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ABSTRACT: In this paper, we illustrate the use of high-pressure Fourier transform infrared (FT-IR)
spectroscopy to study the reversible presssure-induced unfolding and refolding of ribonuclease A (RNase
A) and compare it with the results obtained for the temperature-induced transition. FT-IR spectroscopy
monitors changes in the secondary structural properties (amide I′ band) or tertiary contacts (tyrosine band)
of the protein upon pressurization or depressurization. Analysis of the amide I′ spectral components reveals
that the pressure-induced denaturation process sets in at 5.5 kbar at 20°C and pH 2.5. It is accompanied
by an increase in disordered structures while the content ofâ-sheets andR-helices drastically decreases.
The denatured state above 7 kbar retains nonetheless some degree ofâ-like secondary structure and the
molecule cannot be described as an extended random coil. Increase of pH from 2.5 to 5.5 has no influence
on the structure of the pressure-denatured state; it slightly changes the stability of the protein only. All
experimental evidence indicates that the pressure-denatured states of monomeric proteins have more
secondary structure than the temperature-denatured states. Different modes of denaturation, including
pressure, may correlate differently with the roughness of the energy scale and slope of the folding funnel.
For these reasons we have also carried out pressure-jump kinetic studies of the secondary structural evolution
in the unfolding/refolding reaction of RNase A. In agreement with the theoretical model presented by
Hummer et al. [(1998)Proc. Natl. Acad. Sci. U.S.A. 95, 1552-1555], the experimental data show that
pressure slows down folding and unfolding kinetics (here 1-2 orders of magnitude), corresponding to an
increasingly rough landscape. The kinetics remains non-two-state under pressure. Assuming a two-step
folding scenario, the calculated relaxation times for unfolding of RNase A at 20°C and pH 2.5 can be
estimated to beτ1 ≈ 0.7 min andτ2 ≈ 17 min. The refolding process is considerably faster (τ1 ≈ 0.3 min,
τ2 ≈ 4 min). Our data show that the pressure stability and pressure-induced unfolding/refolding kinetics
of monomeric proteins, such as wild-type staphylococcal nuclease (WT SNase) and RNase A, may be
significantly different. The differences are largely due to the four disulfide bonds in RNase A, which
stabilize adjacent structures. They probably lead to the much higher denaturation pressure compared to
SNase, and this might also explain why the volume change of WT SNase upon unfolding is about twice
as large.

Since Anfinsen et al. (1) first studied the renaturation of
reduced and unfolded ribonuclease A (RNase A), much effort
has been devoted to attempting to understand the relationship
between the amino acid sequence, the structure, and unfold-
ing/refolding reactions of proteins. Recently, increasing
attention has been focused on denatured and partially folded
states, since determination of their structure and stability may
provide critical insights into the mechanisms of protein
folding (2-6). A fundamental understanding of the process
of the folding of proteins to their native state has fascinated
protein chemists for many years and remains one of the most
challenging issues in modern biophysics. Based on a huge
body of experimental data, a number of models have been
proposed for this process, such as diffusion-collision models

(6, 7), the hydrophobic collapse model (8), or the funnel
model (9, 10). For an in-depth discussion of various folding
models and pathways the reader may consult, among others,
refs 2, 5, and11-15.

Most studies dealing with protein denaturation have been
carried out at atmospheric pressure with various physico-
chemical perturbations, such as temperature, pH, or chemical
denaturants, as experimental variables. Besides temperature
and chemical potential, pressure represents a further impor-
tant thermodynamic variable and the volume changes
obtained, which are associated with the observed transitions,
correspond to a fundamental physical parameter of the
protein-solvent system. Compared to varying temperature,
which produces simultaneous changes in both density (or
volume) and thermal energy, the use of pressure to study
protein solutions perturbs the environment of the protein in
a continuous, controlled way by changing intermolecular
distances. As such, pressure represents a potentially very
informative approach to the study of protein structure and
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stability. A more complete description of the pressure-
denatured states of proteins, therefore, should be quite useful
to the understanding of protein folding phenomena.

It has long been known that the application of hydrostatic
pressure results in the disruption of native protein structure
(16, 17) due to the decrease in the total volume of the
protein-solvent system upon unfolding. Pressure denatur-
ation studies thus provide a fundamental thermodynamic
parameter for protein unfolding, the volume change∆Vu°,
in addition to an alternative method for perturbing the folded
state, and thus extracting its stability, the free enthalpy change
∆Gu°. A number of reviews on effects of pressure on proteins
discuss these volume changes in greater detail (18-22). In
a recent theoretical study the pressure dependence of the
hydrophobic interactions has been shown to be consistent
with the observed pressure denaturation of proteins (23).

