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ABSTRACT: Tryptophan was substituted for Tyr92 to create a sensitive and unique optical probe in order
to study the unfolding and refolding kinetics of disulfide-intact bovine pancreatic ribonuclease A by
fluorescence-detected stopped-flow techniques. The stability of the Trp mutant was found to be similar
to that of wild-type RNase A when denatured by heat or GdnHCl, and the mutant was found to have 85%
of the activity of the wild-type protein. Single-jump unfolding experiments showed that the unfolding
pathway of the Trp mutant contains a fast and a slow phase similar to those seen previously for the
wild-type protein, indicating that the mutation did not alter the unfolding pathway significantly. The
activation energy of the slow-unfolding phase suggested that proline isomerization is involved, with the
Trp residue presumably reporting on changes in its local environment. Single-jump refolding experiments
revealed the presence of a GdnHCl-independent burst phase and a native-like intermediate, most likely
IN, on the folding pathway. Single-jump refolding data at various final GdnHCl concentrations were fit
to a kinetic folding model involving two pathways to the native state; one pathway involves the intermediate
IN, and the other is a direct one to the native state. This model provides site-specific information, since
Trp92 monitors the formation of local structure only in the neighborhood of that residue. Double-jump
refolding experiments permitted the detection of a previously reported, hydrophobically collapsed
intermediate, IΦ. The refolding data support the hypothesis that the region around position 92 is a chain-
folding initiation site in the folding pathway.

The unfolded state of disulfide-intact bovine pancreatic
ribonuclease A (RNase A)1 is a mixture of unfolded species
(Garel & Baldwin, 1973; Garel et al., 1976; Lin & Brandts,
1983; Schmid, 1983; Houry et al., 1994; Dodge & Scheraga,
1996; Houry & Scheraga, 1996). These unfolded species
refold to the native state with different refolding rates, giving
rise to multiple refolding phases with different time constants.
The unfolded species have been shown to differ in the
isomerization state of their X-Pro peptide bonds (Schmid
& Baldwin, 1979; Schultz et al., 1992; Houry et al., 1994;
Dodge & Scheraga, 1996; Houry & Scheraga, 1996). RNase
A contains four proline residues. In the folded state, Pro93
and Pro114 have cis X-Pro peptide bonds while Pro42 and
Pro117 have trans X-Pro peptide bonds (Wlodawer et al.,
1982, 1988). In the unfolded state, these X-Pro bonds
isomerize to form an equilibrium mixture of cis and trans
conformations.

Mutants in which each of these prolines was individually
replaced by alanine have been studied by Dodge and
Scheraga (1996). Folding studies carried out on these
mutants indicated that the isomerizations about X-Pro93,
-114, and -117 peptide bonds result in the formation of the
different unfolded species and affect the refolding kinetics
of these unfolded species. Five folding phases have been

observed experimentally; these arise from the refolding of
the species Uvf, Uf, Um, Us

I, and UsII, where Uvf and Uf are
very-fast- and fast-folding species, respectively. Um is a
medium-folding species, and UsI and UsII are slow-folding
species. Uvf has all its X-Pro peptide bonds in a native
conformation, and represents∼2-6% of the equilibrium-
unfolded state of RNase A (Houry et al., 1994; Dodge &
Scheraga, 1996). Uf is postulated to contain a non-native
X-Pro114 or -117 peptide bond (Dodge & Scheraga, 1996);
it accounts for∼14% of the unfolded state of the protein
(Houry et al., 1994; Dodge & Scheraga, 1996; Houry &
Scheraga, 1996). Uvf and Uf fold on the millisecond time
scale. Recently, Houry et al. (1995, 1996) investigated the
refolding pathway of Uvf. They found kinetic and thermo-
dynamic evidence for the presence of a hydrophobically
collapsed species, IΦ, on the refolding pathway of Uvf.

Um, Us
I, and UsII have refolding time constants which

typically occur on the second time scale. All of these species
contain non-native X-Pro peptide bond isomers, most
significantly at the Tyr92-Pro93 position (Dodge & Scher-
aga, 1996; Houry & Scheraga, 1996). The folding pathway
of the major slow-folding species, UsII, comprises over 50%
of the unfolded state and is thought to form a native-like
intermediate, IN, when folded under favorable folding condi-
tions (Cook et al., 1979; Schmid & Blaschek, 1981; Schmid,
1983, 1986).

The refolding pathway of RNase A has been studied
extensively by manual mixing and by stopped-flow fluores-
cence and absorbance techniques (Tsong et al., 1972; Garel
et al., 1976; Lin & Brandts, 1983; Schmid, 1986; Houry et
al., 1994). These studies monitor the changes in the optical
properties of the intrinsic chromophores that occur during
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folding or unfolding. A change in the environment of any
of the tyrosines upon folding or unfolding directly affects
the optical properties of that residue and, therefore, reflects
folding or unfolding events occurring at that location of the
protein. The experimentally observed changes in absorbance
and fluorescence that accompany folding are a sum of the
contributions from the individual tyrosine residues. It is
difficult to determine the contribution of each specific
chromophore to the total absorbance or fluorescence change.
In other words, the changes in absorbance or fluorescence
that occur during folding do not provide information about
specific regions of the protein that are involved in these
folding events but instead provide an average view of the
change in optical properties of the whole protein.
In order to gain site-specific information about the

refolding of RNase A, Tyr92, which precedes Pro93, was
replaced by Trp. This site is of interest because Tyr92-
Pro93 is involved in a cis peptide bond which reflects itself
in the formation of a Type VIâ-bend in the native state.
This X-Pro peptide group is thought to be important in the
folding of RNase A since its isomerization to a trans peptide
bond is the origin of the slow folding species of RNase A.
Moreover, the presence of the cis peptide bond at that
position seems to be essential for the formation of the type
VI bend and consequently for the rapid formation of the
â-sheet. Even when Pro93 was replaced by alanine, a cis
Tyr92-Ala93 peptide bond was formed in the native state
of the mutant protein (Dodge & Scheraga, 1996). In
addition, Tyr92 is a good candidate for replacement by a
probe because it is involved in a hydrogen bond with Asp38
(Scheraga, 1967) in the folded structure. This suggests that
the environment of the region containing Tyr92 can be altered
during conformational folding (without cis/trans isomeriza-
tion), leading to a detectable change in the optical properties
of this residue. Tyr92 is close to the surface of the protein,
which should allow for the accommodation of the slightly
larger Trp residue (Wlodawer et al., 1982, 1988).
Since RNase A contains no Trp residues, replacement of

Tyr92 by Trp provides a unique probe for that region of the
protein. Trp can be excited at wavelengths longer than 295
nm, which do not affect the Tyr residues. In addition, the
fluorescence emission of Trp is also distinct from that of
Tyr, occurring around 350 nm as opposed to 303 nm.
Previous studies involving the observation of single Trp
residues within proteins have shown that site-specific
information regarding the folding and unfolding pathways
can be obtained (Smith et al., 1991; Roper et al., 1992;
Bottomly et al., 1994; Steer & Merrill, 1995; Choi et al.,
1995; Garcia et al., 1995).

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 (1993). The
Trp mutant of RNase A was prepared by site-directed
mutagenesis using procedures developed previously in our
laboratory (Laity et al., 1993). The T7-Genin Vitro
mutagenesis kit (United States Biochemical) was used to
generate the Tyr92 to Trp mutation. The synthetic oligo-
nucleotide used for site-directed mutagenesis was prepared
at the Cornell Biotechnology Analytical Facility. The Trp
mutant was expressed as a gene 10 fusion protein in the

pSJIIGEM-2 vector in HMS174(DE3)-pLys(S). The protein
was purified essentially as described by Laity et al. (1993),
with the following modification; the initial factor Xa diges-
tion was found to be complete within 6-8 h, rather than
14-18 h. After purification, the Trp mutant RNase A protein
was lyophilized and stored over P2O5 in a dessicator at 4
°C.
Fluorescence Measurements. Emission spectra of the

folded and unfolded Trp mutant were obtained on an MPF-
44B Perkin-Elmer spectrophotometer in the ratio mode. In
this mode, a portion of the excitation light is diverted before
reaching the sample compartment and converted to an
electrical signal which is then used to correct the signal from
the sample for source lamp intensity fluctuations. The
concentration of the Trp mutant was approximately 0.15 mg/
mL. Measurements were carried out using a 0.5× 0.5 cm
quartz cuvette. Emission spectra were obtained using
excitation wavelengths of 280 and 295 nm with a 2 nm band-
pass. Tryptophan and tyrosine are both excited at 280 nm,
while only tryptophan is excited at 295 nm. The emission
spectra were obtained by scanning the emission wavelength
from 280 or 295 to 440 nm at a scan rate of 1 nm/s using a
5 nm band-pass. Each spectrum is the average of three
emission scans minus the average of three blank (buffer)
scans. The spectra were obtained at the same gain and were
scaled by a constant factor which sets the highest fluores-
cence value at 100, and the fluorescence data are reported
using this scale. The maximum fluorescence was found to
be at 350 nm (λmax) upon excitation at 280 nm and to occur
in the unfolded Trp mutant. This peak fluorescence value
was used to scale both of the emission scans (excitation at
280 and 295 nm; Figures 1 and 2).
ActiVity Measurements. The cleavage of cytidine 2′:3′-

