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ABSTRACT: The equilibrium unfolded state of disulfide-intact bovine pancreatic ribonuclease A is a
heterogeneous mixture of unfolded species. Previously, four unfolded species have been detected
experimentally. They are Uvf, Uf, Us

II, and UsI which have refolding time constants on the millisecond,
millisecond to second, second to tens of seconds, and hundreds of seconds time scales, respectively. In
the current study, the refolding pathway of the protein was investigated under favorable folding conditions
of 0.58 M GdnHCl, pH 5.0, and 15°C. In addition to the above four unfolded species, the presence of
a fifth unfolded species was detected. It has a refolding time constant on the order of 2 s under the
conditions employed. This new unfolded species is labeled Um, for medium-refolding species. Single-
jump refolding experiments monitored by tyrosine burial and by cytidine 2′-monophosphate inhibitor
binding indicate that the different unfolded species refold to the native state along independent refolding
pathways. The buildup of the different unfolded species upon unfolding of the protein from the native
state was monitored by absorbance using double-jump experiments. These experiments were carried out
at 15°C and consisted of an unfolding step at 4.2 M GdnHCl and pH 2.0, followed, after a variable delay
time, by a refolding step at 0.58 M GdnHCl and pH 5.0. The results of these experiments support the
conclusion that the different unfolded species arise from cis-trans isomerizations at the X-Pro peptide
bonds of Pro 93, 114, and 117 in the unfolded state of the protein. The rates of these isomerizations were
obtained for each of these three X-Pro peptide bonds at 15°C.

The in Vitro protein folding reaction is the process by
which a protein proceeds from its unfolded state to its well-
defined native state when placed in a refolding buffer.
Extensive information is available about the final product,
but very little information is available about the starting
reactant. The native state can be well characterized using
X-ray, NMR, and other methods that provide information
about the three-dimensional structure in that state. On the
other hand, the unfolded state is poorly understood. It is
thought to be a statistical coil in rapid fluctuation among
different conformations. The unfolded state is best thought
of as an ensemble of unfolded species. Recently, there have
been several attempts to characterize the unfolded state of
proteins structurally (Neri et al., 1992; Logan et al., 1994;
Arcus et al., 1995; Zhang & Forman-Kay, 1995). Residual
structure, which is native-like as well as nonnative-like, has
been detected in these unfolded states (Chavez & Scheraga,
1980; Swadesh et al., 1984; Dill & Shortle, 1991; Shortle,
1993, 1996; Buckler et al., 1995). Characterization of the
structure present in the unfolded state of a protein might
provide some insight into the effect of such structure on the
refolding process. Some of these structural elements present
in the unfolded state are expected to lead to rapid folding of
the protein, while others are expected to slow the refolding
process.
One of the causes of the heterogeneity of the unfolded

state of the protein is isomerization about X-Pro peptide

bonds. This was first suggested by Brandts et al. (1975)
and was then verified in many different proteins containing
proline. In the amino acid sequence of bovine pancreatic
ribonuclease A, there are four prolines. In the native state
of the disulfide-intact protein, two of these prolines have
cis X-Pro peptide bonds (Tyr 92-Pro 93 and Asn 113-
Pro 114), while the other two have trans X-Pro peptide
bonds (Lys 41-Pro 42 and Val 116-Pro 117) (Wlodawer
et al., 1988). When disulfide-intact bovine pancreatic
ribonuclease A (RNase A)1 is unfolded, these X-Pro peptide
bonds undergo cis-trans isomerization, and consequently,
multiple species having different conformations about these
X-Pro peptide bonds are present in the unfolded state of
the protein. Different conformations about these X-Pro
peptide bonds result in different refolding rates for these
unfolded species.

The refolding process of RNase A has been investigated
intensively (Garel & Baldwin, 1973; Schmid & Baldwin,
1979a; Henkens et al., 1980; Schmid, 1981, 1983; Lin &
Brandts, 1983, 1987; Mui et al., 1985; Liu & Tsou, 1987;
Kiefhaber & Schmid, 1992; Houry et al., 1994; Ybe & Kahn,
1994). These studies indicate that four phases can be
observed upon refolding the protein. These four phases arise
from the refolding of four unfolded species termed Uvf, Uf,
Us