In addition to being an important thermodynamic variable,
pressure can also be used as a very valuable means of
triggering and investigating the kinetics of the unfolding/
refolding transition of proteins. The use of pressure as a
kinetic variable for studying the kinetics of biomolecular
phase transformations is a field that is developing rapidly
(22, 24). Generally, the pressure-jump technique has several
advantages over other trigger mechanisms: (1) it does not
significantly change the solvent properties, (2) pressure
propagates rapidly so that sample homogeneity is no problem,
and (3) pressure jumps can be performed bidirectionally, i.e.,
in both the pressurization and depressurization directions.

The structural properties of the denatured state achieved
may depend on the method employed to perturb the native
structure. Moreover, our grasp of these possible differences
depends on the observable parameters used, and quantitative
comparison of results between different techniques often is
difficult. Recognizing that the denatured state achieved by
any perturbation method likely corresponds to a relatively
large ensemble of conformations, one can imagine that the
free energy landscape of this denatured ensemble may be
dependent upon pressure, temperature and chemical potential
(i.e., denaturant activity).

There is yet another reason for systematic studies on the
pressure unfolding of proteins related to the new theoretical
approach by Bryngelson and Wolynes (13), which uses
statistical characterization of the energy landscape in analyz-
ing protein folding. Different modes of denaturation, includ-
ing pressure, may correlate differently with the roughness
of the energy scale and slope of the folding funnel. Small
changes in the solvent temperature or pressure might lead
to continuous changes in the populations of molecular
conformations during folding. Such subtlety is not recognized
in the classical modeling where specific intermediate struc-
tures and pathways are invoked.

In this paper, we first illustrate the use of high-pressure
IR spectroscopy to study the reversible presssure-induced
unfolding and refolding of RNase A and compare it with
the results obtained for the temperature-induced transition.
This work is a continuation of our studies on pressure-
induced unfolding/refolding reactions of proteins (25, 26).
Our recent pressure-jump relaxation fluorescence, Fourier
transform infrared (FT-IR), and small-angle X-ray scattering
(SAXS) studies on staphylococcal nuclease (SNase) have
brought to light that the effect of pressure on the kinetics
arises from a larger positive activation volume for folding

than for unfolding and leads to a significant slowing down
of the folding rate with increasing pressure (25, 26). In this
case, the system becomes two-state under pressure. The large
positive activation volume for folding was interpreted as an
indication that the rate-limiting step in the folding of SNase
involves dehydration of a significant proportion of the
polypeptide chain. These studies provided a picture of the
transition state in which a significant fraction of the protein
has been removed from contact with the solvent.

To characterize the nature of the transition state in the
pressure-induced folding/unfolding reaction of RNase A, a
representative of a different class of monomeric proteins,
we also performed pressure-jump kinetic FT-IR studies on
this protein. RNase A is a single-domain protein, a pancreatic
enzyme that catalyzes the cleavage of single-stranded RNA.
This protein consists of 124 amino acid residues with a
molecular mass of 13.7 kDa. The crystalline state of the
protein contains about 23% helices, 46%â-sheets, 21% turns,
and 10% unordered structures (27). The protein has tradition-
ally served as a model for protein folding because it is small
and stable and has a well-known native structure. The folding
pathway of the protein has been studied extensively in the
past. Several studies of RNase strongly suggest that its
folding proceeds though intermediates, including an early
hydrogen-bonded intermediate and a late nativelike inter-
mediate (28-35). Experimental evidence suggests that
nonrandom structures still exist in the denatured state. Among
other studies, circular dichroism (CD) and FT-IR studies
indicate that there is a significant amount of structure left in
thermally denatured RNase A (36-42). A stable hydrogen-
bonded structure could not be detected by amide proton
protection experiments up to 65°C (43).

