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ABSTRACT: A pressure-jump apparatus was employed in investigating the kinetics of protein unfolding
and refolding. In the reaction cell, the pressure can be increased or decreased by 100-160 bar within
50-100µs and then held constant. Thus, unfolding and refolding reactions in the time range from 70µs
to 70 s can be followed with this technique. Measurements are possible in the transition regions of thermally
or denaturant-induced folding in a wide range of temperatures and solvent conditions. We used this pressure-
jump method to determine the temperature dependence of the rate constants of unfolding and refolding
of the cold shock protein ofBacillus subtilisand of three variants thereof with Phef Ala substitutions
in the centralâ-sheet region. For all variants, the change in heat capacity occurred in refolding between
the unfolded and activated states, suggesting that the overall native-like character of the activated state of
folding was not changed by the deletion of individual Phe side chains. The Phe27Ala mutation affected
the rate of unfolding only; the Phe15Ala and Phe17Ala mutations changed the kinetics of both unfolding
and refolding. Although the activated state of folding of the cold shock protein is overall native-like,
individual side chains are still in a non-native environment.

The rates of protein folding reactions cover many orders
of magnitude. Large proteins often require minutes or even
hours for folding (1, 2), whereas some small proteins can
complete their folding within a few milliseconds or even
faster (3-13). Domains of large proteins presumably also
fold rapidly, but the assembly of prefolded domains can be
slow and thus rate-limiting for overall folding. The discovery
of the fast-folding proteins and new theoretical concepts, such
as the use of complex energy landscapes to model protein
folding reactions (14, 15), has revived the interest in methods
for following very rapid folding processes. The situation is
thus similar to the one 30 years ago when the application of
stopped-flow and temperature-jump methods revealed that
proteins such as lysozyme, ribonuclease A, or cytochromec
can complete folding withine1 s (16-19).

The dead time of conventional stopped-flow spectroscopy
is 1-2 ms; faster processes cannot be investigated using this
technique. Recently, several methods have been applied to
break this millisecond barrier (20). They include ultrafast
turbulent mixing techniques (8-10), the photochemical
triggering of a folding reaction (21-23), NMR relaxation
methods (4, 12), and laser-induced temperature jumps (24-
27).

The equilibrium unfolding of a protein is often ac-
companied by a decrease in reaction volume (28-33), and
therefore, unfolding can be induced by a sudden increase
and refolding by a sudden decrease in pressure. Such pressure
jumps are very gentle. They do not involve significant
heating (e0.0015 °C/bar), mechanical mixing, or intense
irradiation, and cycles of combined up and down pressure
jumps can be used to determine the kinetics of both unfolding
and refolding with a single sample.

In previous experiments, Pryse et al. (34) investigated the
folding kinetics of cytochromec after small 15 bar pressure
jumps. The folding equilibrium was displaced to a minor
extent only in these experiments, and therefore, a very high
protein concentration and a large time constant were neces-
sary to increase the signal/noise ratio. In the experiments
described here, the pressure could be changed by 160 bar
within less than 100µs. Therefore, much larger amplitudes
were observed, and the time resolution allowed measure-
ments in the microsecond range. We used this pressure-jump
technique to extend our previous stopped-flow measurements
of the fast folding of the cold shock proteins fromBacillus
subtilis (Bs-CspB)1 and Bacillus caldolyticus (Bc-Csp).
Folding could be followed at protein concentrations of 20
µg/mL in the time range between 50µs and 70 s and at
temperatures as high as 80°C. The good performance of
the pressure-jump apparatus over a wide range of tempera-† This work was supported by grants from the Deutsche Forschungs-
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tures allowed us to determine the activation enthalpies,
entropies, and heat capacities of unfolding and refolding of
Bs-CspB and to characterize the effects of several Phef
Ala substitutions on the folding mechanism.

MATERIALS AND METHODS

Materials. CspB fromB. subtilis was overexpressed in
Escherichia coliusing the bacteriophage T7 RNA poly-
merase promotor system (35) and purified as described
previously (6). The construction and purification of the
variants with single Phef Ala replacements at positions
15, 17, and 27 have been described (36, 37). Csp fromB.
caldolyticuswas purified according to ref36.

Heat-Induced Equilibrium Unfolding Transitions.Thermal
denaturation and renaturation curves were followed by the
change in ellipticity at 223 nm, which decreased from about
2000 deg cm2 dmol-1 at 10 °C to about-3000 deg cm2

dmol-1 at 70 °C for wild-type Bc-CspB. Similar but not
identical CD changes were observed for the three Phef
Ala variants. CD was measured with a Jasco J 600 spec-
tropolarimeter equipped with a Peltier element. The tem-
perature in the cuvette was measured with a thermosensor.
Its accuracy was checked by using a calibrated precision
thermometer (Brand, Wertheim, Germany). The protein
concentrations were 3-16 µM in 1 cm cells, and the buffer
was 0.1 M sodium cacodylate/HCl (pH 7.0). The samples
were heated at a rate of 1.5°C/min. The reversibility was
examined by subsequently cooling the samples to the starting
temperature. The midpoints of the heating and cooling curves
differed by<1 °C, and the original ellipticity was regained
after the heating/cooling cycles. The unfolding transition
curves were analyzed by a nonlinear least-squares fit ofΘ223

as a function of temperature to eq 1 (37) using the programs
Grafit 3.0 (Erithacus Software, Staines, U.K.) and Scientist
(Micromath, Salt Lake City, UT). Equation 1 relates the
dependence on temperature of the ellipticity to the thermo-
dynamics of a two-state unfolding reaction.

