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ABSTRACT: The equilibrium stability and conformational unfolding kinetics of the [C40A, C95A] and
[C65S, C72S] mutants of bovine pancreatic ribonuclease A (RNase A) have been studied. These mutants
are analogues of two nativelike intermediates, des[40-95] and des[65-72], whose formation is rate-
limiting for oxidative folding and reductive unfolding at 25°C and pH 8.0. Upon addition of guanidine
hydrochloride, both mutants exhibit a fast conformational unfolding phase when monitored by absorbance
and fluorescence, as well as a slow phase detected only by fluorescence which corresponds to the
isomerizations of Pro93 and Pro114. The amplitudes of the slow phase indicate that the two prolines,
Pro93 and Pro114, are fully cis in the folded state of the mutants and furthermore that the 40-95 disulfide
bond is not responsible for the quenching of Tyr92 fluorescence observed in the slow unfolding phase,
contrary to an earlier proposal [Rehage, A., and Schmid, F. X. (1982)Biochemistry 21, 1499-1505]. The
ratio of the kinetic unfoldingmq value to the equilibriumm value indicates that the transition state for
conformational unfolding in the mutants exposes little solvent-accessible area, as in the wild-type protein,
indicating that the unfolding pathway is not dramatically altered by the reduction of the 40-95 or 65-72
disulfide bond. The stabilities of the folded mutants are compared to that of wild-type RNase A. These
stabilities indicate that the reduction of des[40-95] to the 2S species is rate-limited byglobalconformational
unfolding, whereas that of des[65-72] is rate-limited bylocal conformational unfolding. The isomerization
of Pro93 may be rate-limiting for the reduction of the 40-95 disulfide bond in the native protein and in
the des[65-72] intermediate.

Kinetic intermediates of protein folding are difficult to
characterize structurally because the number of possible
conformations is extremely large (1), and interconversion
between conformations is rapid (2, 3). However, structural
insights can be obtained by coupling the conformation of
the folding protein with changes in its covalent structure,
particularly with the oxidation and reduction of disulfide
bonds, since covalent intermediates are generally stable and
thus easier to isolate and characterize than purely confor-
mational intermediates.

Bovine pancreatic ribonuclease A (RNase A)1 has long
been a model protein for studying protein folding both
conformationally and by oxidation of its sulfhydryl groups
and reduction of its disulfide bonds (4-6). RNase A has
four disulfide bonds (Cys26-Cys84, Cys58-Cys110, Cys40-
Cys95, and Cys65-Cys72) of which the first two are
completely buried and the latter two are mostly buried
(Figure 1) (7, 8). RNase A also has four prolines (Pro93,
Pro114, Pro42, and Pro117) of which the first two are cis in
the native conformation and the latter two are trans (Figure

1) (7, 8). A method for tracking the isomerizations of specific
prolines was developed recently (9), and it was shown that
non-native isomers of Pro114, Pro117, and Pro93 cause
increasing disruption of the conformational folding (10). A
host of other methods, reviewed elsewhere (4-6), has been
used to study the conformational folding of RNase A.

Recent research in our laboratory has focused on the
oxidation of sulfhydryl groups and the reduction of disulfide
bonds in RNase A at 25°C and pH 8.0. Under these
conditions, the oxidative folding of RNase A appears to
proceed through several independent pathways, converging
on two structurally ordered intermediates, des[65-72] and
des[40-95] (11-14), whose formation is rate-limiting and

† This work was supported by research grant No. GM-24893 from
the National Institute of General Medical Sciences of the National
Institutes of Health.

* To whom correspondence should be addressed. Tel: (607) 255-
4034. Fax: (607) 254-4700. E-mail: has5@cornell.edu.

‡ Visiting Scientist from the University of Tokyo.
§ NIH Trainee, 1993-1996.

1 Abbreviations: RNase A, bovine pancreatic ribonuclease A; des-
[65-72], wild-type RNase A in which the 65-72 disulfide bond is
reduced; des[40-95], wild-type RNase A in which the 40-95 disulfide
bond is reduced; [C65S, C72S], the three-disulfide mutant of RNase
A in which cysteines 65 and 72 have been replaced by serines; [C65A,
C72A], the three-disulfide mutant of RNase A in which cysteines 65
and 72 have been replaced by alanines; [C40A, C95A], the three-
disulfide mutant of RNase A in which cysteines 40 and 95 have been
replaced by alanines; NMR, nuclear magnetic resonance; HPLC, high-
performance liquid chromatography; MALDI-TOF, matrix-assisted
laser desorption ionization-time-of-flight; DTTox, oxidized dithiothrei-
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which are oxidized rapidly to the native form. The reductive
unfolding of RNase A is likewise rate-limited by the same
structured intermediates, des[65-72] and des[40-95], under
a wide variety of conditions (15).

A kinetic analysis of the reductive unfolding of wild-type
RNase A at pH 8.0 and 15-25 °C indicates that the native
protein is reduced to the two structured intermediates, des-
[65-72] and des[40-95], through twoindependent, local
conformational unfolding events (15). The free-energy
change in these local unfolding events is relatively large,
roughly 5-6 kcal/mol (15), which is a significant fraction
of the total free-energy change of unfolding, roughly 11 kcal/
mol. The kinetics also suggest that only the 40-95 disulfide
bond is reduced when the des[65-72] intermediate is reduced
to the 2S species at pH 8.0 and 15°C and, moreover, that
this reduction occurs through thesamelocal unfolding event
which is rate-limiting for the reduction of the native protein
to des[40-95] (15). However, the kinetics do not specify
whether the des[65-72] intermediate is also reduced through
local unfolding near the 40-95 disulfide bond at higher
temperatures, for example, 25°C, or whether the 65-72
disulfide bond is preferentially reduced in the des[40-95]
intermediate underanyconditions (15). The nature of these
“independent local unfolding events” is undetermined and
currently under investigation in our laboratory.