MATERIALS AND METHODS

Bovine pancreatic ribonuclease A (RNase A) was pur-
chased from Sigma Chemical Co. and used without further
purification. The protein was dissolved in D2O at pH 3, and
the solution was heated to 55°C for 20 min to allow for
deuterium exchange of the labile amide protons of RNase
A. The sample was then lyophilized from D2O. This
procedure was performed twice for each sample. The
uncorrected pH values of D2O solutions were adjusted with
DCl (Sigma) and NaOD (MSD Isotopes). The RNase A was
dissolved to a concentration of 4 mM in 20 mM maleic acid
buffer and 0.3 M NaCl in 99.9% D2O.

FT-IR spectroscopy has proven to be a very powerful
technique to determine the secondary structure elements even
under high-pressure conditions (22, 25, 26, 44, 45). The
amide I band (between 1600 and 1700 cm-1) has been
studied, which is mainly associated with the CdO stretching
vibration (70-85%) of the amide groups and which is
directly related to the backbone conformation and hydrogen-
bonding pattern. The FT-IR spectra were recorded with a
Nicolet Magna 550 spectrometer equipped with a liquid
nitrogen-cooled HgCdTe-detector. For the pressure-depend-
ent measurements the infrared light was focused by a spectra
bench onto the pinhole of the diamond anvil cell (DAC) with
type IIa diamonds (46). Each spectrum was obtained by
coadding 512 scans at a spectral resolution of 2 cm-1 and
was apodized with a Happ-Genzel function. The sample
chamber was purged with dry and carbon dioxide-free air.
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PowderedR-quartz was placed in the hole of the steel gasket
and changes in pressure were quantified by the shift of the
quartz phonon band at 695 cm-1 (47). Precise pressure
studies of a sample in a diamond anvil cell can be performed
only unidirectionally, in the pressurization direction, so we
present no data in the depressurization direction. The thermal
denaturation of RNase was measured in a cell with CaF2

windows separated by 25µm Teflon spacers. An external
water thermostat was used for pressure- and temperature-
dependent measurements to control the temperature within
0.1°C. The equilibration times to take one data point at each
temperature and pressure was about 15 min. Pressure jumps
were obtained by turning the spring-loaded screw of the
DAC.

Fourier self-deconvolution of the IR spectra was performed
with a resolution enhancement factor of 1.8 and a bandwidth
of 15 cm-1. The fractional intensities of the secondary
structure elements were calculated from a band-fitting
procedure assuming a Gaussian-Lorentzian line shape
function (48, 49).

To determine the standard Gibbs free energy change∆Gu°
and the volume change∆Vu° ) d∆Gu°/dp of a two-state
pressure-induced unfolding process, the equilibrium profiles
obtained from the FT-IR spectra can be fitted to∆Gu° ) -
RTln Keq,u) - RTln[(If - Ip)/(Ip - Iu)] using the data points
at each pressure,Ip, and the asymptotic values of the
fractional band intensities due to particular secondary
structural elements for the folded and unfolded states,I f and
Iu, respectively.

RESULTS

Temperature Dependence of the Amide I′ FT-IR Spectrum
of RNase A. For comparison with the pressure-induced
unfolding data, we show in Figure 1 deconvoluted IR spectra
of RNase A between 18 and 82°C at pH 2.5 and ambient
pressure after H/D exchange at 55°C. At 20 °C, the
maximum of the amide I′ band (the prime indicates that the
solvent is D2O) occurs at 1637 cm-1. Increase of temperature
to 82 °C leads to a shift of the band maximum to larger
wavenumbers and the absorption band becomes more sym-
metric.

Also the IR absorption band position of the tyrosine
aromatic ring (at 1514 cm-1) increases (data not shown).
Generally, tyrosine absorbance monitors formation of tertiary
structure contacts during folding, whereas the amide I′ band
monitors formation of secondary structures, although it may

also be sensitive to later formation of tertiary structure.
Tyrosine absorbance changes are thus observed when
hydrophobic cores of the protein are formed, as solvent is
excluded from the vicinity of tyrosine residues that are buried
in native protein. Three of the six tyrosines in RNase A (Y25,
Y73, and Y97) are known to be buried in the native molecule
whereas the other three (Y76, Y 92, and Y115) are located
on the protein surface.

To determine the location of the temperature-induced
unfolding of the protein, the position of the amide I′ and
tyrosine bands are shown as a function of temperature in
Figure 2. Increase of temperature to 45°C leads to a small
increase of the amide I′ band frequency. Above that
temperature it increases in two steps, around 47 and 64°C,
respectively.