with

and

In eq 2,∆HM, ∆SM, and∆Cp are the enthalpy, entropy,
and heat capacity of protein unfolding atTM, the temperature
where 50% of the protein molecules are in an unfolded state.
The ellipticity of the native protein (ΘN) and the unfolded
protein (ΘU) are assumed to depend linearly on temperature.
The values ofΘ°N andΘ°U are those at 0 K, andmN andmU

define the dependencies ofΘN and ΘU on temperature,
respectively. The equilibrium constant of unfolding,K, is
calculated by using eq 3.

The three Phef Ala variants are less stable than wild-type
CspB, and the baselines of the folded proteins are not reached
at low temperatures before the onset of cold denaturation.
For these variants, the baselines for the native proteins were
measured in the presence of 36% ethylene glycol. This
additive stabilizes CspB (38) but does not affect the ellipticity
at 223 nm of native CspB and its dependence on temperature.
The GdmCl-induced equilibrium transitions were analyzed
by assuming a linear two-state mechanism and by using the
procedure of Santoro and Bolen (39).

Pressure-Jump Apparatus. A pressure-jump apparatus was
built using an original design of Clegg and Maxfield (40) in
which the pressure is applied to a protein solution by a stack
of piezoelectric crystals (Figure 1). The sample is held in a
sapphire ring which allows optical monitoring of the sample
in the near-UV and visible light regions. The sample is
separated from the crystal stack by a thin kaptan membrane.
Two different crystal stacks are used to generate pressures
(Physik Instrumente, PI-245.30 and PI-245.70). Application
of up to 1000 V to the crystal stack results in an expansion
of the length of the stack of up to 40µm (PI-245.30) or 120
µm (PI-245.70) and allows forces of up to 2 kN to be applied
to the membrane. With a total sample volume of 50µL,
application of 0-1000 V to the membrane results in
pressures of 1-100 bar (PI-245.30) or 1-200 bar (PI-
245.70). For the larger stack, the pressure change is 90%
complete in 100µs and 90% complete in about 50µs for
the smaller crystal stack. The stacks can easily be exchanged
in about 15 min. Once established, the elevated pressure was
stable and in the individual experiments was kept constant
for times between 5 ms and 70 s before the pressure was
reduced to the lower initial pressure. Pressure up and down
jumps showed similar time courses. The transient response
of the protein solution was recorded following both the rise
and fall of pressure, and automatic repetitive applications
of pressure jumps under computer control allowed the signal
to be averaged for several thousand pressure jumps. Full
details of the apparatus will be published separately (G.
Holtermann and M. Geeves, manuscript in preparation).

In the experiments described here, the folding reactions
of the cold shock proteins were followed by monitoring the
changes in intrinsic tryptophan fluorescence. The fluores-
cence was excited at 295 nm by light from a HgXe lamp
after passage of the light through a monochromator. Emission
was detected at 90° relative to the incident light through a
WG 345 filter. In all experiments, the final fluorescence
signal was adjusted to a photomultiplier output of 10 V.

Analysis of the Folding Kinetics.For a two-state folding
reaction as described in eq 4a, the measured rate constantλ
is equal to the sum of the microscopic rate constants for
refolding (kUN) and unfolding (kNU) (eq 4b). Equations 4b
and 4c are used to calculate the microscopic rate constants
from λ and from the equilibrium constantK (eq 3) at the
respective temperature.

Θ(T) ) ΘN -
ΘN - ΘU

1 + exp[∆G(T)/RT]
(1a)

ΘN ) Θ°N + mNT (1b)

ΘU ) Θ°U + mUT (1c)

∆G(T) ) ∆HM - T∆SM + ∆Cp[(T - TM) - T 1n( T
TM

)]
(2)

K(T) ) exp[- ∆G(T)
RT ] (3)
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Transition state theory relates an individual reaction rate
constant to the Gibbs free energy of the activated state
relative to that of the initial state,∆Gq (eq 5).

In eq 5,kB, h, andRare the Boltzmann, Planck, and universal
gas constants, respectively. In analogy to the equilibrium
Gibbs free energy∆G, the activation Gibbs free energy∆Gq

can be decomposed into the enthalpic and entropic compo-
nents as shown in eq 6.

where∆Hq is the enthalpy of activation,∆Sq the entropy of
activation, and∆Cp

q the heat capacity change going from
the initial to the activated state at the temperatureTM.

The reaction volume∆V was calculated from the pressure
dependence of the equilibrium constantK (eq 7).