Proline isomerization is one candidate for these rate-
limiting unfolding events. In particular, the reduction of the
40-95 and 65-72 disulfide bonds under strongly folding
conditions (neutral pH and low denaturant concentration)
might be accelerated strongly by the isomerizations of
prolines (spatially) nearby in the native structure, specifically
Pro93 for the 40-95 disulfide bond and Pro117 for the 65-
72 disulfide bond (Figure 1). The isomerizations of these
prolines from their native (cis and trans, respectively, for
Pro93 and Pro117) to their non-native isomeric states qualify
as independent local unfolding events, since the isomerization
of any one proline does not unfold the native protein
conformationally (10) and causes only a localized disruption
of the structure, judging from the X-ray structures of the
P93A and P114A mutants (16, 17).

The equilibrium structures and redox kinetics of the two
structured intermediates, des[40-95] and des[65-72], have
been studied with site-directed mutant analogues, particularly
[C40A, C95A], [C65A, C72A] and [C65S, C72S] (13, 18,
19). The folded structures of these mutants have been

investigated by X-ray crystallography (16) and NMR spec-
troscopy (19, 20) indicating that they both have a nativelike
fold, albeit somewhat loosened, in agreement with the NMR
structure of the des[65-72] intermediate blocked with
AEMTS (21). The mutant and AEMTS-blocked structures
constitute strong evidence that theunblockeddes[65-72]
and des[40-95] intermediates also have nativelike structures.
These structural studies also suggest that the three essential
prolines of RNase A (Pro93, Pro114, and Pro117) are in their
native isomeric states in both the [C65S, C72S] and [C40A,
C95A] mutants.

These mutant analogues resemble the two structured wild-
type intermediates, des[65-72] and des[40-95], in their
redox kinetics except that the disulfide rearrangement reac-
tions which convert des[65-72] and des[40-95] into the
unstructured 3S species in the wild-type protein (15) are
blocked in the mutants. The elimination of the disulfide
rearrangement reactions allows the redox reactions leading
to and from the 2S species to be studied in isolation

The oxidative folding of the mutants has been investigated
(13, 14), but their reductive unfolding is just beginning to
be studied (22).

In this paper, we measure the equilibrium stability and
conformational unfolding kinetics of the mutants [C40A,
C95A] and [C65S, C72S]. The equilibrium GdnHCl transi-
tions are measured, from which the equilibriummvalue and
the standard free-energy difference,∆G°, between the folded
and unfolded states are derived (23). By comparing the values
of ∆G° for the mutants with the standard free energies of
the rate-limiting unfolding steps in the reductions of the des-
[65-72] and des[40-95] intermediates, we conclude that
these intermediates are reduced to the 2S species though
partial and global unfolding, respectively. Moreover, a further
comparison of∆G° for the mutants with the conformational
destabilization for incorrect proline isomers (9) suggests that
the isomerization of Pro93 from cis to trans may be the rate-
limiting “local unfolding event” (15) which precedes the
reduction of the native protein to des[40-95] and of the des-
[65-72] intermediate to the 2S species. It is further proposed
here that the isomerization of Pro117 is the local unfolding
event which is rate-limiting for the reduction of the native
protein to the des[65-72] species. Thus, proline isomeriza-
tion may be coupled to critical redox reactions observed in
RNase A.

It is also shown here that the fluorescence-monitored
unfolding of the two mutants exhibits a fast and slow phase,
as observed in wild-type RNase A (24). The slow fluores-
cence unfolding phase is independent of pH and GdnHCl
concentration, and has an activation energy of 20 kcal/mol,
which strongly suggests that the slow phase corresponds to
the isomerizations of Pro93 and Pro114, as has been
demonstrated for wild-type RNase A (9). The amplitudes of
the slow unfolding fluorescence phase further imply that both
prolines are fully cis in the folded mutants, consistent with
the X-ray (16) and NMR data (19, 20). The persistence of
the slow unfolding phase in the [C40A, C95A] mutant

FIGURE 1: Ribbon diagram of RNase A taken from the structure
of Wlodawer et al. (7). The four disulfide bonds are shown explicitly
while the three essential prolines are represented by van der Waals
spheres centered on their CR atoms. The N and C termini are
indicated by letters. This diagram was prepared with the program
MOLMOL of Koradi et al. (8).

des[65-72] + DTTred h 2S+ DTTox (1)

des[40-95] + DTTred h 2S+ DTTox (2)
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indicates that this phase does not arise from the fluorescence
quenching of Tyr92 by the 40-95 disulfide bond, as
previously proposed (24). The dependence of the fast phase
unfolding time constant on GdnHCl concentration was also
measured, and the kinetic unfoldingmq value was obtained.
The small ratio ofmq to m indicates that the transition state
of unfolding exposes little solvent-accessible surface area,
as also observed for wild-type RNase A (25), indicating that
the conformational unfolding pathway is not drastically
altered by the reduction of the 40-95 and 65-72 disulfide
bonds.

MATERIALS AND METHODS

Materials. Wild-type bovine pancreatic ribonuclease A
type 1-A (Sigma) was purified by cation-exchange chroma-
tography as described by Rothwarf and Scheraga (26). The
three-disulfide mutants, [C40A, C95A] and [C65S, C72S],
were expressed and purified by the procedures described by
Laity et al. (18, 19) and Shimotakahara et al. (20), respec-
tively. The purity of the resulting mutant proteins was
confirmed by cation-exchange HPLC, and their identities
were confirmed by amino acid analysis and MALDI-TOF
mass spectrometry. All other reagents were of the highest
grade commercially available and used without further
purification.

Determination of Extinction Coefficient.All of the absor-
bance measurements in this study were carried out with a
modified Cary model 14 spectrophotometer (27). The molar
extinction coefficients of the mutant proteins were deter-
mined by means of an NTSB assay for disulfides (28). By
using these extinction coefficients at 275 nm in 100 mM
acetic acid (8900( 200 and 8650( 100 M-1 cm-1 for
[C65S, C72S] and [C40A, C95A], respectively), we deter-
mined the concentrations of the mutants. The concentration
of wild-type RNase A was determined by using the extinction
coefficient of 9600 M-1 cm-1 reported by Juminaga et al.
(10).