The tyrosine band position first slightly decreases with
increasing temperature up to 47°C, and from there on more
drastically up to 60°C, from where it increases up to a
plateau value that is reached at about 72°C. This behavior
indicates that at about 60°C only part of the tertiary structure
has unfolded and complete unfolding is reached above 70
°C. The process is completely reversible up to temperatures
of 76 °C; a hysteresis of a few degrees only is observed.

The evolution of the secondary structures with temperature
is shown in Figure 3. The secondary structure elements are
assigned to IR bands as summarized in Table 1. The
temperature-induced decrease of band intensities ofâ-sheets
andR-helices between 50 and 70°C is accompanied by an
increase in band intensities of nonperiodic and turn structures.
The nonmonotonic changes in the component intensities as

FIGURE 1: Deconvoluted FT-IR absorption spectra of RNase [5%
(w/w), pH 2.5] as a function of temperature at ambient pressure.

FIGURE 2: Temperature effect on the maximum of the tyrosine (A)
and amide I′ (B) IR absorption band (9, heating direction;0,
cooling direction).

FIGURE 3: Temperature effect on the areas of the bands associated
with â-sheets,R-helices, and disordered structures of RNase A at
pH 2.5 and ambient pressure.
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a function of temperature point to more steps in the unfolding
process. Also, in Raman spectroscopic investigations a
multistep behavior has been observed (50). Our IR data
indicate that the level of ordered secondary structure elements
at temperatures above 70°C is very low or almost negligible
(at least a 75% decrease).

We also performed measurements at pH 5.5 between 20
and 90°C (data not shown). The tyrosine band is shifted
about 1 cm-1 to higher frequencies at pH 5.5, the amide I′
band position is unchanged, however. At pH 5.5 the first
step in the unfolding process in the amide I′ data sets in at
a slighly higher temperature (ca. 55°C at pH 5.5, compared
to ca. 47°C at pH 2.5); otherwise no changes are observed.
Within the accuracy of the experiment, also the intensities
of the secondary structure elements in the native and unfolded
state are similar at pH 2.5 and 5.5, respectively.

Pressure Dependence of the Amide I′ FT-IR Spectrum of
RNase A. To investigate the effect of pressure on the
secondary structure of RNase A, we measured the pressure-
induced changes in the amide I′ region of the infrared
spectrum in the pressure range from 1 bar to 10 kbar. The
deconvoluted FT-IR spectra of deuterium exchanged RNase
A at pH 2.5 and 20°C are shown in Figure 4. The data
reveal a reversible conformational transition of RNase A in
the pressure range around 6-7 kbar at this temperature. The
asymmetric amide I′ band becomes more symmetric with a
band maximum at 1643 cm-1. The pressure dependence of
the band maxima of the amide I′ and tyrosine bands is
depicted in Figure 5. Both band positions change significantly
in the pressure range between 5.5 and 6.5 kbar and at a
similar position. The pressure-induced changes in the sec-
ondary structures thus seem to coincide largely with that of
the local structure around the tyrosine groups.

The changes of the fractional intensities of the different
amide I′ subbands are presented in Figure 6. The pressure-
induced denaturation as judged by changes in the fractional
band intensities begins at 4.5 kbar and the transition is
complete at about 7.5 kbar. Although the fractional intensities
of R-helices andâ-sheets decrease significantly, these
structures, in particular theâ-sheet structures, are not
completely disrupted by pressure. A similar behavior is
observed at pH 5.5. At the higher pH value, the transition is
shifted to slightly higher pressures (ca. 0.5 kbar) only. At
pH 5.5 the tyrosine band position is shifted by 1 cm-1 to
higher wavenumbers compared to that at pH 2.5. Increase
of pH from 2.5 to 5.5 thus has no influence on the structure
of the pressure-denatured state; it slightly changes the
stability of RNase A only.

Assuming the pressure-induced unfolding transition of
RNase A could be treated as a simple two-state process, we
obtain a Gibbs free energy change for unfolding of∆Gu° )
27 ( 5 kJ/mol and a volume change for unfolding of∆Vu°
) -45 ( 8 mL/mol at ambient temperature and pressure.
A similar volume change has been observed at pH 2 (51).
With increasing temperature,∆Vu° has been found to become
less negative (52). For comparison, the corresponding data
obtained for unfolding of SNase WT are 16( 4 kJ/mol and
-80 ( 20 mL/mol (25, 26). The volume change of SNase
WT upon unfolding is thus about twice that of RNase A.