II, and UsI, for very-fast-, fast-, major slow-, and minor
slow-refolding species, respectively. Refolding of Uvf and
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Uf takes place on the millisecond to second time scale;
refolding of UsII takes place on the second to tens of seconds
time scale, while refolding of UsI takes place on the hundreds
of seconds time scale. Uvf is the unfolded species that has
all the X-Pro peptide bonds in the native conformation
(Houry et al., 1994, 1995), while the remaining unfolded
species have one or more nonnative X-Pro peptide bonds.
Refolding studies have been carried out on several mutants

of RNase A (Schultz & Baldwin, 1992; Schultz et al., 1992;
Dodge et al., 1994; Dodge & Scheraga, 1996). Studies on
the refolding of proline-to-alanine mutants of RNase A by
Dodge and Scheraga (1996) have indicated that the X-Pro
peptide bonds of Pro 93, 114, and 117 give rise to the
different unfolded species. The presence of cis or trans
X-Pro 93, 114, or 117 affects the refolding kinetics of the
protein. On the other hand, no such effect is observed from
the isomerization of the X-Pro 42 peptide bond (Dodge et
al., 1994). On the basis of these results and earlier kinetic
experiments (Houry et al., 1994), a model for the unfolding
of RNase A at low pH and high GdnHCl concentration has
been proposed (Houry et al., 1994; Dodge & Scheraga,
1996). The model is called the “Box” model (Figure 1). In
this model, when the protein is unfolded, the native species
undergoes a conformational unfolding event resulting in the
formation of Uvf which has all the X-Pro peptide bonds in
the native conformation. Then, from Uvf, cis-trans and
trans-cis isomerizations take place at each of the X-Pro
93, 114, and 117 peptide bonds, resulting in the formation
of the other unfolded species. These isomerization events
are assumed to be independent of each other, and therefore,
each unfolded species can isomerize independently to form
any of three other unfolded species. This is the reason that
the kinetic model is shaped like a box. The Box model fits
the data of Dodge and Scheraga (1996) reasonably well.
In the current investigation, we follow the burial of the

tyrosines in the protein by UV absorption to show the

presence of a fifth refolding species which we call Um, for
medium-refolding species. The refolding time constant of
Um is on the order of 2 s under the conditions employed. Its
presence is consistent with the Box model. In addition, the
refolding kinetics of all the unfolded species were investi-
gated by inhibitor binding. The results indicate that each
unfolded species refolds along its own independent pathway
to reach the native state or a native-like intermediate that
can bind the inhibitor. All the phases observed upon
refolding of the protein are due to parallel folding reactions.

In the current study, all experiments were carried out under
conditions where the two slow-folding species, Us

II and UsI,
have different refolding rates and, consequently, could be
monitored individually. In our previous investigation (Houry
et al., 1994), the refolding conditions used were such that
Us

II and UsI have similar refolding rates and could not be
distinguished. The formation of UsII, Us

I, and the other
unfolded species from the native state, upon unfolding of
the protein at low pH and high GdnHCl concentration, was
followed by absorbance. The results obtained further support
the Box model and the proposal that X-Pro 93, 114, and
117 are responsible for the presence of the multiple unfolded
species.

MATERIALS AND METHODS

Reagents.Glycine (Gly), 2-(N-morpholino)ethanesulfonic
acid monohydrate (MES), cytidine 2′-monophosphate free
acid (2′-CMP), andL-tyrosine were purchased from Sigma
Chemical Co. CH3COONa (NaAc), NaOH, and HCl were
obtained from Fisher. Ultrapure guanidine hydrochloride
(GdnHCl) was purchased from ICN Biochemicals. GdnHCl
concentrations were determined by refractive index (Nozaki,
1972).

Protein Purification. RNase A, types I-A and II-A, was
purchased from Sigma and was purified further by cation-
exchange chromatography according to the procedure of
Rothwarf and Scheraga (1993). The purity of the protein
was checked by using a Hydropore-5-SCX column (Rainin)
on an 8700 SpectraPhysics HPLC apparatus and was found
to be>99%.

Determination of the Binding Constant of 2′-CMP to
RNase A.2′-CMP is a competitive inhibitor of the action
of RNase A upon its natural substrates (e.g. ribonucleic acid).
2′-CMP was used as purchased without further purification.
The extinction coefficient of 2′-CMP was calculated by
obtaining wavelength scans of a solution of 88.1µM 2′-
CMP and 50 mM MES at pH 5.8 and 22°C (room
temperature) on a modified Cary model 14 spectrophotometer
(Denton et al., 1982). The concentration of 2′-CMP in the
solution was determined by the weight of the dry sample.
From the wavelength scans, the wavelength of maximum
absorption was found to be 272 nm, and the measured
extinction coefficient at that wavelength was 8850 M-1 cm-1.
This is consistent with the extinction coefficients given in
the literature (Beaven et al., 1955; Voet et al., 1963; Dodge
et al., 1994).