Differences in extinction coefficients at 287 nm (∆ε287)
between the folded and unfolded proteins were determined
at room temperature. The folded protein was prepared by
diluting the protein stock solution (8.6 mg/mL in 100 mM
acetic acid) 21-fold with 100 mM Tris and 1 mM EDTA at
pH 8.0, while the unfolded protein was prepared by diluting
the stock solution 21-fold with 4.2 M GdnHCl, 100 mM Tris,
and 1 mM EDTA at pH 8.0 so that the final concentration
of GdnHCl was 4.0 M. The concentration of the protein in
the stock solution was determined as described above. The
concentration of GdnHCl was determined by measuring the
refractive indices of the solutions at 25°C (29) using a
Bausch & Lomb refractometer.

Guanidine Hydrochloride Equilibrium Unfolding.The
GdnHCl-unfolding transition curves were measured for wild-
type RNase A (0.34 mg/mL), [C65S, C72S] (0.33 mg/mL),
and [C40A, C95A] (0.36 mg/mL) in 100 mM Tris buffer at
25 °C and pH 8.0 by using the change in absorbance at 287
nm as a function of GdnHCl concentration. The temperature
of the sample cell holder was maintained using a Neslab
RTE-100 circulating bath interfaced to a SUN IPC computer.
The temperature was measured to within 0.1°C by using a
calibrated thermistor placed in a buffer-containing cell
located in a second compartment of the cell holder. Solutions

were allowed to equilibrate at 25°C for 1 h prior to
measurement. The transitions were analyzed by the method
described by Santoro and Bolen (30).

Optically Detected Kinetic Unfolding.A Hi-Tech Scientific
PQ/SF-53 stopped-flow instrument was used to measure
absorbance and fluorescence to follow the unfolding kinetics.
The instrument has been described previously (31). The flow
cell had a path length of 10 mm and a width of 2 mm. The
measurements were carried out at 15 and 25°C. For
absorbance measurements, a deuterium lamp (Hellma) was
used as a light source, and the monochromator for the
incident light was set at 287 nm. For fluorescence measure-
ments, a xenon arc lamp (Ushio, Japan) was used; the
excitation wavelength was set at 268 nm, and a band-pass
filter (280-400 nm) was used for emission. Data were
collected every 0.5 ms for the first second and every 40 ms
thereafter for up to 10 min.

For the single-jump unfolding experiments of wild-type
RNase A or [C65S, C72S] at pH 2.0, the protein solution in
50 mM sodium acetate at pH 5.0 containing 0.6 M GdnHCl
was mixed (1:10) with the unfolding buffer (4.34 M GdnHCl,
50 mM glycine at pH 1.77) so that the resulting solution
contained 4.0 M GdnHCl at pH 2.0. For the unfolding
experiments of [C65S, C72S] at pH 8.0, the protein solution
in 100 mM Tris and 1 mM EDTA at pH 8.0 containing 0.6
M GdnHCl (or alternatively, free from GdnHCl) was mixed
(1:10) with the unfolding buffer (100 mM Tris, 1 mM EDTA
at pH 8.0) containing an appropriate amount of GdnHCl.
The final concentration of GdnHCl was varied from 2.15 to
4.20 M in order to investigate the GdnHCl dependence of
the unfolding time constants at 25°C and pH 8.0. However,
for unfolding of [C40A, C95A] at 25°C and pH 8.0, the
initial concentration of GdnHCl was always 0, and the final
concentration was varied from 1.50 to 4.20 M. Final protein
concentrations were approximately 0.3 mg/mL for all
measurements. The fluorescence of the unfolded species was
assigned the value of 100, and that of the folded species
was assigned the value of 0. The data obtained from all
stopped-flow measurements were fit to a sum of exponentials
plus a constant baseline with the program PLOT from New
Unit (Ithaca, NY), using a Levenberg-Marquardt algorithm
(32) for nonlinear least-squares fitting. All errors are listed
as standard deviations.

RESULTS

Differences in Extinction Coefficients (∆ε287). Differences
in molar extinction coefficients at 287 nm (∆ε287) between
the folded and unfolded proteins were determined in 100
mM Tris buffer at room temperature and pH 8.0; the results
are shown in Table 1. The value of∆ε287 obtained for [C65S,
C72S] (2900 M-1 cm-1) was similar to that for the wild-
type protein (3100 M-1 cm-1), whereas that for [C40A,
C95A] (2200 M-1 cm-1) was significantly smaller. A recent
disulfide-intact unfolding/refolding study of Tyr-to-Phe
mutants of RNase A concluded that Tyr25, Tyr92, and Tyr97
are responsible for at least 90% of∆ε287 of RNase A (10).
Since Tyr92 and Tyr97 are located close to the Cys40-
Cys95 disulfide bond in the wild-type protein (Figure 1),
the smaller value of∆ε287 obtained for [C40A, C95A] is
probably due to a disruption of the native fold around Tyr92
or Tyr97. Tyr92 is much more likely than Tyr97, judging
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from the X-ray structures of this mutant (16) and the
corresponding NMR data (19). The value of∆ε287 obtained
for the wild-type protein at pH 8.0 in the present study is
roughly 350 M-1 cm-1 larger than that reported at lower pH
(2749 M-1 cm-1 (10)); the difference is small, however, and
may simply reflect more complete burial of Tyr92 at pH
8.0 than at pH 5.0 (10, 33).