cyclic-phosphate (Sigma) was used to measure the enzymatic
activity of the Trp mutant and wild-type RNase A at 25°C
and pH 5 and 7 by the method of Crook et al. (1960) as
described by Konishi and Scheraga (1980) with modifications
described by Laity et al. (1993). Five measurements of the
activity of both wild-type and the Trp mutant were made at
each pH. The Trp mutant was found to be 84.3( 3.5%
active at pH 7 and 86.9( 3.9% active at pH 5, relative to
wild-type RNase A (100%).
Extinction Coefficient Determination. The concentration

of wild-type RNase A was determined using an extinction
coefficient of 9800 M-1 cm-1 at 277.5 nm (Sela & Anfinson,
1957). The extinction coefficient of the Trp mutant was
determined using an NTSB1 assay as described previously
(Thannhauser et al., 1987). The wavelength of maximum
absorbance (λmax) of the Trp mutant was first determined by
obtaining an absorbance spectrum of the protein (0.5 mg/
mL) in distilled water (pH 4.1). This protein solution was
then used in the NTSB assay to determine the extinction
coefficient. On the basis of the results of four measurements,
the value of the extinction coefficient at 278 nm (λmax) was
found to be 14 900( 500 M-1 cm-1 at 25°C and pH 4.1.
Thermal Transition.The thermal transition was measured

for the wild type (0.88 mg/mL) and the Trp mutant (0.56
mg/mL) in 10 mM acetic acid (pH 4.5). The change in
absorbance at 287 nm as a function of temperature was
measured on a modified Cary model 14 spectrophotometer
(Denton et al., 1982). The temperature was raised and
lowered in a stepwise manner, allowing 10 min for equilibra-
tion at each temperature below 60°C and 4-5 min for each
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temperature above 60°C. The temperature of the sample
cell holder was maintained using a Neslab RTE-100 circulat-
ing bath interfaced to a SUN IPC computer. The temperature
was measured to within 0.1°C using a calibrated thermistor
placed in a buffer-containing cell located in a second
compartment of the cell holder.
Guanidine Hydrochloride Equilibrium Unfolding. The

GdnHCl-unfolding transition curves were obtained at 10°C
monitored by fluorescence using a 0.5× 0.5 cm cell on an
MPF-44B Perkin-Elmer spectrophotometer in the ratio mode.
The excitation wavelength was 280 nm (3 nm band-pass),
and the emission wavelength was 302 nm (5 nm band-pass)
to monitor Tyr emission for the wild-type and 350 nm (5
nm band-pass) to monitor mainly Trp emission for the Trp
mutant. The measurements were corrected for instrument
drift using folded wild-type RNase A in 50 mM acetic acid
(pH 5) as a standard. The fluorescence of this standard was
found to remain constant during the time required for
collection of the GdnHCl transition data. The concentrations
of GdnHCl solutions were determined by measuring the
refractive index at 25°C (Nozaki, 1972) using a Bausch &
Lomb refractometer. The solutions were filtered through a
0.2 µm filter (Gelman). Solutions were allowed to equili-
brate at 10°C for 2 h prior to measurement. A circulating
bath was used to maintain the temperature of the cell at 10.0
( 0.1°C. The temperature was measured using a calibrated
thermistor (Fisher Scientific). The final fluorescence values
were scaled in such a way that the maximum fluorescence
in each curve was 100 and the minimum was 0.
Optically Detected Kinetic Experiments. A Hi-Tech

Scientific PQ/SF-53 stopped-flow instrument was used to
measure fluorescence or absorbance to follow the folding
and unfolding kinetics. The instrument has been described
previously (Houry et al., 1994). Data were collected every
0.5 ms for the first second and every 40 ms thereafter. Final
protein concentrations were approximately 0.15 mg/mL for
the Trp mutant and 0.90 mg/mL for wild-type RNase A.
Buffers used for the Trp mutant were sparged with nitrogen

to eliminate detectable photo-oxidation of the Trp residue.
The excitation wavelength was 295 nm. The emission was
monitored at a wavelength range of 320-400 nm using cutoff
filters to eliminate any detectable contribution to the
fluorescence from tyrosine emission. Solutions of tyrosine
and tryptophan with emission spectra identical to those of
the folded and unfolded mutant were used to verify the
absence of any direct tyrosine fluorescence under these
conditions. Essentially no change in absorbance at 295 nm
took place during the kinetic experiments.
Unfolding Experiments. Single-jump unfolding experi-

ments were carried out at 10, 15, 20, and 25°C, respectively,
by 6-fold dilution of the folded Trp mutant [0.69 M GdnHCl
and 50 mM acetic acid (pH 5.0)] with unfolding buffer [4.9
M GdnHCl and 75 mM glycine (pH 1.8)] to give final
conditions of 4.2 M GdnHCl and pH 2.0. Unfolding
experiments at pH 5.0 and 10°C were initiated by 6-fold
dilution with unfolding buffer [7.2 M GdnHCl and 50 mM
acetic acid (pH 5.0)] to give final conditions of 6.5 M
GdnHCl and pH 5.0. The fluorescence of the unfolded
species was assigned the value of 100, and that of the folded
species was assigned the value of 0. All unfolding data were
scaled in this way (see Table 1).
Single-Jump Folding. Single-jump folding experiments

were carried out by 11-fold dilution of unfolded protein [4.2

M GdnHCl and 50 mM glycine (pH 2.1)] with folding
buffers of varying GdnHCl concentrations [50 mM acetic
acid (pH 5.2)] to give solutions of pH 4.9 and final GdnHCl
concentrations between 0.58 and 2.6 M. Single-jump folding
experiments were repeated under the conditions described
above using wild-type RNase A and were monitored by
absorbance at 287 nm (Table 2).
Double-Jump Folding. Double-jump experiments (Houry

et al., 1994) in which folded RNase A was unfolded for a
given amount of time and subsequently refolded were carried
out with wild-type RNase A and the Trp mutant at 10°C.
Folded protein [1.5 M GdnHCl and 50 mM acetic acid (pH
5.0)] was diluted 3.5-fold with unfolding buffer [5.3 M
GdnHCl and 50 mM glycine (pH 1.7)] to yield unfolding
conditions of 4.2 M GdnHCl and pH 2.0. After a given delay
time, refolding was initiated by an 11-fold dilution of the
unfolded protein with folding buffer [0.2 M GdnHCl and
30 mM acetic acid (pH 5.5)] to yield refolding conditions
of 0.58 M GdnHCl and pH 5.0 or by 6-fold dilution [2.3 M
GdnHCl and 50 mM acetic acid (pH 5.4)] to yield conditions
of 2.5 M GdnHCl and pH 5.0. The delay time was fixed at
∼1 s for the Trp mutant. On the basis of unfolding data at
pH 2.0 (Table 1), this delay time is sufficiently long to allow
essentially complete conversion of the folded protein to the
conformationally unfolded state (Uvf) but is short enough so
as not to allow for the formation of the other unfolded
species.
The value of the fluorescence of conformationally unfolded

protein at pH 5.0 and 4.2 M GdnHCl was used as a reference
point for later normalization of the refolding data. Because
of the possibility of a pH dependence of the fluorescence,
the fluorescence emission values used for this normalization
were all obtained at pH 5.0. In order to obtain the value for
conformationally unfolded protein, the double-jump experi-
ment was repeated; however, the protein was kept unfolded
at 4.2 M GdnHCl and pH 5.0 after unfolding at 4.2 M
GdnHCl and pH 2 for a set delay time of∼1 s. The observed
fluorescence is that of the conformationally unfolded protein
(Uvf) at pH 5.
Double-jump folding experiments at 10°C were repeated

with wild-type protein under the same solution conditions
used for the Trp mutant. For the wild-type protein, folding
was monitored by absorbance (observation at 287 nm) and
fluorescence [excitation at 268, observation of emission using
cutoff filters (280-400 nm)]. The delay time for experi-
ments with the wild-type protein was set at 0.6 s (Houry et
al., 1994) to populate Uvf selectively (Table 3).
Inhibitor Binding. The refolding of the Trp mutant was

also investigated by monitoring the binding of the inhibitor
2′CMP to the active site during refolding. This experiment
was carried out by manual mixing on a Cary 14 spectro-
photometer at 10°C. Unfolded protein [4.2 M GdnHCl and
50 mM glycine (pH 2.0)] was diluted with folding buffer
[0.57 M GdnHCl, 50 mM acetic acid (pH 5.3), and 330µM
2′CMP] to give final folding conditions of 0.92 M GdnHCl,
pH 5.0, and 300µM 2′CMP. Mixing was complete within
10 s. The formation of the 2′CMP complex was monitored
by absorbance at 264 nm. The concentration of 2′CMP was
determined by using an extinction coefficient of 8770 M-1

cm-1 at 272 nm, pH 5, and 22°C (Dodge et al., 1994). The
final protein concentration was 36µM.
Several control experiments were carried out. To conserve

recombinant protein, wild-type RNase A was used in many
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of these controls at the same protein concentration later used
in the experiments with the Trp mutant (36µM). On the
basis of the high level of activity of the Trp mutant, it was
assumed that 2′CMP binds to the active site of the Trp mutant
in a manner similar to that of the wild-type protein.
First, it was necessary to verify that a sufficient excess of