Since kinetic experiments were carried out in the presence
of GdnHCl (see below), we had to determine the binding
constant of 2′-CMP to RNase A under similar conditions.
The binding constant is defined as

FIGURE 1: Proposed model for the unfolding of RNase A at low
pH and high GdnHCl concentration (Houry et al., 1994; Dodge &
Scheraga, 1996). On the basis of the model, the native state (N)
unfolds conformationally to form the first unfolded species Ucct
(i.e. Uvf). Then, three independent cis-trans and trans-cis isomer-
ization events at the peptide bonds of X-Pro 93, 114, and 117
take place in the unfolded state of the protein. As a result, there
are eight unfolded species which have different conformations about
these three X-Pro peptide bonds. The different unfolded species
are numbered sequentially, and the numbers are given in paren-
theses. The subscripts c and t refer to the cis or trans conformation
about the X-Pro 93, 114, and 117 peptide bonds, in that order.
The rate constantsk1 andk-1, k2 andk-2, andk3 andk-3 are the
rates of isomerization of X-Pro 93, 114, and 117 peptide bonds,
respectively.k0 is the rate constant for the conformational unfolding
process.
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where [2′-CMP‚RNase A] is the concentration of the
complex formed between the protein and its inhibitor.Kb

was determined spectrophotometrically at 0.7 M GdnHCl,
pH 5.5, and 5°C using the tandem cell technique (Anderson
et al., 1968) as follows. A tandem cell (from Wilmad)
having two compartments with a path length of 0.4 cm for
each compartment was used. Initially, a solution of 2′-CMP
containing 44 mM MES, 4.8 mM Gly, and 0.7 M GdnHCl
at pH 5.5 was placed in one compartment, and a solution of
RNase A containing 44 mM MES, 4.8 mM Gly, and 0.7 M
GdnHCl at pH 5.5 was placed in the other compartment.
An absorbance wavelength scan was obtained from 245 to
290 nm at a scan rate of 0.25 nm/s on the modified Cary
model 14 spectrophotometer. Then the two solutions were
mixed together in a ratio of 1:1, and the resulting solution
was placed in both compartments of the tandem cell; an
absorbance wavelength scan was then obtained. All experi-
ments were carried out at 5°C. Eleven different measure-
ments using varying initial concentrations of 2′-CMP (0-
216 µM) and of RNase A (0-141 µM) were carried out.
The concentration of RNase A was determined using an
extinction coefficient of 9800 M-1 cm-1 at 277.5 nm (Sela
& Anfinsen, 1957), and that of 2′-CMP was determined using
the extinction coefficient determined above. The wavelength
of maximum difference in absorbance before and after
mixing the solutions (λmax) was found to be 261 nm.Kb

was then calculated using the first equation given by
Anderson et al. (1968). The calculated value forKb is 4.1
× 104 ((0.6× 104) M-1 at 0.7 M GdnHCl, pH 5.5, and 5
°C.
Single-Jump Refolding Kinetic Experiments.All kinetic

experiments were carried out on a Hi-Tech Scientific PQ/
SF-53 stopped flow instrument. The instrument and the
setup associated with it have been described in detail
previously (Houry et al., 1994).
Single-jump refolding experiments were carried out as

follows. The unfolded protein at a concentration of 8.2 mg/
mL in 4.2 M GdnHCl and 40 mM Gly at pH 1.9 was diluted
with 0.22 M GdnHCl and 50 mM NaAc at pH 5.3 in a ratio
of 1:10. The final refolding condition was 0.75 mg/mL
RNase A, 0.58 M GdnHCl, 45 mM NaAc, and 4 mM Gly at
pH 5.0. The refolding process was monitored by absorbance
at a wavelength of 287 nm. Temperatures used were 5, 10,
and 15°C.
Single-jump refolding experiments were also carried out

in the presence of 2′-CMP. The binding of 2′-CMP to the
native species or to native-like intermediates was monitored
during the refolding process. Experiments were carried out
at 15 °C only. The unfolded protein at a concentration of
8.2 mg/mL in 4.2 M GdnHCl and 40 mM Gly at pH 1.9
was diluted in a ratio of 1:10 with 0.22 M GdnHCl and 50
mM NaAc at pH 5.3 containing 244µM 2′-CMP. The final
refolding buffer was 0.75 mg/mL (54µM) RNase A, 222
µM 2′-CMP, 0.58 M GdnHCl, 45 mM NaAc, and 4 mM
Gly at pH 5.0. The refolding process was monitored by
absorbance at 254 nm. The change in absorbance at 254
nm arises mainly from the change in the absorbance of 2′-
CMP when it binds to RNase A and not from the burial of
tyrosines in the protein (Garel et al., 1976; Cook et al., 1979;
Schmid & Blaschek, 1981). The burial of the tyrosines is