GdnHCl Transitions.The GdnHCl transition curves ob-
tained by UV absorbance measurements at 287 nm in 100
mM Tris buffer at 25°C and pH 8.0 are shown in Figure 2.
The data were analyzed by assuming a two-state unfolding
transition; the resulting unfolding free energies in water
[∆G°(H2O)], m values, and transition midpoints ([Gdn-
HCl]1/2) are given in Table 1. The value of∆G°(H2O)

obtained for [C65S, C72S] (5.0 kcal/mol) is less than one-
half of the wild-type value (11.3 kcal/mol), while that
obtained for [C40A, C95A] (3.0 kcal/mol) is less than one-
third of the wild-type value. Thus, the reduction of these
disulfide bonds has decreased the conformational stability
of the mutants significantly with respect to wild-type RNase
A. On the other hand, similarm values were obtained for
the mutant and wild-type proteins, indicating that similar
amounts of surface area become exposed upon unfolding,
consistent with the X-ray (16) and NMR (19, 20) data. It
should be noted that the transition region for [C40A, C95A]
begins close to 0 M GdnHCl at 25°C and pH 8.0.

Stopped-Flow Unfolding.Kinetic unfolding experiments
of the three-disulfide mutants of RNase A were carried out
under various conditions using a stopped-flow instrument.
Figures 3 and 4 show representative stopped-flow traces
obtained for [C65S, C72S] by absorbance and fluorescence
measurements, respectively, in 4.2 M GdnHCl at 25°C and
pH 8.0. When the unfolding process was monitored by
absorbance at 287 nm, only a fast phase was observed (Figure
3), whereas two phases (a fast and a slow phase) were clearly
observed when the unfolding was monitored by fluorescence
(Figure 4). The data were fit to a sum of exponentials plus
a constant baseline, and the resulting time constants (τf and
τs) and amplitudes (Rf and Rs) under various unfolding
conditions are given in Table 2.

The fast unfolding phase and the slow unfolding phase
can be reasonably assigned, respectively, to a purely con-
formational unfolding which exposes the buried tyrosines
to solvent and to the cis-trans isomerization of X-Pro peptide
bonds, for the following reasons. First, under identical
unfolding conditions, two unfolding phases have also been
observed for wild-type RNase A (Table 2), which have been
definitively established as conformational unfolding and
proline isomerization (9). The relative fluorescence ampli-
tudes of the fast phase (Rf) and the slow phase (Rs) observed
for [C65S, C72S] were similar to those observed for wild-
type RNase A under identical conditions (Table 2B), and
the slow unfolding time constant observed for [C65S, C72S]
(τs ) 64 s) was essentially identical to that for wild-type
RNase A (τs ) 67 s). Second, the activation energy for the
slow unfolding phase of [C65S, C72S] is 20 kcal/mol (lines
3 and 4 of Table 2), in agreement with the known activation
energy of proline isomerization (34) as well as the measured
activation energies of proline isomerization in wild-type
RNase A (9). Third, the time constant of the slow fluores-
cence unfolding phase did not depend on pH (Table 2) or
upon guanidine concentration (Figure 5), consistent with
proline isomerization (9), while that of the fast fluorescence
unfolding phase did, consistent with conformational unfold-
ing (9). Last, the time constant of the fast phase determined
by absorbance measurements (τf ) 17 ms) was nearly
identical to that determined by fluorescence measurements
(τf ) 15 ms), showing that both methods monitor the same
unfolding process; it is known that the absorbance changes
monitor the exposure of buried tyrosines to the solvent and,
thus, conformational unfolding (9).

The fast unfolding time constants measured for [C65S,
C72S] (τf ) 17 and 15 ms) were smaller than those for the
wild-type protein (τf ) 52 and 54 ms), indicating that the
folded structure of the three-disulfide mutants can be broken
down more easily by the denaturant, consistent with the lower

Table 1: Summary of the Equilibrium Properties of Wild-Type
RNase A and the Three-Disulfide Mutants in 100 mM Tris at 25°C
and pH 8.0

∆ε287
a

(cm-1 M-1)
∆G°(H2O)b

(kcal mol-1)
mb (kcal

mol-1 M-1)
[GdnHCl]1/2

b

(M)

wild type 3100( 300 11.3( 0.7 3.8( 0.2 3.0( 0.2
[C65S, C72S] 2900( 200 5.0( 0.5 3.8( 0.4 1.3( 0.1
[C40A, C95A] 2200( 200 3.0( 0.2 3.9( 0.2 0.77( 0.05

a Differences in molar extinction coefficients at 287 nm at room
temperature between the folded and unfolded proteins. The folded
condition was 0 M GdnHCl, and the unfolded condition was 4.0 M
GdnHCl. Errors are given as standard deviations.b The parameters were
obtained by the method of Santoro and Bolen (30). ∆G°(H2O) represents
the estimated standard free-energy difference (unfolded minus folded)
in water between the folded and unfolded protein.m represents the
first derivative of the free-energy difference with respect to the
concentration of GdnHCl. [GdnHCl]1/2 represents the concentration of
GdnHCl at the midpoint of the transition curves. Errors are given as
standard deviations.

FIGURE 2: GdnHCl transition curves of wild-type RNase A and
the three-disulfide mutants [C65S, C72S] and [C40A, C95A] at
25°C and pH 8.0 in 100 mM Tris buffer, as followed by absorbance
at 287 nm. The solid line represents the fit obtained by the method
of Santoro and Bolen (30); the fitted parameters are given in Table
1.
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conformational stabilities of the mutants relative to the wild-
type protein (Table 1). The fast unfolding time constants
exhibited a strong dependence on pH, increasing ap-
proximately 300-fold as the pH is increased from 2.0 to 8.0
(Table 2). Such dramatic increases have been observed before
in the Y92W mutant of RNase A (35). This pH sensitivity
is consistent with the pH dependence of the stability of

RNase A (36, 37) which has been hypothesized to derive
from the protonation of the terminal carboxylate group (38),
which is hydrogen-bonded to the backbone amide hydrogen
of His105 in wild-type RNase A and in the [C65S, C72S]
mutant (20). However, more careful studies are warranted
to explain this pH sensitivity. The fast unfolding time
constants also exhibited a strong dependence on temperature;

FIGURE 3: Representative data set showing the change in absorbance at 287 nm upon unfolding of the [C65S, C72S] mutant from 0.6 to
4.2 M GdnHCl at 25°C and pH 8.0. Only a fast unfolding phase is observed by absorbance.