Time Dependence of the Amide I′ FT-IR Spectrum of
RNase A after a Pressure Jump. To study the unfolding and
refolding kinetics of RNase A, pressure jumps from 5 to 7.5
kbar and from 7.5 to 0.001 kbar have been performed. Figure
7 shows the corresponding deconvoluted infrared spectra at

Table 1: Assignment of Observed RNase A Infrared Bandsa

band position
(cm-1) assignment

1633 â-sheets
1645 disordered
1652 R-helices
1663 turns
1672 turns
1680 â-sheets

a Infrared bands were observed at 25°C in D2O Buffer Solution
after H/D Exchange (41, 64).

FIGURE 4: Deconvoluted FT-IR absorption spectra of RNase A [5%
(w/w), pH 2.5] at 20°C as a function of pressure.

FIGURE 5: Pressure effect on the maximum of the tyrosine (A)
and amide I′ (B) IR absorption band of RNase A [5% (w/w), pH
2.5] atT ) 20 °C.

FIGURE 6: Pressure effect on the areas of the bands associated with
â-sheets,R-helices, and disordered structures of RNase A at pH
2.5 and 20°C.
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T ) 20 °C. The data reveal a significant change in the shape
of the IR spectra on the time scale of minutes after the
pressure jump. The amide I′ band becomes more symmetrical
after the pressure jump into the denatured state and the
tyrosine band is shifted toward higher wavenumbers. Release
of pressure from 7.5 kbar to 1 bar leads to a recovering of
the FT-IR band shape (Figure 7 B). The first IR spectrum
after thep-jump is already different from the one before the
jump, indicating a fast burst phase that cannot be resolved
here. The dead time of the current high-pressure kinetic FT-
IR experiment is about 20 s.

Figure 8 shows the maximum of the tyrosine and amide
I′ band position as a function of time afterp-jumps from 5
to 7.5 kbar and from 7.5 kbar to 1 bar atT ) 20 °C. After
the p-jump from 5 to 7.5 kbar, the position of the amide I′

band shifts 6 cm-1 to larger wavenumbers within 20-30 min.
Interestingly, the time dependence of the tyrosine band is
differentsit develops much faster. Such behavior is probably
due to a prior change in the direct vicinity of some of the
six tyrosine residues, likely the burried ones. In the case of
WT SNase (26), both bands change on a similar time scale.
This indicates that the time evolution for the secondary
structures in RNase A is different from the local changes
around the tyrosine groups. Similar behavior is observed
when the pressure is released and the refolding of the protein
is observed.

CONCLUSIONS

The FT-IR measurements indicate that the thermally
denatured state of RNase A still retains some secondary
structure and is reversible up to temperatures as high as 76
°C. The data further indicate that at about 60°C only part
of the tertiary structure has unfolded and complete unfolding
is reached above 70°C. Also, previous thermal equilibrium
studies of the unfolding and folding of RNase A have
provided evidence for the presence of intermediates in
denaturation at low pH (36-42, 50, 53). SAXS and FT-IR
data of Sosnick and Trewhella (42) indicate that the
temperature-denatured state at 67°C still has a compact
structure with some residual secondary structure. They also
demonstrate that the thermal denaturation in RNase A is not
a simple two-state transition from a native to a completely
disordered random coil structure. The radius of gyrationRg

increases from 15 Å at room temperature to about 19 Å at
67-81 °C for RNase A at pD) 5.7. A random coil
conformation could be expected to have anRg value greater
than 41 Å (54). The existence and maintenance of a compact
shape by the protein, which is different from, e.g., SNase
(25, 26), might be attributed to the presence of the four
disulfide bonds between the eight cysteine residues. Up to
65 °C, significant amounts of secondary structure have been
observed by Seshadri et al. (41), which is in accordance with
our data. IR data by Fabian and Mantch (55) indicate that
the thermal unfolding of RNase A is reversible over the pH

FIGURE 7: Deconvoluted FT-IR absorption spectra of RNase A as
a function of time after ap-jump from 5 to 7.5 kbar (A) and from
7.5 kbar to 1 bar (B) (T ) 20 °C, pH 2.5).

FIGURE 8: Time dependence of the position of the tyrosine band
(A) and the maximum of the amide I′ band (B) of RNase A after
a p-jump from 5 to 7.5 kbar (9), and from 7.5 to 0.001 kbar (0)
(T ) 20 °C, pH 2.5).

