases with tempera- js zlso evident in the data obtained from the

ture in an approximately exponential fashion. This thermal unfolding transitions in the presence of
suggests an alternative to the above describedgdmcl (Fig. 20). The linear extrapolations of the
normalization of the reaction rates to a standard gtgpilities as obtained at high NaCl or GdmCl
viscosity me =1 for water at 25°C. The temper-  concentrations thus underestimate stability in the
ature depc_endence Ofi.e at a given denaturant  gpsence of salt in both cases by approximately 3
concentration can be approximated by an exponen-kj/mol (Fig. 20), because they do not account for
tial term [Eq. (8)], which gives apparent contri-  the favorable ionic interactions iBe-Csp that are
butions to the measured activation enthalpy screened in>0.5 M salt. Urea is an uncharged
(AH®)corr and activation entropf(AS¥)cor [EGS.  denaturant and thus does not screen electrostatic
(8) and (9)]. This empirical treatment has no jnteractions. The\G,, values from thermal unfold-

physical implications. In particular, it does not ing depend linearly on urea concentration between
imply that diffusion involves transitions over ener- o and 2 M ureaFig. 20).

gy barriers. Thermal unfolding transitions at different dena-
(AGY turant concgntrations and denaturant-induced tran-
nre|—exr{— —“’”] sitions at different temperatures can be combined
RT to determine the stability curve of a protein, i.e.
(ASH) corr (AH) corr the dependence on temperature of the Gibbs free
=exp{ ]ex;{— 4] €)) energy of denaturatiom\Gp, over a wide temper-
R RT ature rang€g33]. Fig. 3a gives the stability curve
e (AHcon of Be-Csp as determined at 1.2 M GdmCl. At this
T - R (9) GdmCI concentration, the stability depends line-
arly on salt concentration and long extrapolations
of the thermal transitions in the presence of GdmCl
3. Results and discussion can be avoided. The curvature in the stability data
gives a value of 3.8 kImol-K) for AC, and
3.1. Equilibrium stability shows that the stability is highest at approximately

11 °C. The data from the thermal transition at 1.2
Bc-Csp is approximately twice as stable as its M GdmCI and from the GdmCI-induced transitions
mesophilic homologBs-CspB at pH 7 and 25C. at various temperatures, coincide very well because
Under these conditions the midpoint of the urea- all measurements were performed at high salt.
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— This is not the case for the dependence of

g 1T @ AGp on temperature in 0 M GdmC(Fig. 3b).
g 08 [ The AGy, values derived from the thermal unfold-
e o6 [ ing transition reflect the stability at low salt con-
g oa [ centration where the favorable ionic interactions
g L in Bc-Csp are not screened. Th&Gp values
g 02 -
E -
0 . T T T T L
0 2 4 20 (a)
[GdmCl} (M) = i T
1 T T T T 1 T T T T g
g 08 | ] 2
g ST ] QJQ
2 06 [ = <
g i ]
S 04 =
g ]
8 02 .
E - ~
0
i { i | 1 | 1 1 1 | —_
'S
g
Z
LDC>
o 3
[=]
=
2
g
= 280 300 320 340 360
15} 5 _
<) L i T(K)
<
-10 5
: Fig. 3. Stability curves foBc-Csp in(a) 1.2 and(b) 0 M
0 0.5 1 L5 2 GdmCl, 0.1 M Na-cacodylate pH 7.@a) AG, was derived

[Salt] or [Urea] (M) from GdmCl-induced unfolding transitions at 13 different tem-
peratures(O), and from a thermal unfolding transitiof®).