FIGURE 4: Representative data set showing the change in fluorescence upon unfolding of the [C65S, C72S] mutant from 0.6 to 4.2 M
GdnHCl at 25°C and pH 8.0. A fast phase (τf ) 0.77 s) and a slow phase (τs ) 20 s) were observed. Excitation was at 268 nm and the
emission was detected using a band-pass filter (280-400 nm). The data are shown on a normalized scale.

Unfolding of Three-Disulfide Mutants of RNase A Biochemistry, Vol. 38, No. 9, 19992809



the time constants decreased roughly 7-fold as the temper-
ature was increased from 15 to 25°C (Table 2).

The initial GdnHCl concentration does not seem to
influence the unfolding. The [C65S, C72S] mutant was
unfolded from initial GdnHCl concentrations ranging from
0.0 to 0.6 M, and neither the time constants nor the
amplitudes of the fast and slow unfolding were affected.
Presumably, the folded structures of [C65S, C72S] at 0.0
and 0.6 M GdnHCl are nearly identical, as expected from
the GdnHCl transition curve of [C65S, C72S] (Figure 2).
However, the transition region of the [C40A, C95A] mutant
begins close to 0 M GdnHCl (Figure 2), and thus, this mutant
was always unfolded from 0 M GdnHCl (Table 2).

The unfolding kinetics of both mutants were studied at
pH 8.0 and 25°C as a function of the final GdnHCl
concentration (Figure 5). As noted above, the slow fluores-
cence unfolding phase was independent of guanidine con-
centration, consistent with its assignment as proline isomer-
ization. On the other hand, the fast unfolding phases did
depend on the final GdnHCl concentration and were well
fit by the equation

where the kineticmq value is usually interpreted as propor-
tional to the solvent-accessible area that becomes exposed
in the transition state. Fitting the kinetic data to this
expression yieldsτ0 andmq values of 17( 2 s and 0.74(
0.04 kcal mol-1 M-1, respectively, for [C65S, C72S] and of
3.5 ( 0.3 s and 1.03( 0.02 kcal mol-1 M-1, respectively,
for [C40A, C95A].

DISCUSSION

Stability and Structure of [C40A,C95A] and [C65S, C72S]
at 25°C and pH 8.0.As noted in the Introduction, both the
[C40A, C95A] and [C65S, C72S] mutants adopt nativelike
conformations under folding conditions, based on their
enzymatic activities (18), their NMR spectra (19, 20), and
the X-ray structure of the [C40A, C95A] mutant (16).
However, their equilibrium GdnHCl transitions indicate that
the [C40A, C95A] mutant is significantly less stable than
the [C65S, C72S] mutant, and both mutants are significantly
less stable than wild-type RNase A (Table 1). The standard
free-energy differences,∆G°, between the folded and
unfolded states of the [C40A, C95A] and [C65S, C72S]
mutants are 3.0 and 5.0 kcal/mol, respectively, compared
with 11.3 kcal/mol for the wild-type protein (Table 1). The
free-energy differences for the mutants are in qualitative
agreement with thermal transition temperatures measured at
pH 6.4 and 4.6 (18-20).

The difference in stabilities caused by the reduction of
these two disulfides is unexpectedly large, and derives from

Table 2: Parameters Fitting the Single-Jump Unfoldinga of Wild-Type RNase A and the Three-Disulfide Mutants under Various Conditions

fast phase,τf (ms) slow phase,τs (s)

protein
temperature

(°C) pHb
GdnHCl

(M)c absorptiond fluorescencee fluorescencee

Time Constants
wild type 15 2.0 0.6f 4.0 52( 3 54( 3 67( 3
[C65S, C72S] 15 2.0 0.6f 4.0 17( 2 15( 2 64( 4

15 8.0 0.6f 4.2 5100( 200 5400( 200 63( 8
25 8.0 0.6f 4.2 690( 20 770( 40 20( 2
25 8.0 0.0f 4.2 760( 50 21( 2

[C40A, C95A] 25 8.0 0.0f 4.2 52( 3 54( 9 18( 2

Amplitudes
wild type 15 2.0 0.6f 4.0 0.028( 0.003 69( 3 31( 3
[C65S, C72S] 15 2.0 0.6f 4.0 0.020( 0.002 71( 2 29( 2

15 8.0 0.6f 4.2 0.026( 0.001 75( 1 25( 1
25 8.0 0.6f 4.2 0.024( 0.001 72( 2 28( 2
25 8.0 0.0f 4.2 72( 4 28( 4

[C40A, C95A] 25 8.0 0.0f 4.2 0.033( 0.002 66( 3 34( 3
a The single-jump unfolding was carried out under the conditions indicated in the Table. The final protein concentrations in all absorption and

fluorescence measurements were approximately 0.3 mg/mL.b The final pH of the mixed solution.c The initial and final concentrations of GdnHCl.
d The unfolding was monitored by absorption at 287 nm. The amplitudes are given in arbitrary units. Errors are given as standard deviations.e The
unfolding was monitored by fluorescence. The excitation wavelength was 268 nm. For emission, a band-pass filter (280-400 nm) was used. The
amplitudes (fluorescence increases) are in normalized units, where the fluorescence of the unfolded species was set to the value of 100 and that of
the folded species was set to the value of 0. Errors are given as standard deviations.