RESULTS

Pressure-Induced Unfolding and Refolding of the Cold
Shock Proteins.The cold shock proteins fromB. subtilis(Bs-
CspB) and fromB. caldolyticus(Bc-Csp) are small proteins

with 67 and 66 amino acid residues, respectively (41, 42).
Their tertiary structure consists of a five-strandedâ-barrel;
R-helices are absent (43, 44). The proteins do not contain
cis prolyl bonds, disulfide bonds, or tightly bound cofactors.
The equilibrium transitions and the folding kinetics of both
proteins are well described by a Nh U two-state mechanism,
where the activated state of folding is native-like in its heat
capacity and in the interactions with the solvent, but lacks a
fair amount of enthalpic interactions. At 25°C and in the
absence of denaturants, both cold shock proteins reach the
native state with a time constant of about 1 ms, and in the
middle of the unfolding transitions, unfolding and refolding
are complete in about 100 ms (6, 7, 36). Thus, these folding
reactions could be followed by stopped-flow methods only
at low temperatures and/or in the presence of urea or GdmCl.
We used Bs-CspB to examine whether unfolding and
refolding could be induced by 160 bar pressure jumps and
whether the kinetics coincide with those observed after
stopped-flow mixing. The thermostable cold shock protein
from B. caldolyticus(Bc-Csp) was employed to test the
potential of the pressure-jump method to follow folding
processes in the microsecond range at elevated temperatures.

Bs-CspB exhibits a low thermodynamic stability. At 25
°C, its equilibrium unfolding transition extends roughly from
0.5 to 2.5 M GdmCl with a midpoint at 1.52 M GdmCl. We
used this range of GdmCl concentrations in initial experi-
ments to examine how the Uh N equilibrium of Bs-CspB
is affected by a change in presssure. In fact, when at 1.6 M
GdmCl the pressure is increased from 3 to 160 bar, the
protein fluorescence decreases by about 6% (Figure 2A),
which indicates that the conformational equilibrium ofBs-
CspB is shifted toward unfolding. When, in the second half
of the experiment, the pressure is relaxed from 160 to 3 bar
the protein refolds and the fluorescence returns to the initial
value (Figure 2B).

The pressure profiles for the unfolding and refolding
experiments are shown in Figure 2C,D. The change in
pressure is complete within 100µs, and the final pressure
remains stable during the measurements. Four pressure-jump
cycles were performed with a total measuring time of 4 s,
and the resulting averages are shown in Figure 2A,B. The

FIGURE 1: Schematic diagram of the pressure-jump apparatus. The
sample (50µL) is held in an optical chamber consisting of a
sapphire ring (an inside diameter of 2 mm and an outside diameter
of 5 mm with a height of 5 mm). The ends of the chamber are
closed by a pressure sensor (Kistler 601A) at one end and a piston
attached to a piezoelectic translator (Physik Instrumente P-245.70
or P245.30) at the other. The sample is exchanged via two valves
(not shown). Fluorescence is excited by monochromatic light from
a light guide, and emission is collected onto a photomultiplier at
90° to the incident light through an appropriate filter.

N w\x
kNU

kUN
U (4a)

λ ) kNU + kUN (4b)

K )
kNU

kUN
(4c)

kij(T) )
kBT

h
exp[-∆Gq(T)

RT ] (5)

∆Gq(T) ) ∆HM
q - T∆SM

q + ∆Cp
q[(T - TM) - T 1n( T

TM
)]
(6)

∂(ln K)/∂(P) ) ∆V/(RT) (7)

FIGURE 2: (A) Unfolding and (B) refolding of 12µM wild-type
Bs-CspB in 1.6 M GdmCl and 0.1 M sodium cacodylate/HCl at
pH 7.0 and 25°C following a pressure jump from 3 to 160 bar (A)
and from 160 to 3 bar (B). The reaction was followed by tryptophan
fluorescence. The transients were measured four times and averaged.
The solid lines represent best fits to monoexponential time courses.
They resulted in time constants of (A) 46 ms and (B) 40 ms. The
profiles of the pressure jumps are shown in panels C and D.
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time constant for unfolding after the 3 to 160 bar pressure
jump is 46 ms (Figure 2A); for refolding after the 160 to 3
bar pressure jump, a value of 40 ms is observed (Figure 2B),
in agreement with the value measured by stopped-flow
spectroscopy under the same solvent conditions.

Bs-CspB unfolds when the pressure increases, which
shows that the reaction volume∆V for unfolding is negative.
Upon the protein completely unfolding, the fluorescence of
Bs-CspB is reduced by about 50% (6). The observed 6%
decrease in fluorescence near the midpoint of the transition
(Figure 2A,B) thus indicates that the 3 to 160 bar pressure
jump shifts the equilibrium constantK ()[N]/[U]) from about
44/56 to about 35/65. This allows us to give a first estimate
(eq 7) of∆V of -60 ( 20 mL/mol for the unfolding ofBs-
CspB under the given conditions. The pressure range of 160
bar that is accessible in our experiments is too small to give
a more accurate∆V value.