2′CMP was present to ensure complete binding of RNase A
“folded” species. A control experiment, in which the final
2′CMP concentration was 350µM, exhibited the same total
absorbance change at 264 nm as the experiment in which
the final 2′CMP concentration was 300µM. The lack of
detection of any additional formation of the complex at the
higher 2′CMP concentration indicated that 300µM 2′CMP
was sufficiently high to bind all of the “folded” RNase A
present. In a second control experiment, folded wild-type
RNase A in 0.92 M GdnHCl was diluted 11-fold with 330
µM 2′CMP in 0.92 M GdnHCl. No change in absorbance
at 264 was detected, indicating that the binding of 2′CMP
to folded wild-type RNase A is complete within the mixing
time. This provided verification that detectable changes in
absorbance were due to the formation of folded, or partially
folded, protein and not to the binding reaction itself. In a
third control experiment, the folding reaction was carried
out with buffers that did not contain protein to demonstrate
that the absorbance of the 2′CMP alone does not change
during the folding reaction.
The change in absorbance of the Trp mutant at 264 nm

during folding was observed in the absence of 2′CMP. Small
changes in absorbance were detected. To correct for these
changes, the average of three 2′CMP binding experiments
was fit after the subtraction of the average of three folding
runs, monitored at 264 nm, under the same conditions.
Analysis of Kinetic Data. A normalized refolding scale

was constructed to analyze and present fluorescence refolding
data. The use of this scale was necessary to provide a means
of comparing data from the refolding experiments and the
double-jump experiments. The fluorescence of the equilib-
rium-unfolded protein at pH 5 (i.e. protein in 4.2 M GdnHCl
at pH 2 that had been diluted with 4.2 M GdnHCl at pH 5.3
to give a solution that was 4.2 M GdnHCl at pH 5) was set
to 100, and that of the folded protein at pH 5.0 was set to 0.
All of the measurements used to construct this scale were
made at pH 5 to eliminate any dependence of the fluores-
cence on pH. The fluorescence of conformationally unfolded
protein (Uvf) at pH 5, relative to that of the folded protein
(N), was determined in the double-jump experiment through
a pH jump under denaturing conditions as described above.
The fluorescence of the folded Trp mutant (N) at pH 5
relative to that of the equilibrium-unfolded protein (U) was
determined in the single-jump unfolding experiment at pH
5. The fluorescence of the protein was not corrected for
GdnHCl dependence, since the GdnHCl dependence of
tryptophan fluorescence in model compounds has been
observed to be very small at GdnHCl concentrations below
6 M (Edelhoch & Lippoldt, 1969; Kronman & Holmes,
1971). The absence of a GdnHCl dependence of the
fluorescence of the Trp mutant in the pre- and post-transition
baseline regions (Figure 3) is consistent with this observation.
The fluorescence signal of the folded protein solution,
however, did increase slightly with increasing GdnHCl
concentrations due to scattering from the GdnHCl in solution.
To account for the scattering due to GdnHCl, the quantum
yield of the folded protein was allowed to vary in the fitting

of the data to the model; it was not found to vary
significantly.
Double-jump folding data and single-jump unfolding data

were fit to exponentials by methods described previously
by Dodge et al. (1994). The 95% confidence intervals were
determined by the procedure outlined in that paper. The
double-jump folding data fit well to a single exponential,
and the single-jump unfolding data fit to the sum of two
exponentials.
The single-jump folding data obtained for the wild-type

and mutant proteins as a function of GdnHCl concentration
were fit in this manner (Table 2). For the single-jump
refolding data for the Trp mutant, additional analysis was
carried out with the ultimate goal of determining the
minimum kinetic folding model required to fit the data. For
this analysis, two independent methods were used to find
the minimum number of exponentials that could fit the single-
jump folding decay curves (see Appendix). This analysis
indicated that two exponentials and a constant were sufficient
to model the single-jump fluorescence data, except at the
highest GdnHCl concentration (2.6 M), where one exponen-
tial and a constant were sufficient. The data at 0.58 M
GdnHCl were not included in the fit to the model because
the mixing artifacts were larger than those seen at other
GdnHCl concentrations. Theø2 values were typically well
within the assigned tolerance. A model based on this
analysis is presented in the Discussion section.

RESULTS

Fluorescence of the Trp Mutant. The emission of both
tryptophan and tyrosine is evident in the fluorescence
emission spectra of the unfolded Trp mutant upon excitation
at 280 nm (Figure 1). Two maxima are seen corresponding
to the fluorescence of tyrosine, which is centered around 302
nm, and to that of tryptophan, which is centered around 350
nm. The emission of tyrosine is evident in the native
spectrum (not shown here); however, that of tryptophan is

FIGURE 1: Fluorescence emission spectrum of the native (N) and
unfolded (U) Trp mutant upon excitation at 280 nm (exciting Trp
and Tyr). The spectra were corrected by subtracting blank (buffer)
scans and then scaling so that the fluorescence atλmax (350 nm)
had a value of 1. The protein concentration was 0.15 mg/mL.
Folding buffer: 0.58 M GdnHCl, pH 5. Unfolding buffer: 4.2 M
GdnHCl, pH 2.
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not apparent. When the Trp mutant is excited at 295 nm,
only Trp emission is observed and little emission from the
Tyr residues is detected (Figure 2). This is because Tyr does
not absorb significantly at 295 nm. Therefore, the selective
excitation of Trp92 is possible at 295 nm.
The fluorescence of the unfolded Trp mutant at 350 nm

(λmax) is approximately 10-fold larger than that of the folded
protein at 350 nm (Figures 1 and 2). The quenching of the
Trp fluorescence indicates that it participates in some
interaction with other residue(s), in the folded native
structure. This cannot be attributed solely to burial since
the fluorescence spectrum of Trp reflects interactions with
the surrounding residues, and changes can arise as a result
of subtle differences in the microenvironment. There appears
to be no significant correlation between the quantum yield
of Trp and its solvent accessibility (Eftink, 1991). However,
in general, shifts inλmaxof a Trp residue between the folded
and unfolded protein do provide an indication of the relative
polarity of the environment of the residue in the folded and
unfolded states (Leach & Scheraga, 1960; Burstein et al.,
1973). The low fluorescence in the folded Trp mutant
(Figure 2), however, prevents the identification of a clear
λmax for the folded protein.
Stability of the Trp Mutant. The Trp mutant and wild-

type protein showed similar GdnHCl and thermal transition
curves (Figures 3 and 4, respectively). The thermal transition
of the Trp mutant (Figure 4) exhibits a significant slope in
the pre-transition region. The absorbance of the Trp mutant
is dominated by the Trp residue. The significant slope in
the pre-transition region is probably due to the high sensitiv-
ity of Trp92 to its environment. In addition to reflecting
global unfolding, the absorbance of the Trp residue may also
be reporting a local event such as a slight expansion in that
portion of the protein in the pre-transition region.
The values of (GdnHCl)1/2 (midpoint of the GdnHCl

transition) andTm (midpoint of the thermal transition) were
calculated using the procedure described by Pace et al.
(1989). The errors in these values were estimated using the

errors in the slopes and intercepts of the pre- and post-
transition regions. The values of (GdnHCl)1/2 for the wild-
type and the Trp mutant were determined to be 3.2( 0.3
and 3.4( 0.2 M, respectively. TheTm for the wild type
was 56.3( 3.1 °C, and that of the Trp mutant was 58.0(
2.8 °C. The similarities in these values suggest that the
substitution of Trp for Tyr does not alter the stability of
RNase A.
Unfolding Experiments. Two phases were observed when

the protein was unfolded at 4.2 M GdnHCl and pH 2.0
between 5 and 25°C (Table 1, Figure 5). These phases are
referred to as the fast- and slow-unfolding phases. The fast
phase (Figure 5A), which reflects conformational unfolding
from N to Uvf, represents 25-30% of the total fluorescence
change and has an activation energy of 19.2 kcal/mol. The
slower phase (Figure 5B) has an activation energy of 21.4
kcal/mol. The fast phase folds on the millisecond time scale,
while the slower phase folds on the seconds to minutes time

FIGURE 2: Fluorescence emission spectrum of the native (N) and
unfolded (U) Trp mutant upon excitation at 295 nm (exciting only
Trp). Fluorescence was corrected and scaled relative to the
maximum when excited at 280 nm. The protein concentration was
0.15 mg/mL. Folding buffer: 0.58 M GdnHCl, pH 5. Unfolding
buffer: 4.2 M GdnHCl, pH 2.