FIGURE 5: GdnHCl dependence of the time constants for unfolding
of the [C65S, C72S] and [C40A, C95A] mutants at 25°C and pH
8.0. The empty and filled squares represent the fast unfolding time
constants of [C65S, C72S] as determined by absorbance and
fluorescence measurements, respectively. The filled triangles
represent the slow unfolding time constants of [C65S, C72S] as
determined by fluorescence measurements. The empty and filled
circles represent the fast unfolding time constants of [C40A, C95A]
as determined by absorbance and fluorescence measurements. The
filled diamonds represent the slow unfolding time constants of
[C40A, C95A] as determined from fluorescence measurements.

ln(1/τf) ) ln(1/τ0) + mq [GdnHCl]
RT

(3)
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a stabilization of theunfolded state as well as from a
destabilization of thefolded state. The change in the free
energy of the unfolded state due to disulfide reduction can
be estimated by the increase of its loop entropy computed
by the Wang-Uhlenbeck method (39). However, the loop
entropy at 25°C accounts for only 3.6 and 4.4 kcal/mol of
destabilization in the [C65S, C72S] and [C40A, C95A]
mutants, respectively. The standard free energies of thefolded
states of the mutants relative to that of wild-type RNase A
can be estimated by subtracting both the measured standard
free-energy differences,∆G°, and the free-energy difference
due to the loop entropy from the standard free energy of the
unfoldedstate of wild-type RNase A (Figure 6). Thus, the
folded conformations of [C65S, C72S] and [C40A, C95A]
are less stable than the native wild-type protein by 2.7 and
3.9 kcal/mol, respectively, at 25°C and pH 8.0. Recent NMR
experiments have confirmed qualitatively that both folded
mutants are less stable than the folded wild-type protein (19,
20). These studies noted that reduction of each disulfide bond
results in a stronglocal destabilization as well as a weaker
global destabilization; hence, it is not possible to assign the
destabilization free energy to a single conformational change.

The ∆G° values presented in Table 1 do not distinguish
between the contributions from purely conformational un-
folding and from the isomerization of prolines in the
denatured state. Assuming that the prolines of the folded state
are in the native isomeric state of the wild-type protein, the
decrease in free energy due to the isomerization of all three
essential prolines is roughly 1.8 kcal/mol (Appendix A).

Thus, the purely conformational component of the standard
free-energy difference,∆G°vf, in the two mutants [C40A,
C95A] and [C65S, C72S] is 4.8 and 6.8 kcal/mol, respec-
tively, simply by adding 1.8 kcal/mol to the free-energy
differences ∆G° reported in Table 1. The free-energy
relationships are summarized in Figures 6 and 7.

Global Versus Partial Unfolding in the Reduction of des-
[40-95] and des[65-72]. The free-energy differences (4.8
and 6.8 kcal/mol, respectively) forconformationalunfolding
of these mutants are relevant for the reductive unfolding
pathway of RNase A. In particular, the disulfide reduction
reactions for the two structured intermediates, des[65-72]
and des[40-95], have been modeled (15) by an EX2 reaction
scheme (40) where the structured intermediate must first
undergo some conformational unfolding to a state U* before
reduction can occur

The free-energy difference between the folded state and the
rate-limiting unfolded state U* of des[40-95] and des[65-
72] has been estimated as 4.5 and 5.7 kcal/mol, respectively
(15). Key questions are whether the rate-limiting unfolding
step for these reduction reactions is global or local, and
whether proline isomerization is involved.

A comparison of the free energies for the conformational
and reductive unfolding reactions indicates that [C40A,
C95A] most likely is reduced to 2S through global confor-
mational unfolding, while the reduction of [C65S, C72S]
involves partial unfolding and, possibly, the isomerization

FIGURE 6: A free-energy diagram (at 25°C and pH 8.0) for wild-
type RNase A and the three-disulfide mutants [C65S, C72S] and
[C40A, C95A]. The solid transition lines indicate the conformational
stabilities of the three proteins, as measured by their GdnHCl
transitions (Table 1). The dashed transition lines indicate the free-
energy differences between the unfolded states of the three proteins,
as estimated by the Wang-Uhlenbeck method (39). By subtracting
these two contributions from the total conformational stability of
the wild-type protein (11.3 kcal/mol), one can determine the free-
energy difference between the native wild-type state Nwt and the
folded states of the mutants, yielding 2.7 and 3.9 kcal/mol for the
[C65S, C72S] and [C40A, C95A] mutants, respectively. The arrows
indicate the direction of increasing standard free energy.

FIGURE 7: The unfolded species Uvf is 1.8 kcal/mol higher in free
energy than the equilibrium unfolded species U (Appendix A). Uvf
represents the conformationally unfolded species with all essential
prolines in their native isomeric state, while Uothers represents the
conformationally unfolded species with at least one proline in a
non-native isomeric state; together, Uvf and Uothers comprise the
equilibrium unfolded species U. This diagram also defines the ratios
of concentrations KU, Kvf, andrvf, corresponding to the concentra-
tion ratios between U and N, Uvf and N, and Uothers and Uvf,
respectively, as indicated by the directions of the solid arrows. For
RNase A, the ratiorvf has been measured as 19 (95%/5%) (10).

des[65-72] h U65-72
/ 98

DTTred

2S+ DTTox (4)

des[40-95] h U40-95
/ 98

DTTred

2S+ DTTox (5)
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of Pro93. As noted above, the free energy of purely
conformational unfolding for [C40A, C95A] is roughly 4.8
kcal/mol while that of reductive unfolding is 4.5 kcal/mol
(15). The close agreement of these two values makes it
plausible that [C40A, C95A] unfolds globally before being
reduced to the 2S species. Therefore, it is likely that all of
the disulfide bonds of [C40A, C95A] will be susceptible to
reduction in this reaction. By contrast, the free energy of
purely conformational unfolding for [C65S, C72S] is 6.8
kcal/mol while that of reductive unfolding is 5.7 kcal/mol
(15), suggesting that [C65S, C72S] is reduced to 2S through
a partial unfolding step. Consequently, the 40-95 disulfide
bond in des[65-72] may be preferentially reduced with
respect to the other two disulfide bonds, under these
conditions.