monitored at the higher wavelength of 287 nm. When 2′-
CMP binds RNase A, its absorbance decreases. At 254 nm,
the formation of the complex between the inhibitor and the
native state, or between the inhibitor and intermediates with
native-like structures that can bind the inhibitor, is monitored
and not the actual refolding process.
Single-jump kinetic experiments, whether monitored by

tyrosine burial or by 2′-CMP binding, were typically repeated
eight times under each condition employed. Data were
collected at a rate of 0.5 ms/point for the first 10 s and then
at a rate of 40 ms/point up to 600 or 900 s.
Double-Jump Refolding Kinetic Experiments.Double-

jump kinetic experiments consist of two steps or two jumps.
In the first jump, the protein is unfolded for a set delay time,
called the unfolding time, and in the second jump, the protein
is refolded. The Hi-Tech Scientific PQ/SF-53 stopped flow
instrument was also used for these experiments (Houry et
al., 1994).
Experiments were carried out as follows. The folded

(native) protein consisting of 34.3 mg/mL RNase A in 1.5
M GdnHCl and 50 mM MES at pH 5.6 was unfolded at 4.2
M GdnHCl and pH 2.0 by 1:2.5 dilution with 5.28 M
GdnHCl and 40 mMGly at pH 1.2. The protein was allowed
to unfold for a set delay time (the unfolding time), and then
was refolded at 0.58 M GdnHCl and pH 5.0, and a final
protein concentration of 0.9 mg/mL by diluting the unfolded
protein with 0.22 M GdnHCl and 50 mM NaAc at pH 5.3
in a ratio of 1:10. The refolding process was monitored by
absorbance at 287 nm. The temperature used was 15°C.
The unfolding time was varied between 0.14 and 600 s. For
each unfolding time, experiments were repeated four to six
times. Data collection was similar to that of the single-jump
experiments.
Additional Monitoring of the Refolding of UVf. The

refolding process of Uvf was monitored at 0.7 M GdnHCl,
pH 5.5, and 5°C in the presence or absence of 2′-CMP.
Experiments were carried out using the double-jump tech-
nique as follows. The folded (native) protein, 13.1 mg/mL
RNase A, in 1.5 M GdnHCl and 50 mM MES at pH 5.7
was unfolded at 4.2 M GdnHCl and pH 2.0 by 1:2.5 dilution
with 5.28 M GdnHCl and 40 mMGly at pH 1.5. The protein
was allowed to unfold for approximately 1 s. During this
time, Uvf becomes populated to>99% with no significant
population of the other unfolded species (Houry et al., 1995).
Uvf was then refolded by diluting the unfolded protein, in a
ratio of 1:5, with 0 M GdnHCl and 50 mM MES at pH 5.8
in the presence or absence of 216µM 2′-CMP. The final
refolding condition was 0.6 mg/mL (46µM) RNase A, 0.7
M GdnHCl, 44 mM MES, and 5 mM Gly at pH 5.5 with or
without 180 µM 2′-CMP. The refolding process was
monitored by absorbance at both 254 and 287 nm. The
temperature used was 5°C. Five data sets were typically
collected for each condition.
Fitting the Data. Refolding decay curves were fit using

the program PLOT from New Unit (Ithaca, NY). The decay
curves obtained from the refolding of Uvf were fit to single
exponentials. Curves obtained from other single- and
double-jump experiments were fit to an equation with (at
most) four exponentials:

Kb )
[2′-CMP‚RNase A]
[2′-CMP][RNase A]

(1)

∆A(t) ) R1 exp(-t/τ1) + R2 exp(-t/τ2) +
R3 exp(-t/τ3) + R4 exp(-t/τ4) + constant (2)
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where∆A(t) refers to the change in absorbance as a function
of time. Ri andτi refer to the amplitude and time constant
of phase i, respectively. The amplitudes could be either
positive or negative depending on whether the decay curve
is decreasing or increasing. As will be explained further
and discussed below, the four observed amplitudes cor-
respond to the refolding of the following unfolded species
which are postulated to be present in the unfolded state of
the protein: (1) Uvf + Uf, (2) Um, (3) Us

II, and (4) UsI.
Hence, eq 2 can be rewritten as follows:

The reason for combining the very-fast- and fast-folding
species will be presented in the Discussion. Under the
refolding conditions employed,τsI was found to be on the
hundreds of seconds time scale andτsII on the tens of seconds
time scale, whileτm was about 2 s andτ(vf+f) on the
millisecond time scale.
Since it is difficult to fit the refolding curves directly to

four exponentials, the following procedure was used to fit
the single-jump refolding curves. Initially, data points from
8 to 600 or 900 s were fit to a double-exponential curve
[RsII exp(-t/τsII) + RsI exp(-t/τsI) + constant1] to obtainRsII,
τsII, RsI, andτsI. Then points from 0.2 to 10 s were fit to a
three-exponential curve of the formRm exp(-t/τm) + RsII

exp(-t/τsII) + RsI exp(-t/τsI) + constant2 while fixing RsII,
τsII, RsI, andτsI at the previously determined values to obtain
Rm andτm. Finally, the points from 10 ms to 0.2 or 0.5 s
were fit to R(vf+f) exp[-t/τ(vf+f)] + Rm exp(-t/τm) + RsII

exp(-t/τsII) + RsI exp(-t/τsI) + constant3 while fixing Rm,
τm, RsII, τsII, RsI, andτsI at the previously determined values
to obtain R(vf+f) and τ(vf+f). The amplitudeR(vf+f) was
corrected for the dead time of the instrument by multiplying
it by exp[td/τ(vf+f)], wheretd is the dead time of the instrument
which was found to be 2.1 ms (Houry et al., 1994).
Refolding decay curves, obtained at each unfolding time

from the double-jump experiments at 15°C, were treated
by a similar procedure. In the fitting of these refolding
curves, the time constants were fixed to the values obtained
from single-jump refolding experiments except for the time
constantτ(vf+f) which was allowed to vary for reasons
discussed below. The amplitudeR(vf+f) was corrected as
described above.
Rate constants for the kinetic unfolding model proposed

in Figure 1 were calculated from the fit to the refolding
amplitudes obtained from the double-jump experiments at
different unfolding times using the program ROSE developed
in this laboratory (W. J. Wedemeyer and H. A. Scheraga, in
preparation). The errors in the rate constants were obtained
as described before (Houry et al., 1994) by using 1000
simulated data sets. The standard deviations of the refolding
amplitudes included contributions from the standard deviation
of several repeats, from the noise in the data, and from the
error on the total amplitude.
All the errors given in this paper are at the 95% confidence

limit.

RESULTS

Binding of 2′-CMP to RNase A.We examined the
refolding process of RNase A in the presence of 2′-CMP in

order to monitor structure formation during the folding
process and, also, in order to determine whether the multiple
refolding phases observed are due to parallel or sequential
folding pathways. Since the refolding of RNase A was
carried out in the presence of GdnHCl, the effect of GdnHCl
on the binding of 2′-CMP to RNase A had to be determined
in order to check whether such an experiment is feasible.
To this end, the binding constant,Kb, was determined at 0.7
M GdnHCl, pH 5.5, and 5°C (one of the conditions used
for the kinetic experiments). A pH of 5.5 was chosen
because the interaction between the inhibitor and the protein
is greatest between pH 5.0 and 6.0 (Hummel et al., 1961).
The binding constant obtained was 4.1× 104 ((0.6 ×

104) M-1 at 0.7 M GdnHCl, pH 5.5, and 5°C. This value
is within the range of values reported in the literature.
Anderson et al. (1968) reported a value of 18× 104 M-1 at
pH 5.5 and 25°C in the absence of denaturant. Schmid
and Blaschek (1981) reported a value of 50× 104 M-1 at
0.2 M GdnHCl, pH 6.0, and 5°C. Krebs et al. (1983)
reported a binding constant of 4.5× 104 M-1 at 0.16 M
GdnHCl, pH 6.0, and 35°C and a binding constant of 0.6
× 104 M-1 at 0.7 M GdnHCl, pH 6.0, and 35°C. Dodge et
al. (1994) reported a value of 2.4× 104 M-1 at 0.27 M
GdnHCl, pH 4.9, and 15°C. It is clear from these data that
the association between the protein and the ligand becomes
stronger as the temperature is lowered and as the denaturant
concentration is decreased.
Monitoring the Refolding of UVf. The refolding process

of Uvf was monitored by tyrosine burial and by 2′-CMP
binding at both 287 and 254 nm using the double-jump
technique (which allows the selective population of Uvf to
>99% prior to refolding). The refolding condition employed
was 0.7 M GdnHCl, pH 5.5, and 5°C. At 287 nm, free and
RNase A-bound 2′-CMP have similar absorbance properties
(Hummel et al., 1961), while at 254 nm, folded and unfolded
RNase A have similar absorbance properties (Schmid &
Blaschek, 1981). Hence, absorbance at 287 nm monitors
the burial of the tyrosines in the protein, while that at 254
nm monitors the binding of the inhibitor to the native protein
with minimal contribution from tyrosine burial. When the
refolding process was monitored by absorbance at 254 nm
in the absence of 2′-CMP, no change was observed (Table
1), as expected. The time constants obtained when the
refolding process was monitored by tyrosine burial at 287
nm in the presence or absence of 2′-CMP or at 254 nm in
the presence of 2′-CMP are all similar, approximately 40
ms, within experimental error (Table 1).
When the refolding process of RNase A is monitored by