FIGURE 3: Fluorescence-detected GdnHCl equilibrium unfolding
transition of Trp mutant (O) and wild-type (b) RNase A measured
by the change in fluorescence (Trp mutant, emission at 350 nm;
and wild-type, emission at 302 nm) upon excitation at 280 nm at
pH 5 and 10°C. Each curve was scaled in such a way that the
maximum fluorescence is 100 and the minimum is 0. Error symbols
represent the average standard deviation of three measurements
taken at each concentration of GdnHCl.

FIGURE 4: Absorbance-detected thermal transition of Trp mutant
(O) and wild-type (b) RNase A at pH 4.5 measured by the change
in absorbance at 287 nm. The concentration of the Trp mutant was
0.56 mg/mL, and that of the wild type was 0.88 mg/mL.
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scale (Table 1). This is consistent with observations by
Houry et al. (1994) for wild-type RNase A under similar
conditions. The activation energy of proline isomerization
is ∼20 kcal/mol, and the time constant varies from tens to

thousands of seconds depending on the experimental condi-
tions (Nall, 1985). The time constant and activation energy
of the slow phase indicate that proline isomerization is taking
place. Although the activation energy of the fast phase is
similar, it occurs on a time scale that is too fast for it to be
proline isomerization.

Two unfolding phases were also observed when the protein
was unfolded at 6.5 M GdnHCl and pH 5.0 at 10°C (Table
1). Under these conditions, the time constant of the fast
phase is∼20 s instead of∼100 ms as is the case for
unfolding at 4.2 M GdnHCl and pH 2.

Single-Jump Folding Experiments. As shown in Table 2,
two phases were observed under all conditions used to
monitor the folding of the Trp mutant except at 2.6 M
GdnHCl. No fast-folding phase was detectable at 2.6 M
GdnHCl within the first second of folding. The refolding
reaction at all final GdnHCl concentrations except 2.6 M
was characterized by a large initial quenching of fluorescence
(relative to the unfolded protein at 4.2 M GdnHCl and pH
5) during the dead time of mixing which is estimated to be
∼2 ms (Houry et al., 1994), followed by an increase in
fluorescence (first phase) and finally a decay with decreasing
fluorescence to the folded state (second phase) (Figure 6).
The amplitude of the faster phase decreases with increasing
GdnHCl concentrations; at 2.6 M GdnHCl the fast phase is
absent altogether (Table 2). The magnitude of the (negative)
amplitude of the slower phase also decreases with increasing
GdnHCl concentrations such that the sum of the amplitudes
of the two exponential processes (i.e. the burst phase) is

Table 1: Time Constants and Relative Amplitudes for the Unfolding of the Trp Mutant at Various Temperaturesa

final
pH

final
[GdnHCl]

(M)
temperature

(°C) τf (s) τs (s)
amplitudeb

of τf
amplitudeb

of τs
2.0 4.2 5 0.165( 0.001c 897( 13 29.6( 0.1 70.4( 0.5
2.0 4.2 10 0.0953( 0.007 450( 4 29.5( 0.1 70.5( 0.2
2.0 4.2 15 0.0546( 0.007 234( 2 28.9( 0.2 71.1( 0.2
2.0 4.2 20 0.0291( 0.006 123( 1 28.2( 0.3 71.8( 0.2
2.0 4.2 25 0.0162( 0.006 66.4( 0.6 25.7( 0.6 74.3( 0.4
5.0 6.5 10 20.2( 1.4 326( 7 20.4( 0.7 79.6( 0.5

aObtained by stopped-flow fluorescence measurements: excitation at 295 nm and observation of emission at 320-400 nm.b The sum of the
amplitudes was set at 100 for each data set at a particular pH and temperature.c The error is calculated at the 95% confidence limit.

Table 2: Time Constants and Amplitudes for Single-Jump Refolding at 10°C and pH 5.0.

wild-type RNase Aa Trp Mutant RNase Ab

final
[GdnHCl]

(M) τ1 (s)
amplitude
of τ1c τ2 (s)

amplitude
of τ2c τ1 (s)

amplitude
of τ1c τ2 (s)

amplitude
of τ2d

0.58 29.5 76.8 148 23.2 22.5 53.7 89.1 103.9
(28.7-30.5) (75.3-78.9) (137-168) (21.3-24.8) (21.9-23.2) (52.3-55.1) (88.2-89.9) (102.5-105.4)

0.90 52.6 58.4 156 41.6 40.0 38.7 135 87.9
(45.6-59.2) (48.3-68.5) (137-186) (31.2-52.0) (38.3-41.7) (37.4-40.2) (133-137) (86.5-89.5)

1.22 101 38.9 282 61.1 55.4 21.1 260 72.4
(88.5-118) (30.5-49.2) (257-309) (50.9-69.6) (53.9-56.9) (20.7-21.7) (258-261) (71.9-72.9)

1.78 522 80.4 8.3 603 59.8
(504-538) (74.0-87.6) (8.0-8.8) (596-609) (59.5-60.2)

2.16 699 125 5.0 834 57.4
(654-719) (110-143) (4.6-5.4) (824-844) (57.0-57.9)

2.61 1120 1250 53.7
(1100-1140) (1240-1270) (53.1-54.0)

aObtained by stopped-flow absorbance measurements at 287 nm; amplitudes are expressed as a percent of the total refolding value. The error
range, shown in parentheses, is calculated at the 95% confidence limit.bObtained by stopped-flow fluorescence measurements: excitation at 295
nm and observation of emission at 320-400 nm; amplitudes are expressed in normalized units as described in the text. The burst phase accounts
for approximately 50% of the refolding value.c Amplitude is positive, i.e. fluorescence (or absorbance) increases with time.d Amplitude is negative,
i.e. fluorescence decreases with time.

FIGURE 5: Representative data set showing the change in fluores-
cence at 350 nm upon unfolding of the Trp mutant from 0.7 M
GdnHCl (pH 5.0) to 4.2 M GdnHCl (pH 2.0) at 15°C. The fast
phase (A) and slow phase (B) are shown. Excitation was at 295
nm, and the emission was observed between 320 and 400 nm.
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constant. From Table 2, it can also be seen that the
absorbance-detected refolding of the wild-type protein
exhibits qualitatively similar properties.
The initial quenching of fluorescence of the Trp mutant,

which occurs in the dead time of the instrument, is referred
to as the burst phase. The magnitude of the initial burst
phase during which quenching took place was independent
of the final GdnHCl concentration (Figure 7). The magni-
tude of the burst phase is approximately 50 under all of the
experimental conditions, signifying that half of the unfolded
fluorescence becomes quenched in the dead time of mixing
(see Materials and Methods for discussion of the normalized
scale).

Two folding phases were observed when refolding was
monitored by 2′CMP binding under final conditions of 0.90
M GdnHCl and pH 5. Whereasτ1 is 40 s when the process
is monitored by the change in fluorescence (Table 2), it was
∼10 s when monitored by 2′CMP binding. An apparent
increase in the rate constant for the folding of the major slow
phase of wild-type RNase A when measured by 2′CMP
binding, as compared to the rate constant measured by the
change in tyrosine absorbance, has been reported previously
by Dodge et al. (1994). The acceleration in rate that we
observe is somewhat larger than that seen by Dodge et al.
(1994). This could be due to the fact that our studies are
carried out at a higher GdnHCl concentration, that we are
studying a mutant protein, or that the 2′CMP binding constant
has not been used to correct for the depletion of 2′CMP
during the folding reaction. The∼10 s phase accounted for
approximately 70% of the amplitude, while the remaining
30% was found to have a time constant of∼136 s. These
phases appear to correspond to the first and second phases
seen by fluorescence-detected refolding (Table 2).
Double-Jump Experiments. A fast-refolding phase was

detected after unfolding the Trp mutant for∼1 s and
subsequently refolding at 2.50 M GdnHCl and pH 5.0 and
0.58 M GdnHCl and pH 5.0 (Table 3). This phase was faster

FIGURE 6: Representative data set showing the change in fluores-
cence at 350 nm upon refolding of the Trp mutant from the
equilibrium-unfolded state at 10°C. Excitation was at 295 nm, and
emission was observed between 320 and 400 nm. Protein at 4.2 M
GdnHCl (pH 2.0) was refolded at final conditions of 0.90 M
GdnHCl and pH 5.0. The data are shown on a normalized scale.
The fluorescence of the unfolded Trp mutant at 4.2 M GdnHCl
(pH 5) was set at a fluorescence value of 100 (line), and the
fluorescence of the folded Trp mutant was set at a value of 0. The
fast (first) phase is the folding phase with increasing fluorescence,
and the slow (second) phase is that with decreasing fluorescence.
The burst phase is the difference between the fluorescence of the
unfolded protein at 4.2 M GdnHCl and pH 5.0 and the initial
fluorescence after the dead time of mixing.

FIGURE 7: Magnitude of the burst phase upon refolding of the
equilibrium-unfolded Trp mutant at 10°C. The burst phase is the
difference between the fluoresence of the unfolded protein at 4.2
M GdnHCl and pH 5.0 (Fu) and the fluorescence measured
immediately after the dead time of mixing (Fi) also at pH 5.0 and
the GdnHCl concentration indicated on the abscissa. Each point is
the average of three or more individual measurements, and the
standard deviation is reflected by the error symbols.