Fig. 2.(a) GdmCl-induced equilibrium unfolding transitions of The joint fit of these data based on a two-state model is shown

Be-Csp at 2(0), 13 (e), 25 (CI), 35 (W), 40 (A) and 4g°c DY the continuous cunveAC, =3.8+0.1 [k/(mol-K)], AH(25
(A). (b) Thermal unfolding transitions aBc-Csp in the pres- C)=64.6+1.2 (kJ/mol), AS(25 C)=18.O.i4 [J/(moI-K)_]). .
ence of 0(0), 0.2(e), 0.4(C1), 0.6 (M), 0.8(A), 1 (A), 1.2 The result; for 1.2_ M deCI frpm the Jomt fit of the kinetic
(v) and 1.4 M (v) GdmCl. (c) Free energy of unfolding data of Fig. 5 without viscosity correctiofdotted curve

AGp of Be-Csp at 70°C as a function of the NaG), GdmCl (ﬁcp=|3.4;_r0.12 ['f‘]/(Tf"K)]A'f AH I(2K5 OC)=d68f'oi0'.9
(O) and urea(A) concentrations. For evaluation, the heat (ky/mol), AS (25 °C)=195+4 [J/(mol-K)]), and after vis-

capacityAC, was fixed to 3.3 kAmol-K). All measurements ~ COSIy  correction (broken — curvé =~ (AC,=3.4+0.1
were performed in 0.1 M Na cacodyl#t¢Cl, pH 7.0 as [ky/(molK)], AH (25 °C)=68.9+0.9 (kJ/moD), AS (25
described in Sections 2.2 and 2.3. In paft@l and (b), the €)=197+4 [J/(mol-K)]) are also shown(b) AGp at O M
fractions of native protein as obtained after two-state: N deC_I (upper_ _contlnuo_us cu_r\)ederlved from a thermal
analyses of the datg80,3] are shown as a function of the ~ unfolding transition(e) with a fixed AC;, of 3.3 kJ(mol-K).
GdmCI concentration and temperature, respectively. The con- The _d_ata, asoe“ﬁtrg%olitfdbllnearly from trllededr_nCIr—]mci_uced
tinuous lines represent the results of least-squares fit analysestransitions o mCl (b), were not included in the fit.
based on the two-state unfolding mechanism. In pécelthe The results for 0 M GdmCI from the joint fit of the kinetic

continuous lines result from linear fits of the data points above 92t@ of Fig. 5, before and after the viscosity correction are
0.5 M salt for NaCl and GdmCl data, and of all data points shown by the dotted and broken curves, respectively. The cor-
for urea ' responding stability curve foBs-CspB (lower continuous

curve) is taken from Schindler and Schmjgs].
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extrapolated linearly from the GdmCl-induced
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of the energy barrier of the reaction itself, atid

transitions at various temperatures reflect the sta-the decrease in solvent viscosity with temperature.

bility at high salt and thus underestimate the
stability by approximately 3 kimol (see Fig. 2¢.

To determine the contribution of solvent viscosity
it is helpful to analyze its dependence on temper-

As a consequence, these extrapolated values fallature as if it were a chemical reactideee Egs.

to approximately 3 kdmol below the stability
curve extrapolated from the thermal unfolding

(8) and (9)]. Such treatmentgas in Fig. 4b,d
have no physical meaning, but they provide pseudo

transition. The latter curve was calculated by using activation parameter$AX*).,,, which can be used

a AC, value of 3.3 kJ(mol-K), as obtained from
the analysis of the folding kinetidsee belowy.

Fig. 3b also shows the stability curve for the
mesophilic homologs-CspB, calculated from the
data given in Table 2 of Schindler and Schmid
[25]. The curve forBc-Csp is shifted upwards

relative to this reference, but the temperature of

to correct the activation parameters that were
calculated, e.g. based on TSX*).,. for the
contributions that originate from the temperature-
dependent decrease in solvent viscosiy. (8)]

AXi = (Axi)calc'i' (AXi) corr (10)

maximum stability and the curvature are essentially ~ 1hese pseudo activation parameters are shown

unchangedBc-Csp is thus more stable thaks-
CspB at all temperatures.