2′-CMP binding at 254 nm, it is not the formation of the
folded protein that is being monitored but rather the
formation of the complex between the native folded protein
(or native-like intermediates) and the inhibitor. However,
if the binding constant is large (Kb . 1) and if 2′-CMP is in
excess of the protein, then the absorbance change at 254 nm
due to 2′-CMP binding would closely reflect the refolding
of RNase A [for a more detailed discussion, see Dodge et
al. (1994)].
In our experiments, the refolding process of RNase A was

monitored by 2′-CMP binding at 0.7 M GdnHCl, pH 5.5,
and 5°C, and, also, at 0.58 M GdnHCl, pH 5.0, and 15°C
(see below). Under these conditions,Kb is on the order of
104 M-1. Furthermore, the concentration of 2′-CMP in the
final refolding buffer was 4 times higher than that of RNase

∆A(t) ) R(vf+f) exp[-t/τ(vf+f)] + Rm exp(-t/τm) +
RsII exp(-t/τsII) + RsI exp(-t/τsI) + constant (3)
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A. Table 1 shows that the refolding time constant obtained
by fitting the absorbance change observed at 254 nm directly
to a single exponential is similar to the time constant obtained
after converting the absorbance change data at 254 nm to
concentration of native protein according to eq 3 of Dodge
et al. (1994) (37.6 vs 38.1 ms, Table 1). Hence, we are
justified in assuming that monitoring the refolding of RNase
A by 2′-CMP binding at 254 nm directly reflects the
formation of the native protein or of native-like intermediates
that can bind the inhibitor. Consequently, in the single-jump
refolding experiments below, we will fit the refolding decay
curves monitored by 2′-CMP binding directly, without further
manipulation, to obtain the refolding amplitudes and time
constants.
Single-Jump Experiments.When the refolding of RNase

A is carried out under strongly favorable folding conditions
(low GdnHCl and pH 5-7),2 three kinetic phases have been
observed (Cook et al., 1979; Schmid, 1983; Lin & Brandts,
1983; Mui et al., 1985). These three phases correspond to
the refolding of the following unfolded species: Uf (fast-
folding species), UsII (the major slow-folding species), and
Us

I (the minor slow-folding species). Recently, we have
shown that, when single-jump refolding is carried out under
unfavorable folding conditions (high GdnHCl and low pH),
another phase which corresponds to the refolding of a fourth
species, termed Uvf (for very-fast-folding), is present (Houry
et al., 1994). Uvf folds faster than Uf. All these four species
are postulated to be present in the unfolded state of the
protein.
In the current study, we have carried out single-jump

refolding experiments under strongly favorable folding

conditions of 0.58 M GdnHCl, pH 5.0, and 5-15 °C. Under
these conditions, the two slow-refolding phases, arising from
the refolding of UsII and UsI, were clearly observed (Figure
2A). Furthermore, a folding phase on the millisecond time
scale was also observed (Figure 2C). As will be shown
below from the double-jump experiments, this phase corre-
sponds to the refolding of both Uvf and Uf which have similar
(but not identical) refolding rates under these conditions. The
surprising result was the observation of a fourth phase which
has a time constant of about 2 s (medium phase). This phase
can be seen clearly in Figure 2B. A double-exponential fit
to the points between 8 and 600 s does not take into account
the presence of this new phase which is observed between
0.2 and 4 s.
Several control experiments were carried out in order to

determine whether this new phase is just a mixing artifact
or a real refolding event. If the new phase were just a mixing

2 In the text, when we refer to refolding under unfavorable folding
conditions, we typically mean that the refolding process was carried
out at 1.5 M GdnHCl, pH 3.0, and 15°C. When we refer to refolding
under favorable folding conditions, we typically mean that the refolding
process was carried out at 0.58 M GdnHCl, pH 5.0, and 15°C.

