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The small all-g protein tendamistat folds and unfolds with two-state
kinetics. We determined the volume changes associated with the
folding process by performing kinetic and equilibrium measurements
at variable pressure between 0.1 and 100 MPa (1 to 1,000 bar).
GdmdCl-induced equilibrium unfolding transitions reveal that the
volume of the native state is increased by 41.4 + 2.0 cm3/mol relative
to the unfolded state. This value is virtually independent of denatur-
ant concentration. The use of a high-pressure stopped-flow instru-
ment enabled us to measure the activation volumes for the refolding
(AV¥*) and unfolding reaction (AV%¥) over a broad range of Gdmcl
concentrations. The volume of the transition state is 60% native-like
(AV¥* = 25,0 = 1.2 cm3/mol) in the absence of denaturant, indicating
partial solvent accessibility of the core residues. The volume of the
transition state increases linearly with denaturant concentration and
exceeds the volume of the native state above 6 M GdmCI. This result
argues for a largely desolvated transition state with packing defi-
ciencies at high denaturant concentrations and shows that the struc-
ture of the transition state depends strongly on the experimental
conditions.

he characterization of the energy barriers between unfolded

and native proteins is one of the major goals of protein folding
studies and has been targeted by several experimental approaches.
Kinetic analysis of mutant proteins allowed to probe the presence
of individual structural elements in the transition state for folding
of several proteins (1, 2). These studies showed that many native
interactions are already weakly formed in the transition state.
Conclusions on the solvent accessibility of the transition state are
commonly drawn from the denaturant dependence of the rate
constants for unfolding and refolding (3). The results on a large
number of proteins suggest that protein folding reactions have
rather native-like transition states in terms of solvent exposure.
Information on the energetics of the transition state was obtained
from measurements of the temperature dependence of the folding
kinetics and revealed both enthalpic and entropic contributions to
the free energy barriers at room temperature (4-7).

Despite the wealth of experimental data on protein folding, little
is known about the effect of pressure on folding kinetics. The
pressure dependence of a chemical reaction rate reflects the volume
change between the initial state and the transition state of the
reaction. In protein folding formation of the native state usually is
accompanied by an increase in volume, which is believed to be
caused by (i) the volume changes of released water molecules
(8-10) and in the polypeptide chain (11, 12) upon formation of a
compact state with a solvent-inaccessible core and (ii) inefficient
packing of the native state (13). Therefore, the pressure depen-
dence of folding and unfolding rates can give valuable information
on the structure and the hydration properties of the transition state.
Up to now, kinetic studies on the effect of pressure on folding
kinetics were restricted to pressure-jump experiments (14, 15).
Volume changes in protein folding are commonly in the region of
20-100 cm?/mol for single-chain proteins (8). Thus, pressure jumps
of 100-250 bar, which have been applied in protein folding studies,
cause only minor changes in the equilibrium constant and conse-

quently result in small amplitudes of the relaxation kinetics. In
addition, the experiments are limited to conditions in the transition
region between native and unfolded protein.

We used the small all-B-sheet protein tendamistat (16) as a
model to investigate the effect of pressure on protein folding
reactions. The fast folding reaction of tendamistat with disulfide
bonds intact is a two-state process under all applied conditions (17),
which allows straightforward determination of the microscopic rate
constants for folding and unfolding. The use of a pressurized
stopped-flow instrument enabled us to perform kinetic measure-
ments over a broad range of GdmCl concentrations at pressures
between 0.1 and 100 MPa (1 MPa = 10 bar). Global analysis of the
effects of pressure and GdmCl on the folding kinetics in combina-
tion with equilibrium unfolding transitions yielded the complete
volume profile for tendamistat folding. The volume of the native
state is increased by 41.4 = 2.0 cm?®/mol compared with the
unfolded state. This value is virtually independent of denaturant
concentration. The activation volumes for refolding and unfolding
both depend strongly on the GdmCI concentration and show that
the transition state becomes significantly more native-like with
increasing denaturant concentration.

Materials and Methods

Materials. Tendamistat was a gift from Klaus Koller (Hoechst,
Frankfurt, Germany). Purity was checked by MS and reversed-
phase HPLC and exceeded 99%. Ultra-pure GdmCI (AA grade)
was from Nigu Chemie (Waldkraiburg, Germany).