Table 3: Time Constants and Amplitudes for Double-Jump Refolding at 10°C and pH 5.0

Trp mutant RNase A

wild-type RNase A fluorescencec

absorbancea fluorescenceb
final

[GdnHCl]
(M) τ (ms) τ (ms) τ (ms)

amplituded

of the
observed phase

amplituded

of the
burst phase

0.58 27.2 22.8 18.3 5.66 14.6
(25.8-28.8)e (21.5-23.9) (16.6-20.3) (5.20-6.15)

2.50 1730 1831 894 12.6 8.29
(1711-1757) (1745-1922) (849-942) (12.2-13.0)

aObtained by stopped-flow absorbance measurements at 287 nm.bObtained by stopped-flow fluorescence measurements: excitation at 268 nm
and observation of emission at 280-400 nm.cObtained by stopped-flow fluorescence measurements: excitation at 295 nm and observation of
emission at 320-400 nm.d Amplitudes are expressed in normalized units as described in the text.eError range calculated at the 95% confidence
limit.
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than that of the wild type when monitored by either
fluorescence or absorbance. A burst phase (quenching during
the dead time of mixing) was observed. The burst phase
seen in the double-jump experiments has some guanidine
dependence (see Table 3).

DISCUSSION

Unfolding Studies. The experimentally observed unfolding
phases (Table 1) of the Trp mutant are similar to those
detected for wild-type unfolding under comparable conditions
(Houry et al., 1994; Rehage & Schmid, 1982). A fast phase
which corresponds to conformational unfolding and a slow
phase which corresponds to proline isomerization are seen,
as with the wild type. This suggests that the mutation of
Tyr to Trp has not significantly altered the unfolding pathway
of RNase A and that the Trp residue is reporting on changes
in its local environment (i.e. the isomerization of the Trp92-
Pro93 peptide bond). It is, however, interesting to note that
the time constant for the slow phase is significantly shorter
at pH 5 and 10°C than at pH 2 and 10°C (column 5 of
Table 1). This could be due to the different pH at which
the measurements were made or to the different GdnHCl
concentrations used. The rate of proline isomerization in
an unfolded protein is generally thought to be insensitive to
both denaturant concentration and pH (Nall, 1985). The most
likely explanation is that there are some specific local
interactions between Trp92 and Pro93 which are affected
by the difference in the GdnHCl concentration. This then
leads to the differences in the apparent relaxation times for
the cis/trans isomerization process. Supporting this view is
the observation that the values of the time constant for the
slow-unfolding phase (τs) of the Trp mutant at pH 2.0 are
∼3-fold larger than the time constants reported by Houry et
al. (1994) for wild-type RNase A under the same solution
conditions. Further evidence for the presence of specific
Trp-Pro interactions is presented in the following section.
It is also interesting to note that the time constant for the

fast phase conformational unfolding (τf) of the Trp mutant
at pH 2.0 is significantly larger (∼1.5-2-fold) than that
reported by Houry et al. (1994) for the wild-type protein
under the same conditions. This indicates that the native
state of the Trp mutant is more stable relative to its transition
state than is wild-type RNase A. It would appear unlikely
that the Trp mutation would increase the free energy of the
transition state through interactions not found in the native
state. Therefore, we must conclude that the presence of
Trp92 lowers the free energy of the native state relative to
its transition state through interactions present in the native
state.
Burst Phase: Single-Jump Refolding. The presence of a

burst phase, or a difference between the initial fluorescence
and that of the unfolded mutant protein, is evident in the
single-jump refolding data (Figure 6, Table 3). This indicates
that some folding event corresponding to the formation of
structure, which is not present under unfolding conditions,
occurs in the dead time of mixing. In the absence of such
effects, the initial fluorescence measured immediately upon
folding would correspond to the fluorescence of the unfolded
state at pH 5. The burst phase was found to be independent
of the final GdnHCl concentration (Figure 7). This suggests
two possible explanations. One is that the intermediate
formed during the burst phase is so stable that, even at 2.6

M GdnHCl, it is not appreciably denatured. The second
possibility is that the intermediate is stabilized by local
interactions that are very insensitive to GdnHCl. Kemmink
and Creighton (1995) have recently described an interaction
between Tyr and Pro which is essentially GdnHCl-indepen-
dent. In their studies of short peptides, they identify by NMR
spectroscopy several enthalpic interactions of the side chains
of Phe or Tyr with Pro and Gly. These interactions were
affected only slightly by GdnHCl and urea. It is possible
that interactions of this type occur between Trp92 and Pro93
and account for the burst phase, as noted in the previous
section.

Burst Phase: Double-Jump Refolding. A burst phase is
also present in the double-jump experiments under both final
refolding conditions. The burst phase is larger at 0.58 M
GdnHCl but is still present at 2.5 M GdnHCl (Table 3). This
dependence of the double-jump burst phase on GdnHCl
suggests that it may be the hydrophobically collapsed
intermediate, IΦ, that is being detected (Houry et al., 1995).
The evidence for the existence of this intermediate came from
kinetic and thermodynamic calculations based on the be-
havior of the very fast phase under a variety of conditions.
IΦ has recently been observed directly in stopped-flow CD
studies (Houry et al., 1996).

The ability to detect IΦ in the folding of the Trp mutant
suggests that this region of RNase A is buried in this
hydrophobically collapsed intermediate. In a recent study
of Pro mutants, Dodge and Scheraga (1996) provided
experimental evidence for the hypothesis of Matheson and
Scheraga (1978) and Montelione and Scheraga (1989) that
this region of wild-type RNase A is part of a chain-folding
initiation site.

The two folding conditions that were chosen for the
double-jump experiment are of interest for the following
reason. Houry et al. (1995) found evidence for the existence
of IΦ at 0.58 M GdnHCl, but not at 2.5 M GdnHCl. If the
burst phase seen in the double-jump experiments of the Trp
mutant arises solely from the formation of IΦ, it would be
undetectable at 2.5 M GdnHCl. However, the presence of
a burst phase at 2.5 M GdnHCl is observed (Table 3). It is
possible that IΦ is, in fact, observed for the mutant at 2.5 M
GdnHCl; the presence of Trp92 may in some way stabilize
the IΦ intermediate against denaturation by GdnHCl. Al-
ternatively, the burst phase seen at 2.5 M GdnHCl may
indicate the presence of a different intermediate that is less
sensitive to GdnHCl. One possibility is that IU, an inter-
mediate that has been described recently by Houry et al.
(1996), is the one detected. This intermediate, which forms
prior to IΦ, was detected by stopped-flow CD experiments;
it is largely unfolded but contains some local structure.

Fast-Folding Species. In the folding pathway of wild-
type RNase A, two fast-folding species, Uf and Uvf, account
for ∼24% of the change in the absorbance amplitude and
∼13% of the change in the fluorescence amplitude (Houry
et al., 1994). The single-jump refolding experiments of the
Trp mutant do not show the presence of any fast-folding
phases. This does not necessarily mean that these phases
are absent, however. The ability to observe the fast phases
depends upon whether the fluorescence change upon folding
of these phases is above the experimental detection limit. In
order to determine what percentage of the unfolded popula-
tion could be in the Uvf and Uf states without detection of a
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change in fluorescence upon folding, the double-jump data
and single-jump refolding data were analyzed. Since the two
states differ only in the isomerization state of either Pro114
or Pro117 (Dodge & Scheraga, 1996), both of which are
remote from Trp92, then the quantum yields of Uvf and Uf
at 350 nm (due to Trp) should be the same. Thus, any
information obtained regarding the magnitude of the fluo-
rescence change upon folding of either species should be
applicable to the other.
The double-jump data were used to determine the mag-

nitude of the change in fluorescence upon folding of the fast
phases under conditions in which they are populated. The
first step in the double-jump experiment involved unfolding
for a given delay time. The unfolding data were used to
select a delay time that would allow essentially complete
population of the conformationally unfolded state (Uvf).
Subsequently, the refolding of approximately 100% of the
population in the Uvf state was observed. This provided a
direct measure of the magnitude of the change in fluorescence
for a given population undergoing the Uvf-to-native folding
event; the folding of approximately 100% of Uvf accounted
for at most 13% of the normalized folding fluorescence scale
(see Materials and Methods for a discussion of the normal-
ized scale).
The refolding data were then examined to determine the

detection limit. The refolding data obtained at 2.6 M
GdnHCl were chosen for the analysis, as opposed to those
at 0.58, because the fast phase would be slower and thus
more easily detected and also would have the largest
amplitude (Table 3). The detection limit was taken to be 3
times the standard deviation in the data (Kaiser, 1970). This
limit was found to be approximately 2.6% of the normalized
scale. On the basis of the information obtained from the
double-jump experiments, each 1% of Uvf (or Uf) accounts
for a 0.13% fluorescence change on the normalized scale.
With a detection limit of 2.6% in the single-jump refolding
experiment, as much as 20% of the population could be
present as Uf and Uvf. Therefore, because of the small
relative fluorescence change upon the folding of the fast-
folding species, up to 20% of the population of the
equilibrium-unfolded Trp mutant refolding through the Uf