Pressure-induced cycles of unfolding and refolding be-
tween 160 and 3 bar as shown in Figure 2 were performed
in all experiments, but only theλ values obtained at the low
pressure in the refolding direction (after the 160 to 3 bar
jumps) are reported for the subsequent experiments. Gener-
ally, the measuredλ values were slightly smaller at 160 bar
than at 3 bar, which indicates that the activation volumes of
both unfolding and refolding are positive, but small. Again,
the accessible pressure range of 160 bar was not wide enough
to calculate explicit values for the activation volumes in either
direction. Since the pressure dependence is so small, the
folding rates obtained after pressure release at 3 bar are
virtually identical with those obtained at atmospheric pres-
sure.

Below 0.1 M GdmCl,Bs-CspB is completely folded, and
above 3 M GdmCl, it is completely unfolded (cf. Figure 4A).
When pressure jumps such as those shown in Figure 2 were
performed in the absence of GdmCl or in the presence of
3.3 M GdmCl, the observed fluorescence remained constant
(Figure 3). These control experiments suggest that processes
other than unfolding and refolding do not contribute to the
fluorescence changes observed (as in Figure 2) following
the pressure jumps.

In further pressure-induced folding experiments as shown
in Figure 2, the GdmCl concentration was varied between
0.3 and 2.4 M. The observed amplitudes and rate constants
(λ) are shown in panels B and C of Figure 4, respectively,
together with the equilibrium unfolding transition (in panel
A). The shift of the Uh N equilibrium with a 160 bar
pressure jump should be maximal at the midpoint of the
transition. This is indeed observed. The amplitudes of
refolding show a bell-shaped dependence on denaturant
concentration (Figure 4B) with a maximum near 1.5 M
GdmCl.

In Figure 4C, the apparent rate constants of refolding (λ)
from the 160 to 3 bar pressure-jump experiments are
compared with the previously published rate constants of
folding derived from stopped-flow experiments under the

FIGURE 3: Pressure jumps at 25°C with (A and B) unfolded wild-
type Bs-CspB in 3.3 M GdmCl and (C and D) native wild-type
Bs-CspB in the absence of GdmCl. Protein (12µM) in 0.1 M
sodium cacodylate/HCl at pH 7.0 was used. Jumps from 3 to 160
bar (A and C) and from 160 to 3 bar (B and D) were employed.
The transients were measured 100 times and averaged.

FIGURE 4: (A) Guanidinium chloride-induced equilibrium unfolding
transition curve of CspB. (B) Amplitudes and (C) apparent rate
constants of refolding (b) as a function of GdmCl concentration.
Refolding kinetics of 12µM wild-type CspB were followed by
fluorescence after a pressure jump from 160 to 3 bar. The reaction
amplitudes in panel B are shown as a percentage of the initial 10
V signal. The folding rates in panel C are compared with results
from stopped-flow experiments (O) under the same conditions.
These data and the line were taken from ref36. All experiments
were performed in 0.1 M sodium cacodylate/HCl at pH 7.0 and 25
°C. The line in panel A represents the analysis based on a linear
two-state model (39).
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same conditions (36). The coincidence between the two data
sets is remarkably good and indicates that both techniques
are free of systematic errors.

Time Range of Pressure-Jump-Induced Folding.Depend-
ing on the choice of the piezo element, the final pressure is
reached within 50-100µs of the initiation of the jump and
then kept constant in the reaction cell. We found that the
long-term stability of the final pressure was good enough to
collect folding data between 70µs and 70 s; i.e., the
accessible time range spans at least 6 orders of magnitude.
Representative folding kinetics are shown in Figure 5. Figure
5A shows refolding kinetics of the Phe27Ala form ofBs-
CspB at 65°C. This variant is less stable and unfolds much
more rapidly than wild-typeBs-CspB. At 65°C, the Nh U
unfolding transition is about 95% complete (cf. Figure 5A).
Therefore, the increase in the fraction of N molecules after
the 160 to 3 bar pressure jump is small, and the measured
rate constant is largely determined by the microscopic rate
constant of unfolding. The amplitude of refolding after the
160 to 3 bar pressure jump in Figure 5A is only about 0.3%
of the final fluorescence value. The kinetics of folding were,
however, obtained with a good signal/noise ratio after
averaging the results of 200 repetitive pressure cycles, which
were performed within 20 s. The Nh U equilibration
reaction of Phe27Ala-Bs-CspB is very rapid and exhibits a
time constant of 70µs. The pressure profile in Figure 5A

shows that 90% of the final pressure is reached within 100
µs.

Figure 5B shows the refolding kinetics ofBc-Csp obtained
after a 100 to 3 bar pressure jump near the upper end of the
thermal unfolding transition of this molecule (at 75°C) and
in the absence of GdmCl.Bc-Csp is more stable thanBs-
CspB, and therefore, its unfolding and refolding can be
followed at high temperatures. A smaller piezoelectric
element was used in these experiments, because the pressure
changes are established more rapidly (90% complete within
about 50µs; cf. the pressure profile in Figure 5C) with this
element. The estimated rate constantλ for folding of Bc-
Csp at 75°C is 5000( 400 s-1, and the amplitude is 0.5%
of the final value (Figure 5B).