3.2. Viscosities of GdmCI and urea solutions

The viscosities of 0—6.6 M GdmCI solutions in
0.1 M Na cacodylate, pH 7.0the buffer used in
our experiments foBc-Csp) were measured as a
function of temperature between 10 and 8D
(Fig. 43. In the previous kinetic experiments with
Bs-CspB urea was used as a denaturi@¥ and
therefore viscosities of 0—9.5 M urea solutions in
the same buffer were also measuf€&ily. 40). The
viscosity of pure water(broken line was taken
from Weast[32]. GAmCI and urea increase the
solvent viscosity in a non-linear fashion with a

in Table 1 for 0—-6.6 M GdmCI and for 0-9.5 M
urea. Both sets of data are based on a relative
viscosity of 1 for the water viscosity at 2%C.
(AG%) o is generally very small, because addi-
tions of 6.6 M GdmCI or 9.5 M urea increase the
solvent viscosity by less than a factor of two.
(AH%) ¢y and(AS¥) . rare, however, large because
the relative solvent viscosity depends strongly on
temperature(Fig. 4b,0. (AH%) o, is —17.1 kY
mol in buffer at 25°C and —13.7 k¥mol in the
presence of 6.6 M GdmCI. SindAG*)..,, is very
small, the(AH"),,, values are opposed by almost
equal T(AS*).r values. The small curvatures in
the pseudo Eyring plots in Fig. 4b,d lead to a
slight decrease of(AH%).,, with temperature,
equivalent to a very small value fdAC}) ., Of

particularly strong increase at high denaturant con- approximately 0.1 kd(mol-K).
centrations, as observed previously by Kawahara The apparent activation enthalpi€dH*).,. as

and Tanford at 25C [34]. At all concentrations,

calculated from Eyring plots are thus larger than

the solvent viscosity decreases with temperature inthe ‘true’ activation enthalpies\H*. There is no

an approximately exponential manner.

This need to correct the measured activation heat capac-

becomes evident when the viscosities are shownities of unfolding and refolding because the values

in the form of pseudo Arrhenius plot&ig. 4b,d.

of approximately 0.1 kd(mol-K) for (AC})cor

This representation reveals that between 0 and 4(Table 1 are smaller than the confidence limits of
M the relative decrease with temperature of solvent experimental activation heat capacities.

viscosity becomes slightly smaller and that all

The data in Table 1 reflect how, for a diffusional

curves are slightly bent upwards with decreasing reaction, the calculated activation enthalpies differ

temperature. Above 3 M the viscosity of GdmCI

from the true activation enthalpy and how the

solutions increases more strongly with denaturant (AH%).,, values can be used to correct the exper-

concentration than in the case of urddg. 4e).

imental values. We used, however, an alternative

The measured temperature dependence of theapproach and corrected the measured rate constants

rate of a diffusional reaction reflect$) the height

(as a function of temperature and denaturant con-
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Fig. 4. Viscosity of aqueous GdmCI and urea solutidias.Viscosities of 0(O), 1.0 (e), 1.9(0), 2.9(M), 3.8(A), 4.9(A), 5.7

(v) and 6.6 M(v) GdmCI in 0.1 M Na cacodylate, pH 7.0b) Replot of the data of panel) in the form of an Arrhenius
diagram.(c) Viscosities of 0(O), 1.0 (e), 2.2(), 3.1 (M), 4.2(A), 5.2(A), 6.4(v), 7.6(v), 8.3(<C) and 9.5 M(#) urea in

0.1 M Na cacodylate(d) Replot of the data of pandk) in the form of an Arrhenius diagram. The broken curves represents the
viscosity of water calculated according to Wef&Z]. The curves represent the fit based on &f).with the following parameters.
GdmCl: ¢=0.1780,b=0.1225,c=0.2028,d=1.4376,¢=0.01674,f =0.5802,g = —0.0331,2=0.0004424, and=2.272x 10" ¢,
urea:a=0.1341,b=0.1670,c=0.1155,d=1.3206,e=0.1657,f =0.2302,g = — 0.0339,2=0.0003582, and= —3.244x 10" °. E:
viscosities of GdAmMCIO) and urea(®) solutions in 0.1 M Na cacodylate, pH 7.0 at 25 relative to the viscosity of water at 25
°C.

centration for the viscosity effect. In this approach from the rate constant&), measured at different
the entire set ofq values in Fig. 4a was fitted to  temperatures and denaturant concentratifidg.

an empirical equation with nine parametdEq. (1D].