pathway would be undetectable within the noise in the data.
Single-Jump Folding Model. It is of interest to model the

single-jump refolding data for the Trp mutant using a
minimal model. As described in Materials and Methods,
the minimum number of exponentials to which those data
can be fit is two (see Appendix). Consequently, the minimal
model which can fit the single-jump fluorescence refolding
data must contain three species (U′, IN, and N) with
interconversion rate constants on an experimentally measur-
able time scale. The most general model that is consistent
with our data is shown in Figure 8.
In this model, U collapses during the burst phase into U′,

a process described by an immeasurable rate constantkburst.
U′ folds either directly to the native protein (N) or through
an intermediate IN. Given that all of the experiments are
carried out under folding conditions where N is not expected
to unfold significantly (see Figure 3), no unfolding processes
from N have been included.
Several assumptions are involved in the designation of the

species in this model. First, the intermediate that is formed
in the burst phase has been labeled U′ since, as discussed

previously, the state from which refolding is startedafter
the dead time of mixing is not the same as the equilibrium-
unfolded state at 4.2 M GdnHCl and pH 2 (labeled U). The
rate at which U collapses to U′ (kburst) is immeasurably fast
and thus was not included in the fitting of the data to the
model. Second, we have referred to the intermediate as IN

and not simply as I. This is based on the inhibitor binding
data which indicate that the species formed in the fast decay
process is native-like. The amplitude of the first (fast) decay
process decreases as the GdnHCl concentration increases and
disappears at 2.6 M GdnHCl (see Table 2). As discussed in
the introductory section, a native-like intermediate that can
bind the inhibitor with the same affinity as that of the wild-
type protein has previously been observed to form in the
major slow-refolding pathway (Cook et al., 1979; Schmid,
1981; Schmid & Blaschek, 1981). This intermediate has
been shown to become destabilized at increasing GdnHCl
concentrations and is essentially not present above 2 M
GdnHCl and pH 6 (Schmid, 1983). This intermediate has
been labeled IN.
The kinetic model can be treated analytically. The

experimentally observed fluorescence intensity as a function
of refolding time,F(t), is expressed in eq 1.

whereA1 andA2 are the amplitudes of the first and second
phases, respectively,λ1 andλ2 are the first (fast) and second
(slow) decay rate constants, respectively, andF∞ is a constant.
The observed amplitudes and decay rate constants are related
to the quantum yields and reaction rates of the model by
five simple equations (eqs A-4-A-8 of the Appendix).
The data obtained at a single GdnHCl concentration do

not contain sufficient information to fit the parameters
uniquely in eqs A-4-A-8; proper fitting of the data requires
the use ofall of the single-jump fluorescence folding data
obtained at five different GdnHCl concentrations. In order
to use these data, we must select the proper functional form
with which to express the GdnHCl dependence of the various
parameters. As discussed previously, the assumption that
the quantum yield of Trp is insensitive to GdnHCl is
reasonable; hence,QN, QIN, and QU in eqs A-4, A-5, and
A-8 will be considered to be independent of GdnHCl
concentration.
The proper choice of the functional form for the GdnHCl

dependence of the rate constants depends on further inter-
pretation of our model. Since the formation of IN involves

FIGURE 8: Assumed model for the folding/unfolding kinetic data.
The first and second rate constants (k1 andk2, respectively) were
assumed to have a linear dependence on the GdnHCl concentration,
and the third and fourth rate constants (k3 andk4) were allowed to
vary in the fitting of the data.

F(t) ) A1e
-λ1t + A2e

-λ2t + F∞ (1)
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formation of native-like structure, the equilibrium constant
between U′ and IN, k1/k2, can be treated in a manner
analogous to that of the equilibrium folding/unfolding of
proteins. There are many models to describe the GdnHCl
dependence of the refolding/unfolding equilibrium process
(Pace, 1986; Schellman, 1987; Alonso & Dill, 1991). The
most commonly used model is the linear one in which the
log of the equilibrium constant depends linearly on the
concentration of GdnHCl. By the use of transition state
theory, this equilibrium model can be extended to rate
constants:

whereR is the gas constant,T is the absolute temperature,
k0 represents the value of the rate constant in the absence of
GdnHCl, andmq is a constant proportional to the solvent-
exposed surface area that becomes buried or exposed in the
transition. We, therefore, can use this expression for the
GdnHCl dependence ofk1 and k2. In this case, sincek1
corresponds to a folding step,m1

q will be a positive number,
and sincek2 corresponds to an unfolding step,m2

q will be a
negative number. We assume that the transition state
between U′ and IN, the same as that between IN and U′,
does not change with GdnHCl concentration; therefore,m1

q

andm2
q will be GdnHCl-independent quantities. Fork3 and

k4, we have no knowledge of the process(es) involved other
than that it must in some way involve isomerization of
X-Pro peptide bonds. We, therefore, will apply no GdnHCl-
dependent constraints to these two rate constants and treat
them as variables in the fitting of the model to the data.

The model, subject to the constraints described above, was
fit to all of the single-jump refolding fluorescence data as
described in the Appendix. The final reducedø2 for the
fitting was 0.99; hence, the data are fit well by the proposed
model. The rate constants obtained from the fit are shown
in Figure 9 as a function of GdnHCl concentration along
with their errors at 95% confidence. While a linear
dependence of lnk1 and lnk2 on the GdnHCl concentration
is required by the model (the slope and intercept are
variables), lnk3 and lnk4 are also found to exhibit a linear
dependence on the GdnHCl concentration.

Comparison of the Folding of the Trp Mutant to That of
Wild-Type RNase A. The model has only one unfolded
species, U′, that gives rise to the change in fluorescence upon
folding (after the burst phase). This is in contrast to the
refolding of wild-type RNase A for which five refolding
phases have been shown to arise from eight different
unfolded species with X-Pro peptide bonds that differ in
their state of isomerization (Dodge & Scheraga, 1996; Houry
& Scheraga, 1996). Uvf and Uf cannot be detected in our
fluorescence-detected folding studies of the Trp mutant
because the change in fluorescence upon folding of these
species is very small; therefore, they can be ignored in the
comparison. This still leaves three slow phases that are
observed in the refolding of wild-type RNase A to be
accounted for. On the basis of double-jump and proline
mutation studies, the three slow-folding species, Us

I, Us
II,

and Um, with a trans Tyr92-Pro93 peptide bond have relative
populations of 17, 76, and 7%, respectively (Houry &
Scheraga, 1996) (the Trp mutation should in no way affect

these values since they pertain to the relative population of
cis/trans X-Pro peptide bonds preceding Pro114 and Pro117
which should be unaffected by Trp92 in the unfolded state).
The results in Table 2 show that the folding data for wild-

type and Trp mutant RNase A are qualitatively similar. An
exact comparison cannot be made, however, because the
model to which the Trp mutant data were fit is very simple
compared to that which describes the folding of wild-type
RNase A; previous studies in our laboratory (Houry et al.,
1994; Dodge et al., 1996) demonstrate that the absorbance-
detected folding of wild-type RNase A is more complex than
can be fitted with this minimal model. This is because the
process being monitored by absorbance or fluorescence in
the folding of wild-type RNase A is the formation of native
protein. In contrast, Trp92 in the Trp mutant monitors only
the formation of local structure in the neighborhood of that
residue.
The minimal model discussed above does not explicitly

distinguish the UsI and UsII species observed in wild-type
ribonuclease A folding. Two kinetic models incorporating
these species were investigated (panels A and B of Figure
10). These models were difficult to fit since they predict
three decaying exponentials in the fluorescence data (even
if the quantum yields of UsI and UsII are identical), while
only two exponentials were discernible in our data, using
two independent tests (see the Appendix). Numerical fitting
to these models showed that these models are underdeter-
mined by our data, e.g. yielding hundred-fold larger errors
in the rate constants. However, both models are consistent
with the data and cannot be ruled out. Future experiments
will determine the range of conditions under which the
minimal model describes the refolding of the Trp mutant

ln ki ) ln ki
0 - mi

q[GdnHCl]
RT

(2)

FIGURE9: GdnHCl dependence of the rate constants of the minimal
model discussed in the text. (A) The dependence of-ln k1 is shown
with the error in the intercept; the slope (m1

q) was found to be
1.22 kcal mol-1 M-1 (95% confidence range; 1.07-1.45 kcal mol-1
M-1). (B) The dependence of-ln k2 is shown with the error in the
intercept; the slope (m2

q) was found to be-0.097 kcal mol-1 M-1

(95% confidence range;-0.334 to 0.219 kcal mol-1 M-1). (C) The
dependence of-ln k3, and (D) the dependence of-ln k4, on
GdnHCl concentration are shown together with the calculated error
symbols (95% confidence).
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and clarify its relationship to more detailed models, e.g. the
16-species box model (Houry & Scheraga, 1996).
Nature of IN. Interestingly, the equilibriumm value [m