The measured rate constantλ is the sum of the microscopic
rate constants of unfolding and refolding,kNU and kUN,
respectively (eq 4b). The equilibrium constantKNU ()kNU/
kUN) is known from the thermally induced equilibrium
unfolding transition, and thus, the individual values ofkNU

andkUN can be calculated fromλ andKNU. At 75 °C, values
of microscopic rate constants for unfolding and refolding,
kNU andkUN, of 3700 and 1400 s-1, respectively, could be
derived forBc-Csp.

A refolding trace observed forBc-Csp after a 100 to 3
bar pressure jump at 80°C is shown in Figure 5C. At this
temperature, folding is so fast that the increase in protein

FIGURE 5: Representative folding kinetics after pressure jumps. (A) Refolding of 10µM Bs-CspB(F27A) following a pressure jump from
160 to 3 bar at 65.1°C. (B) Refolding of 6µM Bc-Csp after a pressure jump from 100 to 3 bar at 75.3°C. (C) Refolding of 6µM Bc-Csp
following a pressure jump from 100 to 3 bar at 79.7°C. (D) Refolding of 3µM Bs-CspB following a pressure jump from 160 to 1 bar in
95% (grams per 100 mL) ethylene glycol at 35°C. All experiments were performed in 0.1 M sodium cacodylate/HCl at pH 7.0. The
kinetics depicted in panels A and B were measured 200 times and those depicted in panel C 300 times and averaged. The kinetics depicted
in panel D represent a single experiment. The solid lines represent best fits to monoexponential time courses. The respective time constants
are (A) 70µs, (B) 197µs, (C) 41µs, and (D) 3.1 s (slow phase). The dashed lines in panels A and C give the pressure profiles (right
ordinates).
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fluorescence almost follows the pressure profile. The com-
parison of the pressure profiles and the folding kinetics
indicates that the fluorescence data at times greater than 50
µs can be used for the analysis of the folding kinetics. From
these data, a time constant of about 40µs can be estimated
for folding at this temperature. This experiment marks the
limit of resolution of the pressure-jump experiments and
suggests that folding reactions with rate constants of>10000
s-1 and amplitudes smaller than 1% can be investigated. It
should be noted that the 300 pressure jump cycles of the
experiment whose results are depicted in Figure 5C were
collected within only 30 s.

The rapid folding ofBs-CspB is strongly retarded in the
presence of viscosogenic additives such as ethylene glycol
(38). The very slow folding ofBs-CspB in 95% ethylene
glycol (ηrel ) 11) was used to test the suitability of the
pressure-jump cell for following very slow folding reactions
in highly viscous solvents. The kinetics observed after a 160
to 5 bar pressure jump occur in the range of 30 s (Figure
5D). The fluorescence signal is stable within this time range,
which shows that the pressure-jump apparatus can be used
to follow folding reactions with small amplitudes in the
microsecond to minute time range. Intriguingly, an increase
followed by a decrease in fluorescence is observed for
refolding (Figure 5D), an observation that merits further
investigation. Pressure-jump methods are ideally suited to
studying relaxation processes in highly viscous solvents
because a fast flow and mixing of solutions is not required
to initiate the reaction.

ActiVated State of Folding of Bs-CspB.The folding
reactions of the cold shock proteins are very fast; they follow
a simple, reversible Uh N two-state mechanism, and the
activated state of folding is unusually native-like (6, 7, 36,
38). Here we used the pressure-jump technique to determine
the thermodynamic activation parameters∆Gq, ∆Hq, ∆Cp

q,
and∆Sq of the folding reactions of wild-typeBs-CspB and
of the Phe15Ala, Phe17Ala, and Phe27Ala variants. These
partially exposed Phe residues are located inâ-strands 2 and
3 (43) and are important for the stability of the folded protein
(37). Here we asked whether these Phe residues are also
important for the kinetics of folding and how they contribute
to the energetics of the activated state of folding.

The pressure-jump method is very well suited to determin-
ing the thermodynamic activation parameters of a reversible
folding reaction from its dependence on temperature. Mea-
surements can be performed between 5 and 80°C; a single
sample can be used for all measurements, and the revers-
ibility is routinely examined by comparing the unfolding and
refolding kinetics in the course of the pressure up and down
cycles. In our previous work, the∆Hq and∆Cp

q values for
unfolding and refolding of wild-typeBs-CspB were obtained
with a laborious procedure in which the unfolding and
refolding kinetics were first measured as a function of urea
concentration at 14 different temperatures and then extrapo-
lated to 0 M urea (6). This procedure was confined to
temperatures ofe50 °C; it consisted of several thousand
individual stopped-flow experiments and required about 20
mg of protein. With the pressure-jump method, the temper-
ature dependence of the folding kinetics of a particular
protein could be determined with a single 0.2 mL sample,
which contained less than 20µg of protein. An extrapolation

to denaturant-free conditions was not necessary; the mea-
surements were, however, confined to the transition region.

The dependencies on temperature of the microscopic rate
constants of unfolding and refolding,kNU and kUN, are
determined by the activation parameters∆Hq and∆Cp

q (eqs
5 and 6). In principle, the microscopic rate constants at a
reference temperature and the activation parameters could
be derived from an analysis of theλ values based on a
combination of eqs 4-6. To avoid such a six-parameter fit
with a limited set of data, we made use of the two-state
character of the folding transition ofBs-CspB (6, 7) and
calculated the microscopic rate constants as a function of
temperature by combining the equilibrium (K ) kNU/kUN)
and kinetic (λ ) kNU + kUN) data.