(7)], and these values were then used to calculate

rate constants(ko), that are normalized to the j —; — kM) (11)
viscosity of water at 25C (n,=0.8904 mPes) Mo



Table 1
Eyring analysis of the viscosities of solutions at X3

(a) GdmCl

[GdmCI (M) 0 1.0 1.9 2.9 3.8 4.9 5.7 6.6

(AG#H)cor (kI/mol) -0.1 -0.2 -0.3 -05 -0.7 -0.9 -1.2 -1.6

(AH#)¢or (k3/mol) —17.1+0.1 —16.0+0.1 —15.240.1 —1454+0.1 —14.0+0.1 —13.7+0.1 —13.640.1 —13.7+0.1

(ASH)gor [I/(MOlK)]  —56.9+0.1 —53.1+40.1 —49.9+0.1 —47.0+0.1 —44.840.1 —42.8+0.1 —41.6+0.1 —40.8+0.1

(ACY) core [3/(mol-K)] 118+3 98+2 89+3 76+2 45+1 69+3 71+3 71+2

(b) Urea

[GdmCI (M) 0.0 1.0 2.2 3.1 4.2 5.2 6.4 7.6 8.3 9.5
(AG#)¢orr (k3/mol) -0.1 -0.2 -0.4 -05 -0.7 -0.9 -1.1 -1.3 -15 -1.8
(AH#) o (k3/mol) —17.140.1 —16.7+0.1 —16.3+0.1 —16.1+0.1 —15.8+0.1 —15.740.1 —1564+0.1 —15.840.1 —15.840.1 —16.0+0.1
(ASF)gor [I/(MOlK)]  —56.9+0.1 —55.240.1 —53.5+0.1 —52.1+0.1 —50.640.1 —49.7+0.1 —48.9+0.1 —48.4+0.1 —48.0+0.1 —47.5+0.1
(AC}) corr [3/(mol-K)] 11142 104+ 2 10342 97+2 95+2 88+2 9242 9242 91+2 80+3

aViscosities of solutions of GAMCI and urea in 0.1 M Na cacodylate, pH 7.0 were related to the viscosity of wat€Cabf28.8904 cP(AG*).,, activation
Gibbs free energyAH "), activation enthalpy(AS¥).,, activation entropy{AC}) .o, activation heat capacity derived from the fit of the data to Efs.and(9).

061=€L1 (200Z) 96 Custway) orscydorq / v 12 14ad “d

18T
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Fig. 5. Dependence on GdmCI concentration of the rate constahtefolding (open symbolsand unfolding(closed symbolsof
Bc-Csp at 14 temperatures befdi®, @) and after the viscosity correctidiy, A). All 1309 data points were subjected to a joint
fit to Egs. (2)—(6). The parameters for these fits are given in Table 2a. The profiles for the apparent rate cor(s@mtinuous
lines), the rate constants of unfolding,, (broken lineg and refolding k. (dotted lines as calculated from this fit are shown.
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Table 2
Activation parameters of folding reactions at 25*
Parametér Uncorrected data With viscosity correction for GdmCl

U-t Nt N=U U—t Nt N=U
(a) Be-Csp
AH (H,0) (kJ/mol) 32.6+0.5 107.4:0.6 74.9+0.8 16.3+0.5 93.0+0.6 76.7+0.8
AH; [kJ/(mol-M)]) 2.1+0.4 —3.6+0.1 —5.7+0.4 3.0+0.4 —3.5+0.1 —6.5+0.4
AS (H,0) [J/(mol-K)] —77+2 11242 189+ 3 —13142 6242 1944 3
AS; [3/(mol-K-M)] —16+2 —10+1 542 —12+42 -9+1 3+2
AC, (H;0) [kJ/(mol-K)] —2.2+40.1 1.1+0.1 3.3+0.1 —2.1+0.1 1.2+0.1 3.3+0.1
AC,; [3/(mol-K-M)] —2450 82+17 84453 12+ 50 63+18 51453
AG (H,0) (kJ/mol) 55.5 74.0 18.5 55.5 74.4 18.8
M [kJ/(mol-M)] 6.7 -0.5 -7.2 6.5 -0.8 -7.3