Kinetics of Unfolding and Refolding at Various Pressures and GdmcCl
Concentrations. Kinetic measurements were performed by 1:1 mix-
ing of either native tendamistat (in 10 mM NaOAc/HOAc, pH 5.35,
various concentrations of GdmCl below 6.7 M) or unfolded protein
(in 20 mM NaCl/HCI, pH 1.5, at various concentrations of GdmCl
above 2.0 M) with the appropriate buffer to yield the desired
concentration of GdmCl at final conditions of 50 mM glycine/HCI,
pH 2.0, 35°C. The use of a high-pressure stopped-flow instrument
(18) allowed kinetic measurements between 1 and 100 MPa mon-
itored by the change in fluorescence above 305 nm after excitation
at 286 nm. The final protein concentration was 6 uM. At each
pressure and GdmCI concentration equilibration of the system was
allowed for 15 min before 4-7 traces were averaged. The rate
constants were independent of the sequence of applied pressures.
Reactions with > 3.5 s could not be measured accurately because
of drifts in the fluorescence signal after 10-20 s, presumably caused
by gravity-induced flow of the solutions of different densities in the
stopped-flow apparatus. Additional to the fast folding reaction a
small fraction (15%) of unfolded tendamistat folds on a slow
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parallel pathway, limited by proline isomerization. This reaction
occurs on a slower timescale and thus not influence the analysis of
the fast folding process (17, 19).

The ionization of glycine at low pH involves a volume change of
AV = —6.8 cm3/mol (20), leading to a decrease of the pKa of 0.1
units between 0.1 and 100 MPa. The resulting change in pH would
lead to about 4% decrease of the refolding rate and 6% increase of
the unfolding rate. The pKa values of the protein carboxylic groups,
however, decrease similarly, such that the overall effect on the rates
will be even less significant; this effect thus was not taken into
account in data analysis.

GdmCl-Induced Equilibrium Unfolding Transitions at Various Pressures.
Tendamistat was incubated at different concentrations of GdmCl
between 0 M and 6.5 M (40 uM in 50 mM Gly/HC], pH 2.0) in a
“Le Noble” piston-type cell (21) with an optical path length of 2 cm.
The cells were pressurized between 2 and 100 MPa at 35°C in a
double-beam, temperature-controlled pressure bomb (22). For
every pressure and GdmCl concentration, equilibration of the
system was allowed for 15 min before absorbance spectra were
recorded between 240 and 350 nm on a Perkin—Elmer Lambda 19
double-beam spectrometer. The transitions were monitored by the
absorbance change at 280.5 nm, and the resulting values were
corrected for variations in the baseline absorption. These values are
independent of the order of pressures applied. The slopes of the
baselines of native and unfolded protein were independent of
pressure and thus were fit globally for all transitions. The data were
normalized to the fraction of native protein by setting the baseline
of native protein to 1 and the baseline of the unfolded protein to 0.

Effect of Pressure and GdmCl on Protein Stability. The Gibbs funda-
mental equation of chemical thermodynamics:

dG = Vdp — SdT + X, wdn, (1]

can be adapted for protein folding transitions including the effect
of a chemical denaturant like GdmCI on protein stability:

dAG® = AV°dp — AS°dT + md[GdmCl]. [2]

AG is the difference in Gibbs free energy between the native state
and the unfolded state under standard conditions. AF? and AS° are
defined accordingly. The m value represents the change in AG® with
the GdmCl concentration (m = (IAG®/3[GdmCl]),, 1), which is
empirically found to be constant over a wide range of GdmCl
concentrations for protein folding transitions. At constant temper-
ature Eq. 2 simplifies to:

dAG® = AV dp + md[GdmCl]. [3]

To determine AG® at a certain pressure (p) and GdmCl con-
centration ([GdmCl]) the effects of pressure and GdmCl on the
m value and on AV? have to be taken into account. The
experimental data show that the m value can be approximated
to be independent of the GdmCI concentration and AV? to be
independent of pressure (see Results), indicating similar com-
pressibilities of the native and the unfolded state. Because Eq. 3
represents an exact differential, we know that:

9*AG" _<6ﬂ> _< dAV? > B 4
opalGdmCl ~ \op ) gy \olGamen) =" 1

Thus, integration of Eq. 3 gives:
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AG(p,[GdmCI]) = AG (p,[GdmCl]y) + AV ([GdmCl],)
“(p = po) + m(po)([GdmCl] — [GdmCl]y)

+n(p = po)([GdmCl] — [GdmCl]y),
[5]

where py and [GdmCl] indicate reference conditions of 0.1 MPa
and 0 M GdmCl, respectively. Eq. 5 assumes that n is indepen-
dent of pressure and GdmCl, which is in agreement with the
experimental data (see Results).