The thermal unfolding transitions of wild-typeBs-CspB
and the three Phef Ala variants were measured by the
decrease in circular dichroism at 223 nm (Figure 6A). The
Phef Ala mutations are so strongly destabilizing (37) that
for the mutated proteins the baselines for the native forms
are not reached at low temperatures. These baselines were
therefore measured separately in the presence of 36%
ethylene glycol, which strongly stabilizesBs-CspB and its
variants (38) but does not affect the circular dichroism of
nativeBs-CspB at 223 nm and its dependence on tempera-
ture. The thermodynamic parameters obtained from the
analysis of the transitions in Figure 6A are shown in Table
1, and they are independent of the protein concentration.
Alternative analyses without fixed baselines for the native
proteins gave overall similar results. There were, however,
large uncertainties in the values obtained for∆Cp, which
depend strongly on the baselines of a transition.

The folding kinetics could be measured by the pressure-
jump technique over a wide range of temperatures because
the thermal transitions are broad (cf. Figure 6A). For the
Phe27Ala variant, the transition extends from 10 to 65°C.
As outlined above, the microscopic rate constants of unfold-
ing and refolding,kNU andkUN, were calculated fromλ and
K. The Arrhenius plots in panels B and C of Figure 6 show
kUN andkNU as a function of temperature. For all four forms
of Bs-CspB, the plots for unfolding (Figure 6C) are almost
linear, whereas those for refolding in Figure 6B are strongly
curved, indicating that the∆Cp

q of unfolding is virtually zero.

The thermodynamic activation parameters∆Gq, ∆Hq,
∆Cp

q, and∆Sq of unfolding and refolding at 45°C for wild
typeBs-CspB and the three Phef Ala variants are given in
Table 1. At this temperature, the equilibrium constants of
folding of all proteins could be determined directly from the
thermal transitions (Figure 6A), and therefore, the propaga-
tion of errors from the equilibrium to the activation param-
eters was minimal under these conditions. The activation
enthalpies of unfolding are high for all four proteins and
vary between 120 and 140 kJ/mol. The activation enthalpies
of refolding are all negative because∆Cp

q of refolding
exhibits a large negative value. They range from-17 to-44
kJ/mol. The variations in the∆Hq values are much larger
than those in∆Gq. This is most clearly seen in the refolding
of the Phe15Ala variant. The enthalpic barrier of its refolding
(∆∆Hq) is reduced by about 20 kJ/mol, but the entropic
barrier (∆T∆Sq) is increased by about 25 kJ/mol (Table 1);
thus, the net activation free energy is increased by only 5
kJ/mol.
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DISCUSSION

Pressure-Jump-Induced Protein Folding.Fast up and down
pressure jumps are well suited to initiating protein unfolding
and refolding reactions. With our apparatus, the pressure can
be changed by 160 bar in 100µs and by 100 bar in 50µs.

No flow of reactants is necessary, and therefore, pressure-
jump kinetics are not plagued by mixing artifacts. Reactions
in highly viscous solvents can be followed with ease, and
the time window that is accessible in a single experiment
extends from the microsecond to minute time range, i.e.,
more than 6 orders of magnitude. In the refolding experi-
ments with the cold shock proteins described here, reactions
with time constants between 41µs and 3.1 s were followed.
Up and down jumps in pressure can be performed with equal
precision. Therefore, the reversibility of pressure-induced
unfolding and refolding can be checked easily, and a single
sample can be used for many repetitive measurements either
under the same conditions to improve the quality of the data
or as a function of temperature to obtain the thermodynamic
activation parameters of a folding reaction. Pressure-jump
experiments thus require only minute amounts of material.

For complete unfolding, pressures of>1000 bar are
usually required. Therefore, it is not possible to perform
baseline unfolding and refolding experiments with the current
experimental setup, and the measurements are restricted to
the transition region of a thermally or denaturant-induced
folding transition. In the design of our experiments, we had
to weigh the rapidity of the pressure change against the
magnitude of the change in signal. By using pressure jumps
between 100 and 160 bar, we could keep the apparent dead
time below 100µs and still induce changes in fluorescence
that allowed measurements at protein concentrations as low
as 0.02 mg/mL.

The observed folding kinetics generally became slower
with increasing pressure. This was found at the onset of the
thermal unfolding transitions, where the observed kinetics
are dominated by refolding, as well as at the end of the
transitions, where the observed kinetics are dominated by
unfolding. This shows that the activation volumes of both
unfolding and refolding are positive; i.e., in the activated
state, the system has a higher volume than in the native and
unfolded ground states. We can, however, not give explicit