(b) Bs-CspB°

AH (H,0) (kJ/mol) 31.6+2.2 96.1+3.3 64.4:4.0 15.4+2.1 81.0+3.3 65.6+4.0
AH; [k3/(mol-M)]) —2.44+1.6 -1.34+0.5 1.1+1.6 -2.0+15 —-1.440.5 0.6+1.6
AS (H,0) [J/(mol-K)] —81+7 106+11 186+13 —135+7 55+11 189+13
AS; [3/(mol-K-M)] —1745 —4+2 13+6 —15+5 —4+42 12+6
AC, (H0) [kJ/(mol-K)] —2.740.3 0.3+0.4 3.0+0.5 —2.6+0.3 0.5+0.4 3.1+0.5
AC,; [3/(mol-K-M)] —66+135 149+ 70 216+ 152 —80+133 128+ 70 208+ 150
AG (Hx0) (kJ/mol) 55.7 64.6 8.9 55.6 64.8 9.2
M [kJ/(mol-M)] 2.7 -0.1 -28 25 -0.3 -28

aThe activation parameters for refoldiffty — 1) and unfolding(N — $) are the result of a joint fit of all 1309 rate constants
measured between 0.3 and 6.5 M GdmCI, and 2 andGhccording to Eqs(1)—(6), either with or without correction of the
measured rates for solvent viscosity according to@®&d). Equilibrium parameters for unfoldingN = 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.

b AX (H,0), thermodynamic parameter in the absence of GAmCI or urea &C28X,, GdmCI or urea dependence of the
thermodynamic parameter at 28, with X being either the reaction enthal, the reaction entropy, or the heat capacity,,.
AGp (H,0), Gibbs free energy in the absence of GAmCI or urea &5, dependence ahG, on GdmCI or urea at 25C. No
errors forAGp (H,0) andm are given because these parameters do not result from the fit.

¢ Taken from Schindler and Schm[@5].

3.3. Unfolding and refolding kinetics of Bc-Csp as The measured rate constant®f unfolding and
a function of GdmCl concentration and refolding of Bc-Csp are shown in Fig. 5 as a
temperature function of the GdmCI concentration at 14 tem-

peratures between 2 and 5C. The values for
o ] ] log\ follow a V-shaped dependence on denaturant
The kinetics of unfolding and refolding were  concentration, which is commonly referred to as
measured by the change in protein fluorescence gn (inverted chevron. As in the previous experi-
after stopped-flow dilutions of the native and ments at 25°C, no evidence for folding interme-
unfolded protein, respectively, to the final condi- diates could be found. The observed amplitudes
tions. Folding was reversible under all conditions accounted for the entire change in fluorescence at
(0-7 M GdmCl, 2-51°C), and the kinetics all temperatures and GdmCI concentrations, and
followed single exponential time courses. 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 lown* values for

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

equations are not known for protein folding reac-
tions. Nevertheless, changes in these activation
parameters, e.g. as a function of the conditions,

unfolding, which suggests that the activated state can be interpreted. The values fafH* and AC};

of folding resembles the native state in its inter-
actions with the denaturant molecules in the
solvent.

Fig. 5 shows the values for both before and
after the correction for solvent viscosity. As out-
lined above, the data were normalized relative to
the viscosity of water at 25C, therefore the
differences are smallest for the refolding data at
25 °C. The influence of the denaturant on solvent
viscosity is small between 0 and 2 M Gdm(Flig.

4), and therefore the slopes of the refolding limbs
of the chevrons(the m* value9 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 GdmClI

concentration the solvent viscosity increases mark-

edly (Fig. 4), and therefore the corrected rates of
unfolding increase progressively relative to the

are reliable, because they are derived directly from
the temperature dependence of the rate constants
for unfolding and refolding.

The entire set of 1309 values between 2 and
51 °C, and between 0.3 and 6.5 M GdmCI| meas-
ured for Bc-Csp (Fig. 5), was subjected to a joint
analysis based on Eq§2)—(6). In this analysis,
the activation parametersH#*, AS* andAC} were
assumed to vary linearly with the GdmCI concen-
tration, and the values foAC} were assumed to
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 thAG* values for unfolding and
refolding depend linearly on the denaturant con-
centration in this range of conditions.