Effect of Pressure and GdmCl on Folding Kinetics. The rate constants of
folding (k) and unfolding (k,) can be related to Gibbs free energies
of activation, AGY and AGY, respectively, using transition state
theory (23):

0%
AGy,

ky, = k*e” BT . [6]

The value of the pre-exponential factor k* represents the
maximum rate for the folding or unfolding reaction that is
assumed to be independent of pressure and GdmCI. The value
of k* is currently under investigation and thus the values of AG?f1
must be regarded as apparent Gibbs free energies of activation.
By treating AG?}‘, the same way as AG? (Egs. 1-5), we obtain in
analogy to Eq. §:

AGY%(p,[GdmCl]) = AGY(po,[GdmCl]y) + AVE(GdmCl]y)
(p = po) + mpu(po)([GdmCl]
— [GdmCl]o) + np(p = po)
([GdmCI] — [GdmCl],). (7]

Again, it is assumed that m, ¢ are independent of GdmCl concen-
tration, that AV?ﬁ are independent of pressure and that ng, are
independent of both pressure and denaturant concentration, which
is in agreement with the experimental data (see Resullts).

Analysis of Experimental Data. Equilibrium unfolding curves at each
pressure were analyzed according to the method of Santoro and
Bolen (24), assuming a two-state unfolding transition with linear
baselines for the GdmCI and pressure dependence of the absor-
bance of native and unfolded protein and a linear GdmCl depen-
dence of AG [(JAG®/9[GdmCl]], = m = constant). This yields
AG? at each pressure in the absence of denaturant [AG%(H,0)] and
the associated m values. For the analysis of the pressure dependence
of the equilibrium constant (K) at constant GdmCl concentration
Eq. 3 was combined with:

AG’= —RTInK = —RTIn @, [8]
(U]
which gives the well-known equation (25):
alnK AV°
<F> T.[GdmCI] ~RTT o]

In tendamistat folding about 15% of the unfolded molecules fold
slowly on a parallel pathway limited by a prolyl isomerization
reaction (Us molecules). To take the two different populations of
unfolded molecules into account the actual equilibrium constant for
the folding transitions (K = [N]/[Ug]) was determined from the
measured equilibrium constant (Kops) using (19, 26):

[Us])
[UF]

K= Kobs-< 1+ [10]
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with [Us] = 0.15 and [Ug] = 1 — [Us] = 0.85 and assuming that
both unfolded species have the same volume. This correction had
only minor effects on the results.

The GdmCl dependence of the apparent rate constant (A) at
each pressure was analyzed by using the two-state model with

A= kp+ ke [11]

The microscopic rate constants for refolding and unfolding in
water, k{(H,O) and k,(H,0O), respectively, were obtained from
the measurements of the apparent rate constant (A) at various
concentrations of denaturant by fitting the complete GdmCl
dependence of In A according to

mu[GdmCl)

mp[GdmClI]
InA = In|{ k{H,0)e”" RT  + k,(H,0)¢™ RT , [12]

where mg, represent the GdmCI dependencies of In k¢y. The
pressure dependence of k¢ and k, at constant denaturant con-
centration was analyzed by using

AV

D/ riGamen RT

in analogy to Eq. 9.

Global Analysis of Equilibrium and Kinetic Data. For two-state folding
the equilibrium constant (K) represents the ratio of the folding (kr)
and unfolding (k,) rate constants (K = k¢/k,). In combination with
Egs. 5 and 7, this relationship provides links between all kinetic and
thermodynamic parameters:

AG" = AG* — AGY
m=ms—m,

AVO = AV — AV
- . [14]

n=n;—n,

These relationships together with Egs. 5, 7, 8, 10, and 11 were

used for a global fitting of the pressure and GdmCl dependence

of equilibrium and kinetic data.

Data Fitting. The program PROFIT (Quantum Soft, Zurich, Switzer-
land) was used for data fitting. Errors and confidence intervals were
evaluated by using the implemented “error analysis” routine.