FIGURE 6: (A) Heat-induced equilibrium unfolding transitions of
wild-typeBs-CspB (curve 1) and the Phe27Ala (curve 2), Phe17Ala
(curve 3), and Phe15Ala (curve 4) variants. The transitions were
monitored by the increase in circular dichroism at 223 nm. The
protein concentrations were 3µM. The unfolding curves were
analyzed on the basis of a two-state mechanism as described in
Materials and Methods. The fractions of folded protein are plotted
as a function of temperature. The results of the analysis (continuous
lines) are given in Table 1. (B) Arrhenius plot of the microscopic
rate constantkUN of refolding of (O) wild-type Bs-CspB and the
(b) Phe27Ala, (2) Phe17Ala, and (0) Phe15Ala variants. (C)
Arrhenius plot of the microscopic rate constantkNU of unfolding
of (O) wild-type Bs-CspB and the (b) Phe27Ala, (2) Phe17Ala,
and (0) Phe15Ala variants. The protein concentration was 10µM
in 0.1 M sodium cacodylate/HCl at pH 7.0. The kinetics were
measured 4-300 times and averaged. The solid lines in panels B
and C represent the results of the analyses based on eqs 3-6 (see
Materials and Methods). The resulting activation parameters are
given in Table 1.

Table 1: Thermodynamic Parameters for Equilibrium Unfolding (N
h U) and Activation Parameters for Refolding (Uf TS) and
Unfolding (N f TS) of Wild-TypeBs-CspB and Variants F27A,
F17A, and F15A at 45°Ca

N H U
∆G

(kJ/mol)
∆H

(kJ/mol)
∆S

(J mol-1 K-1)
∆Cp

(kJ mol-1 K-1)

wild-type 4.89( 0.04 161( 2 493( 5 4.7( 0.6
F27A 1.16( 0.04 140( 2 439( 5 3.8( 0.5
F17A -1.46( 0.04 153( 3 488( 9 4.1( 0.3
F15A -3.67( 0.04 157( 8 510( 26 3.9( 0.5

U f TS
∆Gq

(kJ/mol)
∆Hq

(kJ/mol)
∆Sq

(J mol-1 K-1)
∆Cp

q

(kJ mol-1 K-1)

wild-type 60.6( 0.5 -24 ( 8 -266( 24 -4.8( 0.9
F27A 60.1( 0.5 -16.9( 1.0 -242( 5 -4.2( 0.4
F17A 62.9( 0.3 -14.3( 3.3 -243( 11 -3.8( 0.6
F15A 65.3( 0.2 -44.4( 9.2 -345( 30 -4.6( 0.6

N f TS
∆Gq

(kJ/mol)
∆Hq

(kJ/mol)
∆Sq

(J mol-1 K-1)
∆Cp

q

(kJ mol-1 K-1)

wild-type 64.4( 0.5 137( 5 226( 15 -0.1( 0.3
F27A 60.7( 0.5 123( 2 196( 5 -0.5( 0.1
F17A 61.0( 0.3 139( 3 245( 9 0.4( 0.4
F15A 60.4( 0.2 122( 5 193( 14 -0.2( 0.3

a All measurements were performed in 0.1 sodium cacodylate/HCl
at pH 7.0. The thermodynamic parameters were obtained from fits of
equilibrium unfolding transition curves as shown in Figure 6A, and
the activation parameters were obtained from fits to the kinetic data
shown in panels B and C of Figure 6 by using eqs 4b,c, 5, and 6.
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numbers for the activation volumes, because they are small
and because the pressure can be changed only in the range
of 1-160 bar.

Comparison with Other Methods for Following Fast
Folding Reactions.Our method is most closely related to
the temperature-jump technique. Infrared lasers can be used
to increase the temperature of a solution in several nano-
seconds; therefore, the time resolution of this method is
extremely high, and folding processes that occur in<1 µs
can be studied (25, 27). Only jumps to higher temperatures
are possible, and therefore, rapid repetitive cycles of up and
down jumps (as with pressure) for examining the reaction
in either direction are not possible. The increased temperature
after the jump is maintained only for a very short period of
time, and therefore, the temperature-jump method is restricted
to times shorter than 1 ms.

Two other techniques show a time resolution similar to
that of the pressure-jump method. When ultrarapid turbulent
mixing was combined with detection at continuous flow, the
dead time of several folding reactions could be reduced to
<100 µs (8-10). The advantage of this method is that the
solvent conditions can be changed in the mixing step, and
thus, refolding can be studied under conditions that strongly
favor the native state. Careful controls are necessary in this
method to account for fluctuations in the signal that are
caused by the turbulent mixing. Large amounts of protein
are necessary for this continuous-flow technique, and the
observation time is restricted to<1 ms.

Oas and co-workers used exchange broadening of NMR
signals caused by the equilibration between the native and
the unfolded state of a protein to determine the dynamics of
folding (4, 12). This method has a time resolution of about
0.5 ms, which can be extended to about 250µs by including
T2 relaxation data. Exchange broadening can also be applied
only in the transition region where both the native and
unfolded states of a protein are populated.

Optical triggering of folding reactions is restricted to
proteins, which can be induced to fold by a photochemical
process, such as the reduction of cytochromec by a light-
sensitive reductant (21-23).