The resulting kinetic parameters calculated for

uncorrected values, leading to a marked increase25 °C are shown in Table 2, a graphical represen-

in the m* value for unfolding. The temperature

tation of the changes i, —7 S and AC, during

dependencies of both unfolding and refolding rates folding at three temperatures is provided by Fig.
are decreased by the viscosity correction and there-6. The correction to the viscosity of water at 25
fore the corrected rate constants are higher than°C lowers theAH* values for unfolding by 14.4

the measured values below 2&, but smaller
above 25°C.

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

kJ/mol and for refolding by 16.3 kdnol, 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 activatioAG*, for unfold-
ing and refolding are virtually unaffected by the
viscosity correction because at 26, the addition

indicates that the correction has two consequences.of 6 M GdmCI increases the relative viscosity of

The activation enthalpies for both unfolding and
refolding become smaller, and the* value for

the solvent less than two-fold. As a consequence,
the decreases in theH* values are accompanied

unfolding increases. To assess these consequencelsy concomitant decreases in tHAS* values of

guantitatively, we analyzed the folding kinetics
before and after the viscosity correction by using
transition state theoryTST). Analyses based on

Kramers’ theory and TST are not mutually exclu-
sive [20]. We use TST here to demonstrate how
the correction for viscosity affects the calculated
activation parameters of a diffusional folding reac-

16.1 and 14.9 kdmol 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,0.

The activation heat capaciti@sC} of unfolding

tion, but we are aware that the absolute numbers and refolding are virtually unaffected by the vis-

for AG* and AS* are unreliable, because the pre-
exponential factors in both the Eyring and Kramers

cosity correction. Both increase by 0.1/kdol-K)
(Table 2 as expected from the dependence on
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viscosity correction, because the refolding kinetics

" | (@)- are measured at low GdmCI concentration. The
= m* value for unfolding changes from-0.5 to
by —0.8 kJ(mol-M), because the kinetic data that
g i i determine the GdmCI dependence of the unfolding
2 2 . rate are measured at high denaturant concentration,
%“ L i where the viscosity increases significantly. This
leads to the small tilts in the chevron plots in Fig.
4T | | | N 5, and thus the folding transition state appears a
150 |- ! ' ' (b)] bit less native-like after the viscosity correction,
100 | a_ 2c - as judged_by _theﬁ-value crite_rion.
o 50 - ////'\\\\\\ | The activation parameters in Table 2 were used
g oL ,%& ~ ] to calculate the microscopic rate constants of
2 u AREER N 1 unfolding and refoldingkyy, andkyy, as a function
z 0r R o of temperature. The resulting values o kyy +
-100 - 50°C™, 2% 7] kyn are shown in Fig. 5 as continuous lines. They
-150 - ; | '“? 7 follow the experimental data very well in the entire
150 ! ' A (e range of temperatures and GdmcCl concgntrations.
T 100 F 50°C_ar N Fig. 7 showsky and kyy as a function of
E oL 25C ] temperature at 0, 3.5 and 7 M GdmCl. .
=2 L . The viscosity correction affects only the kinet-
o 0r T S=IIE-—=-a ] ics, but not the equilibrium stability oBc-Csp.
bS50 2C The equilibrium thermodynamic parameters, as
150 C obtained from the differences of the activation
£ 100 parameters for unfolding and refol@ng, are iden-
2 L tical before and after the correctiofifable 2.
2 Or Moreover, the data obtained for 1.2 M GdmCl
a 0T coincide within experimental uncertainty with the
"50 equilibrium parameters as obtained from the anal-
C ysis of the thermal and denaturant-induced unfold-
U i N
Reaction coordinate
1000
Fig. 6. Reaction profiles for the folding reaction Bé-Csp in 100
0 M GdmClI, pH 7.0 when going from the unfolded stété) 10
via the transition statét) to the folded staté€N). The open —_ 1
and closed symbols refer to the analyses before and after the "‘@/ 0.1
viscosity correction, respectively. The parameters for f and N = 0.01
were calculated from the difference relative to the values for 0.001
the unfolded state U that were S(_et to zero. The heat capacity 0.0001
[panel (a)] was assumed to the independent of temperature.
The enthalpyH [panel(b)] and the entropic term-T S [panel 1e-005 7M GdmCl
(c) and (d)] are shown for Asquares, broken lings25 (cir- le-006 e

cles, continuous lingsand 50 °C (triangles, dotted lines 3 3.2 3.4 3.6 3.8
—T S values calculated with pre-exponential factors in the Eyr- 5 1
ing equation of 610> and 16 s* at 28C are shown in 10°/T (K™)
panels(c) and(d), respectively.
Fig. 7. Arrhenius plots of the microscopic rate constants of