FIGURE 9: Time-dependent fractional intensities of secondary
structure elements of RNase A after ap-jump from 5 to 7.5 kbar
(A) and from 7.5 kbar to 1 bar (B) atT ) 20 °C and pH 2.5.
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range 2.1-7.4; even at high protein concentrations of 2 mg/
40 mL of solvent, the heat-denatured RNase A does not
contain any significant amount of authentic hydrogen-bonded
secondary structures, however.

Reversible pressure unfolding/refolding experiments have
been carried out at pH 2.5 and 5.5 and 20°C in the pressure
range from 1 bar to 10 kbar. The results indicate that the
protein unfolds at a rather high pressure (about 6 kbar at pH
2.5), and the pressure-denatured state contains partially folded
structures (ca. 30 %). This seems to be a general finding.
So far, all experimental evidence indicates that the pressure-
denatured states of proteins have more secondary structure
than the temperature-denatured states. Contrary to the
temperature-dependent data, the pressure data of RNase A
indicate that the pressure-induced equilibrium changes in the
secondary structures seem to coincide essentially with those
of the local structure around the tyrosine groups.

Reversible pressure denaturation experiments on RNase
A by NMR techniques have been carried out by Jonas and
co-workers (56) at pH 2.0 and 10°C in the pressure range
from 1 bar to 5 kbar. In these studies the histidine resonances
have been followed. It was found that His 12 unfolds first
but retains a partially folded environment, even in the
completely pressure-denatured state. Then the regions near
His 48 and His 105 unravel, behavior that is similar to the
thermal denaturation and the denaturation induced by urea
or guanidine hydrochloride. They also found that the structure
of the pressure-denatured protein at low pH is far from
completely unfolded. They further concluded that hydrogen
exchange is slower in the center of theâ-sheet of the native
protein than at the end and that some of the residues with
large protection factors are those near the disulfide bonds.
It has been pointed out recently that these residual structures
may resemble folding intermediates or serve as initial sites
for protein folding (57, 58). So one might assume that the
structure of the pressure-denatured RNase A resembles that
of the early intermediate found in temperature-jump experi-
ments (35).

Compared to WT SNase, which unfolds at about 2 kbar
at 20°C, the denaturation pressure of RNase A is very high.
It is likely that the covalent disulfide bonds in RNase A
cannot be broken easily by these pressures, and the disulfide
bonds stabilize adjacent structures and protect them against
further unfolding. They might also lead to the much higher
denaturation pressure compared to that of SNase. This might
also explain why the volume change of SNase WT upon
unfolding is about twice as large.

These findings are also in accordance with recent high-
pressure SAXS data by Kleppinger et al. (59), which show
that there is only a small change occurring in the radius of
gyration of RNase A (at pH 7.8, 100 mg/mL), from 17 Å at
ambient pressure to about 27 Å in the pressure-induced
unfolded state at 8 kbar.

Several types of protein denaturation, especially thermal
and chemical denaturation, leave little or no residual structure
in many proteins. By contrast, pressure denaturation, which
is a relatively mild way of denaturation, suggests that this
method can leave appreciable residual structure in proteins.
A similar conclusion has also been drawn from studies of
other proteins. For example, Cle´ry et al. (65) studied the
pressure denaturation of butyrylcholinesterase. They observed
that the pressure denaturation is a multistep process and the

observed transient pressure-denatured states have character-
istics of molten globules. Peng et al. (66) also found that
the conformation of the pressured-dissociated monomers of
Arc repressor are typical of a molten globule and they
showed that their structure is considerably different from that
of the native dimer and the thermally denatured monomers.
Similar behavior has also been observed for the residual
structure in the pressure-assisted cold-denatured state of
lysozyme by Nash et al. (67). If the activation barriers are
not too high, these mildly denatured structures could be
expected to be among the first to appear in the refolding
process of the protein under ambient conditions. It is also
likely that the equilibrium molten globules of some proteins,
obtained under these mildly denaturing conditions, are
structurally similar to the early collapsed states occurring
when the protein begins to fold.