Clearly, there is no single method of choice for following
fast events in protein folding. Rather, the various techniques
complement each other. Early events in complex folding

reactions that are complete in<1 ms are best followed after
turbulent mixing or after a laser-induced increase in tem-
perature, which is possible only for a cold-unfolded protein,
such as myoglobin (25-27). The pressure-jump method is
ideally suited to investigating the kinetics of very fast folding
proteins under a wide variety of conditions. Since folding
or unfolding is initiated by the rapid change in an external
variable (pressure), the other variables, such as temperature,
denaturant concentration, or solvent viscosity, can be changed
at will. Therefore, an almost unlimited range of folding
conditions can be sampled. As shown here for the cold shock
proteins, the method is particulary valuable for following
the folding kinetics over a wide range of temperatures and
for investigating the folding of thermostable proteins at high
temperatures. The experiments can be repeated many times
in an automated fashion and require only minimal amounts
of proteins. The time resolution of the method can, in
principle, be further improved by integrating the pressure
profile (which is recorded simultaneously; cf. Figure 5) into
the analysis.

Influence of the Partially Exposed Phenylalanine Residues
on the Energetics of Folding of Bs-CspB.On the exposed
side of itsâ-sheet,Bs-CspB contains, among others, three
Phe residues at positions 15, 17, and 27. Although all three
of them are only partly buried in the native state, their
individual substitution by alanine is destabilizing. The
Phe15Ala substitution in particular reduces the stability by
more than 70% (cf. Table 1).

The comparative analysis of the folding kinetics of wild-
type CspB and the three Phef Ala variants as a function
of temperature provides both global and local information
about the activated state of folding. The three substitutions
do not change the overall properties of the activated state
relative to those of the folded state. The activated states (or,
to be more precise, the ensemble of activated states) of all
four forms ofBs-CspB exhibit the same heat capacities as
the native states, and the enthalpies drop by 120-140 kJ/
mol in the final phase of folding from the activated to the
native states. This temperature-independent decrease in
enthalpy reflects the asynchrony of the loss in chain entropy
and the gain of stabilizing interactions in the folding of the
cold shock protein. The activated state is reached when this
asynchrony is most pronounced. The gain in stabilizing

FIGURE 7: Reaction profiles for the folding of (O) wild-type Bs-CspB and the (b) Phe27Ala, (2) Phe17Ala, and (0) Phe15Ala variants at
pH 7.0 and 45°C when going from the unfolded state (U) via the transition state (TS) to the native state (N): (A) Gibbs free energyG,
(B), enthalpyH, and (C) entropy, expressed asTS. The traces are arbitrarily aligned such that the values for U coincide (and are set to
zero).
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interactions after passage through the activated state is
probably distributed over the entire protein, and thus, single
substitutions as in the cases described here have only small
effects.

Although the three Phef Ala mutations do not change
the global properties of the activated state, they have distinct
effects on the microscopic rates of folding. The Phe27Ala
mutation increases only the rate of unfolding, whereas the
rate of refolding and its dependence on temperature are
virtually unchanged. This suggests that in the entire tem-
perature range Phe27 is still in an unfolded-like environment
in the activated state of refolding and becomes ordered only
after the activated state. The Phe15Ala and Phe17Ala
substitutions have mixed effects. They retard refolding and
accelerate unfolding, indicating that Phe15 and Phe17 are
in partially ordered environments in the activated state.
Phe15Ala, which destabilizes the folded protein most strongly
(by 8 kJ/mol, Table 1), also retards refolding most strongly.

Analyses of the folding kinetics as a function of temper-
ature as depicted in Figure 6 can, in principle, be used to
determine the contributions of individual residues not only
to the activation free energy but also to the activation
enthalpy and entropy. The data in Table 1 and the plots of
G, H, andTSas a function of the reaction coordinate (Figure
7) indicate that the Phef Ala mutations lead to compensa-
tory changes in activation enthalpies and entropies. It is not
yet possible to analyze this enthalpy/entropy compensation
quantitatively, because of the delicate interdependence of the
equilibrium and activation enthalpies and heat capacities. It
should also be noted that the activation entropies (and also
the activation free energies) depend on the pre-exponential
factor in the Eyring equation, which is not known for protein
folding reactions. Therefore, only the changes caused by
mutations, but not the absolute value, can be interpreted with
confidence.

In summary, our results indicate that the three Phef Ala
mutations inBs-CspB do not change the overall character
of the activated state of folding, which is native-like but still
lacks many enthalpic interactions. The substitution of Phe27
destabilizes the folded state only to a minor extent, and at
the same time ordering of this residue is not required in the
activated state. The substitutions of Phe17 and, in particular,
of Phe15 are more strongly destabilizing. Interactions
provided by these two residues are fairly unimportant for
folding at low temperatures, but become more important
when the temperature is increased. The activated state thus
seems to move even closer to the native state with increasing
temperature, a move which is seen at the level of individual
residues, but not in the gross properties of the activated state.
This suggests that the activated state of folding of CspB
follows Hammond-type behavior (cf. the discussion by Fersht
and co-workers in ref45). A strong enthalpy/entropy
compensation as in the equilibrium stability of folded proteins
is also observed for the activated state. The large and
compensatory changes in the activation enthalpies and
entropies lead to small changes in the Gibbs free energy of
activation and provide clear evidence for the important role
of solvent interactions for the activated state of folding.
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