. A unfolding kyy (broken lines and refoldingk,y (solid lines
temperature of the solvent V|SCOS|tlé§|g. 4b)' of Be-Csp in 0, 3.5 ad 7 M GdmCI. The lines were calculated

The m* value for refolding is only marginally  from the parameters after viscosity correction given in Table
changed[from 6.7 to 6.5 kJ(mol-M)] by the 2a.
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ing transitions(Fig. 3a,b. A slight difference in the enthalpic barrier is twofold decreased and the
the AC, values[3.4 kJ(mol-K)] as derived from entropic barrier two-fold increased after accounting
the kinetics and 3.8 kimol-K) as derived from  for solvent viscosity. However, before as well as
the equilibrium data leads to a small difference after correction, the profiles in Fig. 6b,c indicate
in the curvature of the two stability profiles in Fig. that in the range of physiological temperatures,
3. A similar deviation was observed f@&s-CspB there is a pronounced transition from an enthalpic
before [25] and reflects the large uncertainty in barrier (at low temperatureto an entropic barrier
the AC, values, which are obtained from the (at high temperatue
second derivative of the measured rate and equi- The positions of thg S values for the activated
librium constants. ThAGy values that were cal- state in Fig. 6¢ are uncertain, because they depend
culated from the kinetic data and extrapolated to on the pre-exponential factor in the Eyring equa-
0 M GdmCI (Fig. 3b), coincide with theAGp tion, which iskgT/h=6x10'? s7* at 25°C. Based
values as derived from the GdmCI-induced equi- on the rates of contact formations in proteins, Bieri
librium transitions. In both cases, the experimental and Kiefhaber suggest that the maximal rate of
data obtained at high salt concentrations are extrap-protein folding(and thus the pre-exponential factor
olated linearly to 0 M GdmCI and therefore lack in the Eyring equation might be near 19 s
the electrostatic contribution of approximately 3 [11]. We therefore calculated tHE S values also
kJ/mol to stability. with this factor. As expected, the entropic barrier
Sixty-four percent of the overall change in heat becomes smaller by approximately 25 /kibl
capacity occurs between the unfolded and the (Fig. 6d), but the fundamental result that refolding
activated state of foldingFig. 6a), suggesting that s limited by an enthalpy barrier at low temperature
by the AC, criterion the activated state of folding and by an entropy barrier at high temperature
of Bc-Csp is only approximately two thirds native- remains unaffected, even though the pre-exponen-
like. For Bs-CspB, the activated state was approx- tial factor in the Eyring equation was changed by
imately 90% native. We are not sure whether this more than four orders of magnitude.
difference in the ‘native character’ of the activated =~ We used the viscosity data for urea solutions
state is significant. The values faiC}, are derived (Fig. 4 and Table X to correct our previously
from the second derivative of the measured rate measured25] kinetic data for the unfolding and
constants and thus reflect the curvature in a con- refolding of Bs-CspB (Table 2. The reaction
ventional Arrhenius diagram. It is often, but not profiles based on the viscosity-corrected data for
always, observed that the analyses of tiieand AC;, AH* and AS* are shown in Fig. 8 in
the AC}, values give similar values for the ‘native- comparison to the values fdc-Csp. By theAC,
like' character of a folding transition staf85,34. criterion, the activated state is approximately 85%
It should be noted that the values report on the  native-like for Bs-CspB, but only 63% native-like
interaction of the protein with denaturant mole- for Bc-Csp. TheAC} values are, however, derived
cules, whereasAC, reports on changes in the from the second derivative of the temperature