Results

We studied the effect of pressure on tendamistat folding and
stability at pH 2.0, 35°C. Fig. 1 shows time traces for refolding
at 2.0 M GdmCl (Fig. 14) and unfolding at 6.5 M GdmCl (Fig.
1B) at varying pressure. Increasing the pressure from 0.1 to 100
MPa (1 to 1,000 bar) decreases the folding rate at 2.0 M GdmCl
3-fold whereas the unfolding rate at 6.5 M GdmClI decreases only
1.15-fold. To determine the effect of pressure on the microscopic
rate constants for folding (k¢) and unfolding (k,) we measured
the pressure dependence of the apparent rate constant (A = k¢
+ ky) at a variety of different GdmCI concentrations between 1
and 7.5 M (Fig. 24). Under all conditions single exponential
kinetics were observed both for unfolding and refolding. Rate
constants for GdmCI concentrations between 2.5 and 5.5 M
could not be obtained with sufficient accuracy because of
instability of the kinetic traces at times longer than 10 s. Fig. 24
shows that refolding becomes progressively slower with increas-
ing pressure at GdmCIl concentrations between 1 and 2.33 M
GdmCl. Unfolding becomes slower with increasing pressure
above 6 M GdmCl and faster with increasing pressure below 6
M GdmClL

The GdmCI dependence of In A was fit according to Eq. 12 to
yield k¢ and k, in the absence of denaturant [k,(H,O) and k«(H,0),
respectively] and their respective changes with the GdmCl concen-
tration, m¢/RT and m,/RT. The results show that both m; and m,

Pappenberger et al.
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Fig. 1. Pressure-dependent kinetics of tendamistat folding at 2.0 M GdmCl (A)
and unfolding at 6.5 M GdmCI (B) monitored by the change in fluorescence above
305 nm. Measurements were carried out at 5 MPa (black), 20 MPa (dark blue), 40
MPa (green), 60 MPa (red), 80 MPa (light blue), and 100 MPa (magenta). Exper-
imental conditions were 50 mM Gly/HCl, pH 2.0, 35°C.

change with pressure, i.e., that (9mu/9p)iGamc = Hiu # 0 (Eq. 4).
These parameters allow the calculation of &, and k¢ at any given
pressure and GdmClI concentration and the determination of the
activation volumes for folding (AV{¥) and unfolding (AVY) at each
GdmCl concentration by using Eq. 13. Both In k¢ (Fig. 34) and In
ky (Fig. 3B) change linearly with pressure at all GdmCl concentra-
tions. However, the slope of the pressure dependence of In k, and
In k¢ changes with the denaturant concentrations, indicating a
GdmCl dependence of the activation volumes [(9AV{%/9[GdmCl]),,
= ngy; Eq. 4] AV increases from 27 = 1.4 cm®/mol at 1.0 M
GdmCl to 35 = 1.4 cm3/mol at 2.3 M GdmCl, and AV increases
from about —1.0 = 0.9 cm®/mol at 5.5 M GdmCl to 9.0 = 0.9
cm?/mol at 7.5 M GdmCl (Fig. 44). Comparison of the change in
m-values with pressure (Fig. 24) with the change in the activation
volumes with the GdmClI concentration (Fig. 3.4 and B) gives values
of 6.1 = 2.5 and 5.8 = 1.5 (cm?/mol)/M for ns and values of 4.4 =
1.0 and 4.8 = 1.0 (cm3/mol)/M for n,, respectively. This good
agreement demonstrates the validity of Eq. 4.

To compare the kinetic data for tendamistat folding with the
thermodynamic parameters we measured the effect of pressure on
the GdmCl-induced equilibrium unfolding transition under the
same conditions as in the kinetic experiments (Fig. 2B). Tendam-
istat is destabilized by increasing pressure, resulting in a shift of the
unfolding transition to lower GdmCl concentrations. Fitting the
transitions according to the two-state model and analyzing the
effect of pressure on the equilibrium constant (Eq. 9) shows that the
volume of the native state is increased by 41.6 * 2.7 cm?/mol
compared with the unfolded state (Fig. 3C). This value shows no
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Fig. 2. Effect of pressure on the GAmC| dependence of the apparent rate

constant (A) and the equilibrium transition (B) for tendamistat folding at pH 2.0,
35°C. Experiments were carried out at 5 MPa (black), 20 MPa (dark blue), 40 MPa
(green), 60 MPa (red), 80 MPa (light blue), and 100 MPa (magenta). The lines
represent the result of the global fit of the kinetic and the equilibrium data
according to Egs. 5, 7, 8, 10 and 11. The residuals of the global fits are shown
below each panel.