(from eq 2)) m1
q - m2

q] for the U′ h IN process of the
mutant is only∼1.3 kcal mol-1 M-1 (see the legend of Figure
9), whereas themvalue for the Ua N process for the wild-
type protein is∼3.0 kcal mol-1 M-1 (Pace et al., 1990). If
the U′ state of our model were indeed the completely
unfolded state, i.e. U, this would imply that IN has only about
40% of the buried surface area of the native protein. This
seems unlikely, given that it has inhibitor binding properties
similar to those of the native species and that, in the wild-
type protein, IN is indistinguishable from N by absorbance
measurements. It is also unlikely that this difference is due
to the Trp mutation; the dependence of unfolding by GdnHCl
is almost identical for the wild-type and mutant proteins as
shown by the overlapping GdnHCl dependence curves
(Figure 3). If the introduction of the Trp residue significantly
altered the exposed surface area of the folded or unfolded
state, the GdnHCl transition would presumably be very
different from that of the wild-type protein. One contributing
factor is the contribution that UsI makes to the equilibrium
mvalue for the U′ a IN process (U′ is a sum of all unfolded
states). However, given the relatively small population of
Us

I (17%), it is unlikely that this can completely account for
this discrepancy.
A second possible explanation for the smallm value of

the U′ a IN process is that the structure formed in the burst
phase (U′) has significant buried surface area. Such an
explanation would also serve to resolve a similar discrepancy
in the refolding of Uvf in which Houry et al. (1995) observed
that there was a substantial difference (∼40%) in the amount
of buried surface area in the folding and unfolding transition
states. This explanation, however, requires that the inter-
mediate formed in the burst phase (U′) contain a substantial
amount of buried surface area. Its insensitivity to GdnHCl
concentrations up to 2.6 M would, therefore, indicate

substantial stability. Further investigation is clearly war-
ranted to resolve this point.
Isomerization Rates.In the kinetic model,k3 corresponds

to the rate constant for isomerization of the Trp92-Pro93
peptide bond in IN. Given that the rate of cis/trans proline
isomerization in the unfolded state is generally considered
to be insensitive to denaturant concentration (Nall, 1985),
the steep dependence ofk3 on GdnHCl concentration (Figure
9C) seems surprising. However, the cis/trans isomerization
process corresponding tok3 occurs in a protein in a native-
like conformation. This could lead to significant alterations
in the rate of proline isomerization due to specific tertiary
interactions; such effects have been observed in other proteins
(Kiefhaber et al., 1992; Texter et al., 1992). Moreover, Cook
et al. (1979) have measured the GdnHCl dependence of the
rate of cis/trans isomerization of Pro93 in the IN intermediate
during the refolding of wild-type RNase A. These measure-
ments were made by the use of triple-jump experiments.
Their results are consistent with the GdnHCl dependence
that we observe fork3.
Double-Jump Studies. In addition to the magnitude of the

burst phase which was discussed above, a comparison of
the rate constants for the refolding of Uvf can provide
important information about the folding process. The rate
of refolding of the Trp mutant is significantly faster than
that of wild-type RNase A (Table 3). This is particularly
evident at 2.5 M GdnHCl where the refolding rate constant
(τ-1) of the Trp mutant is twice that of the wild-type protein.
The refolding process that occurs in the double-jump
experiment (Houry et al., 1995) is

Therefore, it is the stability of IΦ and N that dictate the
folding rate. The fact that the Trp mutant folds significantly
faster than the wild-type protein could be interpreted as a
stabilization of IΦ in the Trp mutant, thereby leading to an
acceleration of the folding rate. Alternatively, some interac-
tion, which normally must be broken during the refolding
of the wild-type protein, may be disrupted in the Trp mutant.
The first explanation appears more likely since the effect is
greater at high GdnHCl concentration where the population
of IΦ in the refolding ofwild-typeRNase A is known to be
small. This would, therefore, seem to suggest that the
presence of IΦ accelerates the folding process. This argument
is strengthened further when the unfolding data are consid-
ered. The Trp mutant unfolds more slowly than the wild
type, indicating that Trp92 stabilizes the native conformation.
The proposal that the interactions involving Trp92 in IΦ are
native-like is also supported by the fact that there is a
decrease in the fluorescence in the burst phase; quenching
of fluorescence is indicative of going from a non-native to
a native state.

CONCLUSIONS

The substitution of tryptophan for Tyr92 did not appear
to alter the structure of RNase A substantially as shown by
enzymatic activity and equilibrium denaturation. The muta-
tion enabled us to obtain site-specific information about the
folding of the protein through single- and double-jump
folding studies. The hydrophobically collapsed intermediate
IΦ was observed directly, which is not possible with wild-
type RNase A. These studies indicate that the region around

FIGURE10: (A and B) Two complex kinetic models for the folding/
refolding of the Trp mutant; they differ only in the magnitude of
the rate constant for the UsI f N step. These models were found
to be consistent with the Trp mutant fluorescence data, but their
parameters were underdetermined.

Uvf h IΦ f [transition state]f N (3)
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Trp92 is involved in the formation of IΦ, supporting the
theory that this region is part of a chain-folding initiation
site. In addition, a GdnHCl-independent burst phase, which
may arise from local interactions involving the Trp92 residue,
was detected. Single-jump folding studies allowed direct
observation of a native-like intermediate (IN). Refolding data
at different final GdnHCl concentrations were fit to a kinetic
model which was simpler than the current model for the
folding of wild-type RNase A but was not inconsistent with
what is currently known about the folding pathway. This
model supports the view that the isomerization of the Tyr92-
Pro93 bond is involved in the folding pathway of the slow
refolding species.
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APPENDIX

Kinetic Analysis of Folding Data

Folding Species.We model the fluorescence data with a
minimal model, the simplest kinetic model consistent with
experiment. The first step is to estimate the number of
folding species. If the folding proceeds by unimolecular
reactions, the number of folding species equals the number
of exponentials in the fluorescence signal. The proof is as
follows.
Consider a system of unimolecular reactions withp

chemical species. The rate equations for their concentrations
ci can be written in matrix form

The general analytic solution can be written as (Arnold,
1973)

where theλk values are the eigenvalues of the rate matrix
M , r k and1k are its right and left eigenvectors, respectively,
and c0 is the vector of initial concentrations. Barring
accidental degeneracies, ap× p transition rate matrix hasp
eigenvalues, one of which must be 0 by conservation of mass.
Hence, the concentrations of ap species model equal a
constant plusp - 1 exponentials.
The fitting methods described below indicate that two

exponentials and a constant suffice to model the fluorescence
data, except at the highest GdnHCl concentration (2.6 M),
where one exponential and a constant suffice. Theø2 values
are typically well within the assigned tolerance, and the
residuals show no long-time correlations. Hence, we adopt
the working hypothesis that the fluorescence data are
modeled adequately by two exponentials plus a constant.
It follows that the minimal kinetic model has three folding

species. Of these, one must be the native species, labeled
N. The initial species is labelled U′, as described in the

Discussion. The intermediate species is labeled IN, in accord
with the inhibitor binding experiments.
Minimal Model. The most general model involving U′,

IN, and N is depicted in Figure 8; the unfolded species U′
decays directly to the native species N, through an intermedi-
ate IN. It should be noted that the reactions to the native
species have been treated as irreversible since all of the
measurements were made under baseline folding conditions
(see Figure 3).
The rate equation for this kinetic model can be solved

analytically. The fluorescence intensityF(t) equals a con-
stant plus two decaying exponentials

whereA1 andA2 are the fast and slow amplitudes, respec-
tively, λ1 andλ2 are the fast and slow decay rate constants.
These (observed) amplitudes and decay rate constants are
related to the quantum yields and reaction rate constants of
the model by five simple equations

These equations are derived below, after their application is
discussed.
By fitting an observation run to a sum of exponentials,

we can obtain the amplitudes and decay rate constants.
These quantities determine the left-hand sides of equations
A-4-A-8, giving five simple equations for the quantum
yields and reaction rate constants of the model. However,
since the model has seven unknowns, the model cannot be
solved completely without additional information, e.g.
parameter values derived from other experiments or froma
priori constraints.
Such constraints on the reaction rate constants can be

provided by the physical mechanism of the reaction. For
example, one rate constant may be known to be negligibly
small under given experimental conditions and can be set to
0. Alternatively, the model can be parametrized from data
taken under different conditions, by assuming a functional
form for certain rate constants. The latter procedure was
adopted here, by requiring that the rate constantsk1 andk2
vary exponentially with GdnHCl concentration, as explained
in the Discussion.
SolVing the Minimal Model Analytically.The rate equation

of the minimal model can be written

Solving the secular equation gives the eigenvalues of the
rate matrixM

dc
dt

≡ d
dt(c1c2...
cp

) ) -Mc (A-1)

c(t) ) ∑
k)1

p

r k(lk‚c0)e
-λkt (A-2)

F(t) ) F∞ + A1e
-λ1t + A2e

-λ2t (A-3)

F∞ ) QN (A-4)