Possible Coupling of Proline Isomerization to Disulfide
Reduction.The kinetic analysis of reductive unfolding (15)
concluded that the reduction of the 40-95 and 65-72
disulfide bonds in wild-type RNase A and in des[65-72] is
rate-limited by twoindependentunfolding reactions, in each
of which the protein is unfolded in the vicinity of its
corresponding disulfide bond without affecting the confor-
mation at the other. One candidate for these reactions is the
cis-trans isomerization of prolines near each disulfide, as
discussed in the Introduction. Here it is shown that the free-
energy change associated with the isomerization of Pro93
from cis to trans is consistent with the free-energy change
associated with the reduction of the 40-95 disulfide bond.

The free-energy changes for these proline isomerizations
can be estimated from previous work on site-directed mutants
of the prolines (9, 41). Comparison of the GdnHCl transitions
of P93A and P114A to that of the wild-type protein indicates
that non-native isomers of these prolines destabilize the
foldedwild-typeprotein by 5.3 and 1.9 kcal/mol, respectively
(9) (Appendix A). The free-energy difference for Pro114 (1.9
kcal/mol) is much smaller than those observed (4.5-6.7 kcal/
mol) in reductive unfolding (15); thus, the isomerization of
Pro114 from cis to trans does not appear to play a significant
role in reductive unfolding. By contrast, the destabilization
caused by the isomerization of Pro93 from cis to trans (5.3
kcal/mol) is relatively close to that of the unfolding step for
the reduction of des[65-72] (5.7 kcal/mol (15)), consistent
with the hypothesis that the isomerization of Pro93 is the
rate-limiting conformational change for the reduction of des-
[65-72] to the 2S species. This model offers a plausible
structural explanation of why the 40-95 disulfide bond is
preferentially reduced in the des[65-72] intermediate (15).
Moreover, if the isomerization of Pro93 is rate-limiting in
the reduction of the native protein to the des[40-95] species
as proposed, the newly formed des[40-95] species will
initially have a non-native Pro93 isomer and thus be globally
unfolded, judging from the conformational stability (3.0 kcal/
mol) of its [C40A, C95A] analogue, which is much less than
the destabilization caused by a non-native Pro93 isomer in
the wild-type protein (5.3 kcal/mol). This kinetic mechanism
may explain the extraordinarily rapid reduction of des[40-
95] to the 2S species at 25°C (15).

The kinetic experiments (15) and the proposed coupling
of proline isomerization pertain to reductive unfolding under
solution conditions favoring conformational folding, for
example, neutral pH, low temperature, and low denaturant
concentration. By contrast, under denaturing conditions,

reductive unfolding is very likelynot coupled to proline
isomerization, since global unfolding has already occurred.
Under such conditions, the disulfide bonds of the protein
are not protected from the redox reagent and are reduced
rapidly (22).

The Kinetics of Unfolding.Similar to the wild-type protein,
the fluorescence-monitored unfolding of both mutants ex-
hibits two exponential phases, a fast phase and a slow phase.
It has been shown conclusively in wild-type RNase A that
the slow phase corresponds to the isomerization of two
prolines, Pro93 and Pro114 (9). Given that the amplitudes
and time constants of the slow phase are similar to those of
the wild-type protein and are independent of pH and GdnHCl
concentration, it is reasonable to conclude that the slow phase
of the mutants corresponds to the isomerizations of Pro93
and Pro114 as in wild-type RNase A and, moreover, that
their cis/trans ratios in the folded and unfolded states are
the same as that of wild-type RNase A. In particular, we
conclude that Pro93 and Pro114 are both fully cis in the
folded conformation of the mutants, consistent with the
published NMR data (19, 20) and the X-ray structure of
[C40A, C95A] (16). The NMR and X-ray data also indicate
that Pro117 is in its native trans isomeric state (16, 19, 20).

Therefore, both folded mutants have all of the essential
prolines of RNase A (Pro93, Pro114, and Pro117) fully in
their native isomeric state. This point is important to
establish, since we propose that the reduction of the disulfides
is rate-limited by the isomerization of prolines. This mech-
anism would be invalid if the prolines were in a non-native
isomeric state in the folded mutants, or if isomeric hetero-
geneity were observed, as in some proteins (42).

Our results also suggest that the 40-95 disulfide bond is
not responsible for the fluorescence quenching of Tyr92,
contrary to an earlier proposal (24). On the basis of model
peptide studies from our laboratory (43), it seems likely that
short-range interactions are responsible for the fluorescence
quenching of Tyr92 which is relieved by the cis-trans
isomerization of Pro93, possibly between local peptide bonds
and the tyrosine ring (44). However, the 40-95 disulfide
bond may make a small contribution to the quenching, whose
measurement would require more sensitive tests.

The fast conformational unfolding rate increases expo-
nentially with the GdnHCl concentration and is characterized
by the kineticmq value. The ratio of thismq value to the
equilibrium m value is relatively small, 0.19 and 0.26 for
the [C65S, C72S] and [C40A, C95A] mutants, respectively.
These small ratios indicate that the transition state for
conformational unfolding exposes relatively little solvent-
accessible area (45). This is consistent with wild-type RNase
A, for which the ratio is 0.15 at pH 4.0 and 15°C and 0.10
at pH 5.8 and 22°C (25), indicating that the unfolding
pathway is not altered dramatically by the reduction of the
40-95 or 65-72 disulfide bonds.