To study the pressure-induced unfolding/refolding kinetics,
pressure jump relaxation experiments have been performed
across the phase transition region of the protein. The IR data
reveal significant changes in the shape of the IR spectra still
on the time scale of minutes after the pressure jump.
Differences in the time constants derived from the amide I′
band and from the tyrosine vibration were observed, indicat-
ing that the time evolution for the secondary structures is
different from the local changes around the tyrosine groups.
Within the accuracy of the experiment, these data fit well to
a model assuming two exponential relaxation processes. The
calculated relaxation times for unfolding of RNase A at 20
°C and pH 2.5 areτ1 ) 0.7 ( 0.5 min andτ2 ) 17 ( 1.5
min. The refolding process is considerably faster. The
corresponding relaxation times areτ1 ) 0.3 ( 0.3 min and
τ2 ) 4 ( 0.8 min, respectively.

For comparison, the urea and in particular the temperature-
induced unfolding/refolding processes are much faster.
Recently, significant progress has been made in the experi-
mental realization of fast IR spectroscopic measurements for
studying the unfolding/refolding transition of proteins.
Thermally induced unfolding of RNase A was studied by
applying laser-induced temperature jumps on the nanosecond
time scale (60). In another approach, a fast injection
attachment was developed to follow refolding of the protein
after thermal denaturation in the millisecond to minute time
scale with FT-IR spectroscopy (61). Also, a stopped-flow
apparatus was developed for IR spectroscopy, permitting the
investigation of unfolding and refolding processes of proteins
initiated by chemical denaturants (62, 63). Kinetic IR
experiments applying a temperature jump or by rapid dilution
of a urea solution containing the chemically unfolded protein
were recently performed on the time scale of hundreds of
milliseconds to minutes (63). These kinetic studies provide
evidence for a high structural similarity of urea-denatured
and heat-denatured RNase A. The kinetic infrared data
demonstrate that in the time window of 0.1-30 s ap-
proximately 40% of the nativeâ-sheet structure in RNase
A is formed in the presence of 0.6 M urea at pH 3.6.
Temperature-jump experiments in the absence of chemical
denaturants exhibited faster (at least 2-fold) and more
complex refolding kinetics. The temperature-induced refold-
ing process of RNase A could also be described by a two-
stage process, with relaxation times of 1.3 and 6.7 s, whereby
the faster phase dominates over the slower phase. A kinetic
folding intermediate of RNase A was also found in the early
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stage (here within the first 1.5 s) of refolding by pulsed
hydrogen-exchange NMR experiments (31, 32). All NH
protons that are hydrogen-bonded within theâ-sheet of native
RNase A seem to be protected in the intermediate.

In comparison, the pressure-induced relaxation times of
unfolding and refolding of RNase A are much slower. This
might be due to the large activation volumes of the unfolding
and refolding process, allowing us to observe these processes
without resorting to ultrafast methods. A similar behavior
has been observed in our studies of WT SNase (35, 36).
However, our data show that the stability and unfolding/
refolding kinetics of the two proteins are significantly
different. The pressure-jump SAXS and FT-IR data, along
with previous fluorescence pressure-jump results, provide
strong evidence for a two-state folding/unfolding model for
SNase under pressure (25, 26), in that secondary structure,
chain collapse, and tertiary structure all exhibit relaxation
profiles on similar time scales. Thus, changes in these three
order parameters appear to depend on the same rate-limiting
steps for unfolding and refolding. In landscape terms, this
means there are no basins where molecules collect, and there
are no significant uphill slopes (increase in internal free
energy) along the microscopic folding paths on the energy
landscape. The results for this small, fast-folding protein thus
conform relatively well to the type I scenario of the funnel
model, with a relatively smooth funnel topology. In RNase
A, a different scenario is observed. In this case the funnel
topology does not seem to be as smooth. Not only the
temperature-induced but also the pressure-induced unfolding/
refolding reaction is a multistep process, at least two steps,
pointing to a more rugged folding funnel.

Bryngelson et al. (13) already pointed out that pressure
can be used to explore the roughness of the folding landscape,
as by changing the experimental variable, the scenario of
folding can be tuned. In agreement with the theoretical model
presented by Hummer et al. (23), the experimental data
obtained so far show that pressure slows down folding and
unfolding kinetics, corresponding to an increasingly rough
landscape and/or decrease in landscape stretching.

The fastest folding speed probably depends on the viscosity
of the solvent, which could be tuned by pressure continu-
ously. By use of a fast-folding simple protein exhibiting a
smooth folding landscape, the effect of viscosity on the
folding kinetics could be studied in future experiments. This
should lead to a better theoretical understanding of the rate-
limiting slope of the energy landscape.
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