hydration of hydrophobic and polar grouf®¥,39. dependence of the measured rate constants and
Panels(b) and (c) of Fig. 6 show the enthalpic  therefore must be interpreted with due care.
(H) and the entropid T S) contributions to the The data for the activation enthalpies and entro-

activation barrier of folding ofBc-Csp at three  pies (Table 2 and Fig. 8b)cgive a very clear
temperatures. The values for the unfolded protein answer. AlthoughBc-Csp is approximately twice
are arbitrarily set to zero in these comparisons. as stable(at 25°C) as its mesophilic counterpart
These profiles visualize that the neglect of the Bs-CspB, still the refolding reactions of the two
viscosity correction generally leads to an overes- proteins show almost identical rates, activation
timation of the enthalpic and an underestimation enthalpies and activation entropies, and the acti-
of the entropic barrier of folding. The corrections vated states of refolding are both approximately
are relatively large for refolding at 28C, where 90% native by then value criterion. This suggests
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Fig. 8. Reaction profiles for the folding reaction®f-Csp(Hl)

and Bs-CspB (O) in 0 M GdmCI, 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
[panel (a)] was assumed to the independent of temperature.
The enthalpyH [panel(b)] and the entropic term-7 S [panel

(c)] are shown for 25°C. The data forBs-CspB were taken
from Schindler and Schmid25], and corrected for solvent
viscosity.

that the two proteins show almost identical acti-
vated states of folding. In unfoldingBc-Csp
resemblesBs-CspB in the activation entropy, but
the activation enthalpy is increased by 12/tbl
(25 °C). This suggests a very simple explanation
for the difference in stabilitfapprox. 10 kJmol,
Table 2 betweenBs-CspB andBc-Csp. It origi-
nates from additional enthalpic interactions at the
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protein surface that are established in natBee
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 activatiohG*, are
hardly affected by these comparisons when the
relative viscosity of water at 25C is set as one.
The m* value (the dependence aAG* on dena-
turant concentration of unfolding is slightly
increased after the viscosity correction, but the
resulting change in the-value (a =m{y/(min—
miy) is much smaller than 0.10.

The values foAH* andTAS* 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 Adi*
must be decreased by 17.1/kdol, and those for
TAS* increased by the same amougt 25 °C,
where the relative viscosity of the solvent i3. 1
Neglect of the viscosity effect leads to an overes-
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timate of the enthalpic and an underestimate of ual contributions. Based on their numbers we
the entropic barrier to folding. In the presence of estimate a loss in chain entropy upon folding of
a denaturant, solvent viscosity increases lessBc-Csp equivalent to approximately—TAS=
strongly with temperature, and the correction for 1x10° kJ/mol. Compared with this estimate, the
AH* drops slightly from approximately 17 to 14 experimentallAS* values in the range of-50 to
kJ/mol, when the GdmCl concentration is +50 kJ/mol are extremely small, revealing that
increased from O to 7 M. This drop primarily the loss in chain entropy during folding is com-
affects unfolding kinetics that are measured at high pensated by a large increase in solvent entropy,
denaturant concentration. which for Be-Csp is estimated aAS=500 kJ
The viscosity effects can be accounted for either mp|. These crude calculations indicate that the
before the analysis by correcting the apparent rate ctivated state of folding resembles the native state,
constants, or afterwards by subtracting the pseu-in the sense that large individual contributions to

analysis of the viscosity datérable ) from the
calculated activation parameters.

The numbers fodH* are virtually independent
of the kinetic theory used. For unimolecular reac-
tions they are determined directly by the temper-

other. Thus, the shift from a 70 khol enthalpic
barrier at 2°C to a 70 kJmol entropic barrier at
50 °C, is caused by a slight asynchrony of the
energy balance.

ature dependence of the measured rate constants.

The values fo'AS* 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 decreasess* by 23 kJmol
(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 °C) to being entropic at high
temperaturg50 °C).

Such a change in the nature of the folding
barrier has been proposed in theoretical models of
folding [39,40. 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 [2]

capacity during folding and thus determine the
decrease of enthalpy and entropy of folding with
temperature[41]. 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 Privalo{42,43 decomposed
the overall stability of folded proteins into individ-
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