CONCLUSIONS

The equilibrium stability and conformational unfolding
kinetics have been investigated for two RNase A mutants,
[C40A, C95A] and [C65S, C72S]. The loss of each disulfide
bond strongly destabilizes RNase A, even more than expected
from the increase in loop entropy, in agreement with previous
X-ray and NMR data (16, 19, 20). The conformational
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stability, ∆G°, of the [C40A, C95A] mutant indicates that
the des[40-95] intermediate is reduced by global confor-
mational unfolding, while that of the [C65S, C72S] mutant
indicates that the des[65-72] intermediate is reduced by
partial unfolding. This contrasts with studies on BPTI
showing that reductive unfolding proceeds only through
global unfolding (46). The values are consistent with the
hypothesis that the reduction of the 40-95 disulfide bond
in the folded forms of wild-type RNase A and of the des-
[65-72] intermediate is rate-limited by the isomerization of
Pro93 to its non-native trans isomer. This hypothesis is
currently under investigation in our laboratory.

The conformational unfolding of both mutants exhibits two
phases when monitored by fluorescence, similar to wild-type
RNase A. The slow phase is almost certainly due to the
isomerizations of Pro93 and Pro114, as in wild-type RNase
A (9). The amplitudes of the slow phase indicate that Pro93
and Pro114 are both fully cis in both mutants, and that the
40-95 disulfide bond isnot responsible for the fluorescence
quenching of Tyr92 relieved by the isomerization of Pro93,
contrary to an earlier proposal (24). A comparison of the
kinetic mq and equilibrium m values suggests that the
unfolding pathway is not dramatically altered by the reduc-
tion of the 40-95 or 65-72 disulfide bonds, consistent with
other proteins (47).
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APPENDIX A: THE FREE ENERGY OF
SUB-SPECIES

The conformational stability of a protein is defined as the
standard free-energy difference,∆G°, between its folded and
unfolded states. However, the unfolded state of RNase A is
not homogeneous; it is composed of eight species corre-
sponding to the isomeric states of the three essential prolines
(Pro93, Pro114, and Pro117) (10). The relative fraction of
the protein in each of these unfolded species has been
determined for one set of unfolding conditions (pH 2.0 at
15 °C) (10). These relative fractions depend on the relative
rates of isomerization of the three essential prolines under
unfolding conditions, which do not vary with pH and have
the same activation energies (9); thus, these relative fractions
are expected to apply to the solution conditions (pH 8.0 and
25 °C) used here.

This Appendix computes the free-energy difference be-
tween the folded species and asubset, even one, of the
species that comprise the unfolded state. In particular, we
seek to compute the free-energy difference between the
native state N and the conformationally unfolded species Uvf

which has all of its prolines in the native isomeric state. At
equilibrium, Uvf constitutes 5.0% of the protein in the
unfolded state U (10).

Consider Figure 7. LetKU, Kvf, andrvf represent, respec-
tively, the ratios of equilibrium concentrations of the unfolded
protein U to that of the native species N, of the conforma-
tionally unfolded species Uvf (with native prolines) to that
of the native species N, and of the remaining unfolded species

Uothers (with at least one non-native proline) to that of the
conformationally unfolded protein Uvf. Mathematically

These three quantities are related by the equation

Therefore, the following relation holds

This relationship can be re-expressed in terms of free
energies using the well-known relation between standard
free-energy differences and the ratioKeq of equilibrium
concentrations,∆G° ) -RT ln Keq. Taking the logarithms
of both sides of equation A7, we obtain

As noted above, Uvf constitutes 5% of the unfolded species
U (10); thus, the ratiorvf equals 19 (95%/5%), yielding a
standard free-energy increase at 25°C of 1.8 kcal/mol, as
cited in the text. It should be noted that the standard free
energy of a pure sub-species, for example, Uvf, is always
higher than that of the equilibrium distribution, for example,
U. In other words, the increase in∆G° is always positive,
regardless of the value ofrvf; allowing Uvf to equilibrate with
the other proline isomeric states lowers the standard free
energy, as expected from entropy considerations.

As another example, consider the free-energy difference
between the native state N and the subset (denoted by Utrans)
of four unfolded species with a trans isomer for a specific
proline (Figure 8). Following the same argument as above,
the concentration ratios may be defined

where Ucis represents the complementary species to Utrans,
that is, the subset of four species with the specified proline
in the cis isomeric state. The following corresponding relation
may be derived.

For Pro93, the ratior trans for the species Utrans is 1/3.4 (10),
giving an increase in standard free energy of 0.15 kcal/mol

KU ≡ [U]/[N] (A1)

Kvf ≡ [Uvf]/[N] (A2)

rvf ≡ [Uothers]/[Uvf] (A3)

[U]

[N]
)

[Uvf]

[N]
+

[Uothers]

[N]
(A4)

KU ) Kvf +
[Uvf]

[N]

[Uothers]

[Uvf]
(A5)

) Kvf + Kvf rvf (A6)

Kvf )
KU

1 + rvf
(A7)

∆G°fv ) ∆G°U + RT ln(1 + rvf) (A8)

Kwt ≡ [Uwt]/[Nwt] (A9)

Ktrans≡ [Utrans]/[Nwt] (A10)

rtrans≡ [Ucis]/[U trans] (A11)

∆G°trans) ∆G°wt + RT ln(1 + rtrans) (A12)
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over the full unfolded state Uwt at 15°C. Alternatively, for
the subset of unfolded species with a (non-native) trans
Pro114, the ratior trans equals 1/2.6, giving an increase of
0.19 kcal/mol. These small corrections were added to
the measured conformational stability∆G°wt of wild-type
RNase A (9) to obtain∆G°trans for the subsets of unfolded
species with Pro93 and Pro114 fixed in the non-native trans
isomeric state. The conformational stabilities∆G°mut of the
mutants (9) (6.1 and 9.6 kcal/mol for the P93A and P114A
mutants, respectively) were subtracted from the computed
∆G°trans (11.4 and 11.5 kcal/mol, respectively) to estimate
the destabilization∆G°iso (5.3 and 1.9 kcal/mol, respec-
tively) caused by non-native proline isomers in the confor-
mationally folded (but non-native)wild-typeprotein (Figure
8). An example of such a state is the folding intermediate
IN, which is conformationally folded with nativelike enzy-
matic activity (48), but which has Pro93 in a non-native trans
isomer (10).
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