A1 + A2 ) QU - QN (A-5)

λ1 + λ2 ) k1 + k2 + k3 + k4 (A-6)

λ1λ2 ) k1k3 + k4(k2 + k3) (A-7)

λ1A1 + λ2A2 ) k1(QU - QIN
) + k4(QU - QN) (A-8)

dc
dt

≡ d
dt(U′
I
N ) ) [-k1-k4 k2 0

k1 -k2-k3 0
k4 k3 0](U′

I
N ) ) -Mc

(A-9)
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whereσ ≡ k1 + k2 + k3 + k4 andF ≡ k1k3 + k4(k2 + k3). It
should be noted thatλ1 corresponds to the faster decay and
λ2 to the slower. These solutions yield eqs A-6 and A-7
above.
The corresponding right eigenvectors ofM can be written

whereη1,2≡ k2 + k3 - λ1,2. The left and right eigenvectors
are required to obey the normalization condition

which uniquely determines the left eigenvectors

whereH ≡ 1/k1(λ1 - λ2).
Since the concentrations have been normalized to unity,

and since the protein exists initially only as the speciesU′
(by assumption), the initial concentration vector is

Given the eigenvalues, the right and left eigenvectors, and
the initial concentration vector, the concentrations can be
computed for any time, using the solution

Hence, the concentrations can be expressed as analytic
functions of the four rate constants and the initial concentra-
tions of the model.
The solution for the fluorescence intensityF(t) can be

obtained similarly. Denoting the quantum yields as{QU′,
QIN, QN}, we can express the fluorescence intensity as

Substituting the solution (A-21) forc(t) yields

whereAk ≡ (Q‚r k)(1k‚c0). As shown above, one eigenvalue
is always 0, corresponding to the conservation of mass.

Hence, the fluorescence intensity is the sum of a constant
plus two exponentials (eq A-3) where

Given the initial concentrations, and the right and left
eigenvectors, these equations may be written out explicitly
as

Combination of these solutions with those for the rate
constants yields the five equations (A-4-A-8). Analogous
equations can be derived for four-species models.
Numerical Fits to the Minimal Model.The numerical fits

to the minimal model minimized theø2 statistic by simulated
annealing, in concert with the Nelder-Mead simplex method
(Press et al., 1992) and a novel Monte Carlo method (W. J.
Wedemeyer and H. A. Scheraga, in preparation).
Uncertainties in the fluorescence intensity were estimated

by evaluating the difference between the fluorescence
intensities of runs taken under identical experimental condi-
tions:

where the sum is taken overRobservation runs. In equation
A-30, Fs(t) denotes the fluorescence intensity observed in
run s at timet, whereasFavg(t) represents the average of all
the fluorescence intensities observed at timet.

This method of estimating uncertainties allows time-varying
errors, e.g. mixing artifacts, to be modeled statistically. The
ø2 statistic was computed normally

whereFpred(t) is the fluorescence intensity predicted by the
model under the given experimental conditions.
Twenty-one parameters were varied to minimizeø2.

Specifically, the rate constantsk1 and k2 were required to
vary exponentially with the GdnHCl concentration

yielding four parameters:k10, k20,m1, andm2. The quantum

λ0 ) 0 (A-10)

λ1 ) 1/2(σ + xσ2 - 4F) (A-11)

λ2 ) 1/2(σ - xσ2 - 4F) (A-12)

r 0 ) [0,0,1] (A-13)

r 1 ) [η1,k1,-k1 - η1] (A-14)

r 2 ) [η2,k1,-k1 - η2] (A-15)

rm‚1n ) {0 if m* n
1 if m) n

(A-16)

10 ) [1, 1, 1] (A-17)

11 ) [-k1,η2,0]H (A-18)

12 ) [k1,-η1,0]H (A-19)

c0 ≡ (U′
I
N )

t)0

) (100) (A-20)

c(t) ) ∑
k)0

2

r k(1k‚c0)e
-λkt (A-21)

F(t) ) QU′U′(t) + QIN
IN(t) + QNN(t) ≡ Q‚c(t) (A-22)

F(t) ) ∑
k)0

2

(Q‚r k)(1k‚c0)e
-λkt ≡ ∑

k)0

2

Ake
-λkt (A-23)

F∞ ) (Q‚r 0)(10‚c0) (A-24)

A1 ) (Q‚r 1)(11‚c0) (A-25)

A2 ) (Q‚r 2)(12‚c0) (A-26)

F∞ ) QN (A-27)

A1 ) -k1η1H(QU′ - QN) - k1
2H(QIN

- QN) (A28)

A2 ) +k1η2H(QU′ - QN) + k1
2H(QIN

- QN) (A-29)

σmodel
2 (t) ≡ 1

R- 1
∑
s)1

R

[Fs(t)-Favg(t)]
2 (A-30)

Favg(t) )
1

R
∑
s)1

R

Fs(t) (A-31)

ø2 ≡ ∑
all data[F(t)-Fpred(t)σmodel(t) ]2 (A-32)

k1 ) k1
0 exp(- m1[GdnHCl]

RT ) (A-33)

k2 ) k2
0 exp(- m2[GdnHCl]

RT ) (A-34)
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yield differences were assumed to be independent of GdnHCl
concentration, giving two more parameters

The remaining 15 parameters resulted by allowing three
parameters (k3, k4, andQN) to vary independently for each
of the five guanidine concentrations. The parameterQN was
allowed to vary with GdnHCl concentration to allow for
scattering by the GdnHCl itself; only small differences in
QN were observed.
The model was fit simultaneously to all the observation

runs. The final reducedø2 for the fitting was 0.991, well
within 2.5 standard deviations. Hence, the proposed minimal
model fits the fluorescence data excellently.
We also attempted to fit models with only three reactions,

but their final ø2 could not be minimized to within 2.5
standard deviations. Therefore, the four-reaction model
described above is indeed the “minimal model” fitting the
experimental data.
The errors in the fitted parameters were obtained as

follows. Each of the 21 parameters in turn was set to values
departing from its best-fit value. The other 20 parameters
were then varied, holding this parameter fixed, to reminimize
ø2. The values of the limits were adjusted to bring the
reminimizedø2 to a 95% confidence level.
It should be noted that no upper bound could be placed

on the rate constantk3 at the highest GdnHCl concentration.
Even with an unphysically largek3 (e.g. 2× 104 s-1) the
reducedø2 could be minimized below 1.0 by adjusting the
other parameters. In other words, the fluorescence data at
2.6 M GdnHCl do not limit thisk3 to a closed interval, but
merely set a lower bound. This reflects the physical fact
that, at 2.6 M GdnHCl, the direct folding reactionU′ f N
dominates over the indirect folding pathwayU′ a IN f N.
It is also for this reason that only one exponential, corre-
sponding tok4, is discernible at 2.6M GdnHCl.
Fitting to Exponentials.Our analysis depended critically

on estimating the number of folding species by computing
the minimal number of exponentials observable in the
fluorescence data. The conclusion of two independent
analyses was that only two decaying exponentials are
discernible in the fluorescence data, except at the highest
GdnHCl concentration, where only one decaying exponential
is discernible.
The first analysis was a simpleø2 fitting to exponentials.

The fluorescence data were successively fit to ever larger
numbers of exponentials until the minimizedø2 fell within
2.5 standard deviations of its expected mean. As above, the
ø2 function was minimized with simulated annealing, com-
bined with the Nelder-Mead simplex method (Press et al.,
1992) and a novel Monte Carlo method (W. J. Wedemeyer
and H. A. Scheraga, in preparation). This method indicated
that only two decaying exponentials are discernible within
the data, except at the highest GdnHCl concentration, where
only one exponential is discernible.
The uncertainty in an observation run was estimated as

follows. A quantity (Li) was computed from three successive
fluorescence intensities

corresponding to the local second derivative. Assuming that
the noise in the data is uncorrelated and drawn from the same
distribution at every point, the rms uncertainty is given by

where broken brackets represent averaging over all data
within a run. Theø2 statistic for fitting exponentials to a
single observation run is therefore

whereFpred(t) is the fluorescence intensity predicted by a
given set of exponential amplitudes and decay rate constants.
The second analysis employed de Prony’s method (Magar,

1972), as modified in our laboratory to reduce its sensitivity
to noise. The de Prony method can be considered as a
generalization of the well-known log-linear plot used for
fitting a single exponential. The de Prony method allows
data to be fit deterministically to an arbitrary numberM of
exponentials. The drawback, however, is that the extracted
exponentials may be oscillatory (sine and cosine functions)
or even exponentially growing. These other exponentials
serve to mimic the noise in the data.
For this study,M was set successively from 1 to 50 for

each observation run. Only the decaying exponentials were
retained; exponentially growing and oscillatory exponentials
were rejected. For all values ofM, the number of decaying
exponentials never exceeded two. Hence, the de Prony
method also finds that only two decaying exponentials are
discernible in the data.
Both analysis methods agree that the fluorescence data

exhibit at most two decaying exponentials. All other signals
are statistically equivalent to noise. Hence, the minimal
model possesses only three distinct species.
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