Table 1: Time Constants for the Refolding of Uvf in the Presence
or Absence of Inhibitora

in the presence of 2′-CMP in the absence of 2′-CMP
wavelength
(nm)b

287 254 287 254

τvf (ms) 39.4 (2.9) 37.6 (2.8)c 40.9 (1.2) no changee

38.1 (2.9)d

a Experiments were carried out at 5°C using the double-jump
technique. The folded protein in 1.5 M GdnHCl and pH 2.0 was
unfolded at 4.2 M GdnHCl and pH 2.0 for 1 s, which resulted in the
formation of >99% Uvf without significant formation of the other
unfolded species. Then Uvf was refolded at 0.7 M GdnHCl and pH
5.5 in the presence or absence of 180µM 2′-CMP. The final protein
concentration was 46µM (0.6 mg/mL). The refolding process was
monitored by absorbance at 287 or 254 nm. All refolding curves were
fit to single-exponential equations. The numbers in parentheses give
the errors in the time constants at the 95% confidence limit.b Absorb-
ance at 287 nm monitors mainly tyrosine burial in the protein with
minimal contribution from absorbance change due to inhibitor binding.
That at 254 nm monitors the change in the absorbance of the inhibitor
as it binds to RNase A with minimal contribution from the absorbance
change due to the burial of the tyrosines in the protein.c The time
constant obtained from direct fitting of the absorbance change at 254
nm. The absorbance change at 254 nm monitors the formation of the
complex between protein and inhibitor.d The time constant obtained
after converting the absorbance change observed at 254 nm to the
concentration of native protein according to eq 3 of Dodge et al. (1994).
eNo absorbance change (i.e. no decay curve) was observed when the
refolding process was monitored by absorbance at 254 nm in the
absence of inhibitor.

FIGURE2: Representative curve for the refolding of RNase A under
favorable folding conditions in three different time regimes (A-
C). The unfolded protein in 4.2 M GdnHCl and pH 1.9 was refolded
at 0.58 M GdnHCl and pH 5.0 at 15°C. The final protein
concentration was 0.75 mg/mL. In panel A, the experimental
refolding decay curve is shown from 10 ms to 400 s with points
plotted every 0.6 s. In panel B, the refolding curve is shown from
10 ms to 10 s with points plotted every 40 ms. In panel C, the
refolding curve is shown from 10 to 150 ms with points plotted
every 0.5 ms. The solid curve in all three panels is the quadruple-
exponential curve∆A(t) ) R(vf+f) exp[-t/τ(vf+f)] + Rm exp(-t/τm)
+ RsII exp(-t/τsII) + RsI exp(-t/τsI) + constant1. In panels A and
B, the dashed curve (---) is the double-exponential curve∆A(t)
) RsII exp(-t/τsII) + RsI exp(-t/τsI) + constant2. In panel C, the
dashed curve is the single-exponential curve∆A(t) ) R(vf+f) exp-
[-t/τ(vf+f)] + constant3. The average time constants and average
relative amplitudes are given in Table 2. The procedure used to fit
the refolding decay curve is described in Materials and Methods.
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artifact, then we should be able to observe it at any
wavelength as a refractive index change. No absorbance
change was observed when the refolding process of RNase
A was monitored at 400 nm. At this wavelength, the protein
has no significant absorbance. The same refolding experi-
ments were repeated usingL-Tyrosine instead of RNase A,
and when the “refolding” process was monitored by ab-
sorbance at 275 or 287 nm, no change was observed. Finally,
buffer runs in the absence of protein also gave no absorbance
change. On the basis of these control experiments, we can
safely conclude that the new phase is an actual refolding
process. The new phase has also been observed in the
proline-to-alanine mutants of RNase A (Dodge & Scheraga,
1996).
Single-jump refolding experiments were also carried out

in the presence of 2′-CMP. In addition to the three phases
corresponding to the refolding of Uvf + Uf, Us

II, and UsI, a
fourth (medium) phase was also observed. The time
constants and amplitudes obtained for all four phases, when
the refolding of RNase A is monitored by 2′-CMP binding
at 254 nm, are similar, within experimental error, to those
obtained when the refolding is monitored by absorbance at
287 nm (Table 2).
Double-Jump Experiments.Double-jump experiments

were carried out in order to obtain a better determination of

the effect of proline isomerization on the distribution of the
different unfolded species in the unfolded state of the protein.
In our previous study (Houry et al., 1994), double-jump
experiments were carried out under conditions in which only
three distinct refolding phases were observed. In the current
study, double-jump experiments were carried out under
conditions in which four phases could be detected directly.
The protein was unfolded at 4.2 M GdnHCl and pH 2.0

for varying unfolding times ranging from 0.14 to 600 s and
then refolded at 0.58 M GdnHCl and pH 5.0. The refolding
process was monitored by absorbance at 287 nm. These
studies were carried out at 15°C. The resulting refolding
decay curves were fit in order to obtain the amplitudes of
each of the refolding phases at the specified unfolding time.
The total absorbance amplitude, which is the sum of the
amplitudes of the refolding phases, remained unchanged
within an experimental error of about 9%, indicating that
all the unfolded species have similar extinction coefficients.
The variation of the amplitudes of each of the refolding
phases as a function of unfolding time is shown in Figure 3
[the data of Figure 3A are from the current study, while the
data of Figure 3B are from Houry et al. (1994)]. As the
amplitude of Uvf + Uf decreases with unfolding time, the
amplitudes of UsII and UsI increase while that of the medium
phase builds up and then decreases. From this behavior and
from earlier results, an unfolding mechanism is proposed for
RNase A.