systematic variation with denaturant concentration (Fig. 44).
Comparison of the kinetic and thermodynamic parameters at
each pressure according to Eq. 14 shows that the two-state
character of tendamistat folding is conserved under all con-
ditions. This enables us to simultaneously fit the pressure and
the GdmCl dependence of the equilibrium constant (Fig. 2B)
and the apparent rate constant (Fig. 24) in a global fitting
procedure by using Eqs. 5, 7, 8, 10, and 11. The fit is able to
describe both the kinetic data (Fig. 24) and the equilibrium
data (Fig. 2B) very well and without systematic deviations. As
expected from the individual fits of the kinetic data the n; and
ny, values are nonzero, indicating a GdmCl-dependent change
in the activation volume and a pressure-dependent change in
the m values (Eq. 4). Fig. 4 compares the results from the
global fit with the reaction volume and the activation volumes
from the individual fits of the kinetic and equilibrium (Fig. 3).
Qualitatively both methods give the same results, but the
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Fig.3. Pressure dependence of the microscopic rate constants, k¢ (A) and k, (B),
and the equilibrium constant, K (C) at various GdmCl concentrations indicated on
the right. Microscopic rate constants were determined by fitting the data in Fig.
2A to Eq. 12. The equilibrium constants were taken from Fig. 2B by using Eq. 8.
The lines represent fits according to Eq. 13 for the microscopic rate constants and
according to Eq. 9 for the equilibrium constant. The results of the fits are shown
in Fig. 4A.

global analysis has significantly smaller errors. In the absence
of denaturant the refolding and unfolding process have acti-
vation volumes of 25.0 = 1.2 cm3/mol and —164 = 1.4
cm?3/mol, resulting in a reaction volume of 41.4 + 2.0 cm3/mol.
Both activation volumes increase by virtually the same amount
with increasing denaturant concentration resulting in a negli-
gible GdmCl dependence of the reaction volume of —0.6 £ 0.7
cm3/mol per M of GdmCI. As a result of the increase in
activation volumes the volume of the transition state exceeds
the volume of the native state at GdmCl concentrations above
6 M. Under these conditions both unfolding and refolding
become slower with increasing pressure.

Pappenberger et al.
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Fig. 4. (A) GdmCl dependence of the activation volumes and the reaction
volume for tendamistat folding at 50 mM Gly/HCl, pH 2.0, 35°C. The data points
show the activation volumes for refolding (red) and unfolding (blue) and the
reaction volume (black) determined in individual fits of the kinetic and equilib-
rium data displayed in Fig. 3. The lines represent the results from the global fit
(solid line) of kinetic and equilibrium data shown in Fig. 2 together with the 2o
confidence intervals (dashed lines). The parameters of the global fit are: AG®
(H20, 0.1 MPa) = —16.38 = 0.14 kJ/mol; m(0.1 MPa) = 4.62 = 0.04 (kJ/mol)/M;
AVO(H,0) =41.4 = 2.0 cm3/mol; n = —0.6 + 0.7 (cm3/mol)/M; k¢(H,0, 0.1 MPa) =
10.2 = 0.3 s7"; mg(0.1 MPa) = 3.04 + 0.03 (kJ/mol)/M; ky(H20) = 1.36 = 0.06 X
1072 571; my(0.1 MPa) = —1.58 + 0.02 (kJ/mol)/M; AV¥¥H,0) = 25.0 + 1.2
cm3/mol; ns = 2.5 = 0.6 (cm3/mol)/M; AVP#(H,0) = —16.4 = 1.4 cm3/mol; n, =
3.1 = 0.2 (cm3/mol)/M. The results change only slightly if a pressure dependence
of the GdmCI concentration in the range observed for solutions of other mono-
valentsalts is assumed (36). (B) Volume changes along the reaction coordinate of
tendamistat folding. The volume of the unfolded state was set to zero. The solid
line represents the experimentally determined volume changes. The dashed line
represents the hypothetical continuation of the profile to the native state. The
symbols on the line indicate the location of the transition state at 0 M GdmCl (®)
and 8 M GdmCI (#). The transition state moves to higher volumes with increasing
GdmCl concentrations as indicated by the arrow. The yellow circle represents the
protein and the blue circles the water molecules.

Discussion

Effect of Pressure on Tendamistat Folding and Stability. Global analysis
of the effect of pressure and GdmCl on tendamistat folding and
stability allowed the determination of the reaction volume (AF?)
and the activation volumes for the refolding (AV{¥) and the un-
folding reaction (AF2¥) between 0 and 7.5 M GdmCl. The volume
of native tendamistat is increased by 41.4 = 2.0 cm?®/mol compared
with the denatured form at pH 2.0 and 35°C (Figs. 3C and 4). This
value is virtually independent of the denaturant concentrations
(Fig. 4) and is similar to reaction volumes for folding of many other
small single domain proteins (8). Contributions to AV may arise

Pappenberger et al.

from packing deficiencies in the native state (13) and differences in
solvent interactions between native and unfolded protein (8-10).
The structure of native tendamistat shows no indication for cavities
(16, 27). However, the observed volume change corresponds to only
about 1% of the total protein volume. Thus, even minor packing
deficiencies in the native protein might contribute to the reaction
volume. Other contributions to A are known to arise from
changes in interactions between the solvent and the protein chain.
This effect is especially pronounced around charged groups (elec-
trostriction). Our experiments were performed at pH 2, which
minimizes changes in electrostriction because all acid side chains
are protonated both in the native and in the unfolded state.
Contributions from electrostriction around positive charges also are
not expected because no basic groups are buried in the native state
(16). The origin of the usually observed small decrease in volume
associated with protein unfolding has been subject of controversial
discussions (10-12, 28). In the picture that emerges the interior of
a folded protein resembles an almost crystalline state. Conse-
quently, parts of the polypeptide chain that are shielded from
solvent have a smaller volume than solvent exposed parts (12) and
the volume of these groups increases upon unfolding. This effect is
opposed by a decrease in volume of water molecules that become
bound to the polypeptide chain upon exposure of hydrophobic and
polar groups (12). For most proteins the result of these compen-
sating effects in combination with small packing deficiencies in the
native state leads to the small decrease in volume commonly
observed in protein unfolding.

Structure of the Transition State. Because volume changes during
tendamistat folding arise mainly from the changes in solvent
interactions of the polypeptide chain and packing deficiencies in the
hydrophobic core, measurement of the activation volumes for the
refolding and unfolding reaction gives structural information on the
transition state. The activation volumes for the refolding and
unfolding reaction of 25.0 = 1.2 and —16.4 = 1.4 cm?/mol in the
absence of denaturant show that the volume of the transition state
is 60% native-like and suggests that it is still partially solvated. It is
unlikely that cavities contribute significantly to the volume of the
transition state. The presence of cavities would indicate minor
contributions from desolvation, and a highly solvated transition
state is not able to form solvent inaccessible cavities. The m value,
ie., the change in AG® with denaturant concentration, also is
believed to reflect differences in solvent accessibility between the
unfolded state and the native state. Accordingly, the changes in the
free energy of activation with denaturant are commonly used as a
measure for the solvent exposure of the transition state. By this
criterion the transition state for tendamistat folding is 67% native-
like (Fig. 2A4), which is slightly less solvent accessible than expected
from the activation volumes.

Effect of GAmCI on the Structure of the Transition State. The activation
volumes for refolding and unfolding both strongly increase with the
GdmCl concentration, although the reaction volume is virtually
independent of denaturant concentration (Fig. 4). This effect
cannot be attributed to an influence of GdmCI on the solvent,
because water associated with the unfolded polypeptide chain is
released in the folding step and bound in the unfolding step. Thus,
denaturants should have adverse effects on the activation volumes
of the folding and unfolding reaction. In addition, the maximum
difference in bound water occurs between the native state and the
unfolded state and thus contributions from effects of the denatur-
ant on water structure would most prominently affect the reaction
volume. Consequently, the large and compensating changes in the
activation volumes for the refolding and unfolding reaction indicate
GdmCl-induced changes in the structure of the transition state.
As a result of the GdmCl-induced structural movement of the
transition state its volume becomes larger than the volume of the
native state above 6 M GdmCI. This finding suggests contributions
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from both dehydration and packing deficiencies to the volume of
the transition state at high denaturant concentrations, because the
volume increase caused by dehydration should not exceed the
reaction volume. As packing deficiencies can become important
only when solvent is excluded from major parts of the hydrophobic
core these results point at a largely desolvated, but not yet tightly
packed, transition state under strongly destabilizing conditions.
Obviously, the transition state becomes more native-like with
increasing denaturant concentration. This observation is in agree-
ment with the Hammond postulate, which states that the structure
of the transition state of a chemical reaction becomes more product
like, when the product is destabilized (29). For protein folding
reactions a denaturant-induced structural movement of the transi-
tion state might be explained by the weakening of hydrophobic
interactions and hydrogen bonding with increasing concentrations
of denaturant. As a result, a larger number of interactions are
required to compensate for the loss in conformational entropy
during the folding process. This effect leads to a more native-like
transition state. The Hammond postulate also was proposed to
explain movements of the transition state for barnase and CI2 in
response to mutations affecting protein stability (30). Our results
show that changes in protein stability induced by altered solvent
conditions also can give rise to Hammond behavior.

Because the kinetic m values are believed to reflect changes in
solvent accessibility between the unfolded state (1) or the native
state (mm,) and the transition state (3), they also should change when
the structure of the transition state changes (31). However, m; and
m, are constant between 1 and 7.5 M GdmCl although the
activation volumes indicate significant GdmCl-induced structural
changes of the transition state. This finding implies that the kinetic
m values contain contributions from both the changes in solvent
accessibility and a structural movement of the transition state along
the reaction coordinate. The difference in the structural organiza-
tion in the transition state calculated from activation volumes (60%
native-like) and the m value analysis (67% native-like) might reflect
this effect. These results show that the interpretation of kinetic m
values in terms of the structure of the transition state is not
straightforward, because the m values may contain information
both on structure and denaturant-induced structural changes of the
transition state.

If the structure of the transition state is sensitive to changes in
protein stability, the activation volume also should change with
increasing pressure, which is not observed. Similar to the kinetic m
values, the activation volumes might contain contributions from the
actual transition state volume and a pressure-induced structural
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movement of the transition state. This model is supported by the
compensating changes in the pressure dependencies of m¢ and m,,
which indicate a more native-like transition state at higher pressure.
However, tendamistat stability only decreases by 4 kJ /mol between
0.1 and 100 MPa. Thus, the effect of pressure in the applied range
on the movement of the transition state should be less pronounced
than the effect observed for GdmCI, which destabilizes native
tendamistat by 35 kJ/mol between 0 and 7.5 M.

Measurement of the activation volumes for staphylococcal nu-
clease folding by using pressure-jump experiments showed that the
volume of the transition state is larger than the volume of the native
protein in the region of the pressure-induced unfolding transition
(14). The volume of the transition state for staphylococcal nuclease
was suggested to be independent of denaturant concentration
between 0.5 and 0.75 M GdmCl (32). Our results show that the
volume of the transition state for tendamistat folding is also similar
to the volume of the native protein in the transition region.
However, the much wider stability range explored in our experi-
ments reveal major denaturant-dependent changes in the activation
volumes. Under strongly native solvent conditions the transition
state is much less native-like and its volume is between the volumes
of unfolded and native tendamistat.

Assuming that the observed denaturant-induced changes in the
activation volume reflect a movement of the transition state on the
reaction coordinate allows us to map the volume changes along the
reaction coordinate for tendamistat folding (Fig. 4B). Our data
show that the folding polypeptide chain goes through a point of
maximum volume before it reaches the native state. In a certain
region on the reaction coordinate, the solvent seems to be excluded
from the core but the native set of tertiary interactions is not yet
formed. This observation is in agreement with the concept of a dry
molten globule, which was predicted theoretically (33) and ob-
served experimentally during unfolding of ribonuclease A (34) and
dihydrofolate reductase (35). Our results suggest that exclusion of
water precedes formation of the correct side-chain contacts. The
strong denaturant dependence of the activation volumes argues for
a strong structural plasticity of the transition state for protein
folding and shows that the activated state can be either solvent
accessible or shielded from solvent, depending on the experimental
conditions.
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