Table 2: Results of Single-Jump Refolding Experimentsa

Relative Amplitudes
temp
(°C) Amp(vf+f) Amp(m) Amp(sII) Amp(sI)

monitoring
methodb

5 27 (8) 8 (2) 47 (3) 18 (1) TYR
10 27 (3) 9 (1) 49 (1) 15 (1) TYR
15 21 (6) 10 (1) 53 (1) 16 (1) TYR
15 19 (1) 8 (3) 56 (2) 17 (3) 2′-CMP

Time Constants
temp monitoring
(°C) τ(vf+f) τm (s) τsII (s) τsI (s) methodb

5 46.1 (6.8) 2.0 (0.3) 29.5 (1.2) 311 (29) TYR
10 34.3 (4.5) 1.8 (0.2) 27.1 (0.8) 188 (20) TYR
15 27.9 (2.9) 1.6 (0.3) 22.8 (0.7) 123 (9) TYR
15 29.6 (4.8) 1.4 (0.2) 19.9 (1.5) 121 (20) 2′-CMP

Ea (kcal/
mol)c

8.0 (3.5) 3.6 (5.9)d 4.1 (1.6) 14.8 (4.0)

aSingle-jump refolding experiments were carried out as follows. The
unfolded protein in 4.2 M GdnHCl and pH 1.9 was refolded at 0.58 M
GdnHCl and pH 5.0 in the presence or absence of 222µM 2′-CMP at
the indicated temperatures. The final protein concentration was 54µM
(0.75 mg/mL). In the absence of the inhibitor, the refolding process
was monitored by the change in the absorbance due to tyrosine burial
at 287 nm. In the presence of inhibitor, the refolding process was
monitored by the change in the absorbance of the inhibitor at 254 nm
as it binds to the protein. At 254 nm, there is a minimal contribution
from the absorbance change due to tyrosine burial of the protein. The
amplitude and the refolding time constant of each phase are given.
Subscripts vf, f, m, sII, and sI refer to the very-fast, fast, medium, major
slow, and minor slow phases, respectively. Under the refolding
conditions employed, the very-fast and the fast phases cannot be
separated, and they are summed together in one phase labeled (vf+f)
(see the Discussion). The relative amplitudes were normalized to 100.
The numbers in parentheses give the errors at the 95% confidence limit.
b The refolding process was monitored either by tyrosine burial at 287
nm in the absence of inhibitor or by inhibitor binding at 254 nm in the
presence of 222µM 2′-CMP. The two monitoring methods are referred
to as TYR and 2′-CMP, respectively.c Ea refers to the activation energy
of the refolding rate constant.d The activation energy for the refolding
of Um has a large uncertainty because of the large inherent errors
involved in measuringτm (see the Discussion).

FIGURE 3: Change, with the unfolding time, of the relative
absorbance amplitudes of (0) Uvf + Uf, ()) Um, (b) Us

II, (1) Us
I,

(O) Uvf, (4) Uf, and (9) Um + Us
II + Us

I. Double-jump experiments
were carried out as follows. The protein in 1.5 M GdnHCl and pH
5.6 was unfolded at 4.2 M GdnHCl and pH 2.0 for a set unfolding
time ranging from 0.14 to 600 s, and then the protein was refolded
at 0.58 M GdnHCl and pH 5.0 (A) or at 1.5 M GdnHCl and pH
3.0 (B). The final protein concentration was 0.9 mg/mL. The
refolding process was monitored by absorbance at 287 nm. All
experiments were carried out at 15°C. The data of panel A are
from the current investigation, while the data of panel B are from
Houry et al. (1994). The solid lines are the theoretical fit to the
experimental points based on the model of Figure 1 and the time
constants of Table 3.
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DISCUSSION

Refolding Pathway of UVf. In our previous studies (Houry
et al., 1995, 1996), we have shown that, when refolding of
Uvf is initiated, a local structural rearrangement takes place
in Uvf, resulting in the formation of a largely unfolded
intermediate (IU). IU then undergoes a hydrophobic collapse
(a rapid pre-equilibrium) to form a molten-globule-like
intermediate (IΦ) which subsequently folds to the native state.
Schematically, the folding pathway of Uvf can be depicted
as follows:

where N is the native species and TS is the transition-state
species on the refolding pathway between IΦ and N. The
equilibrium constants are defined asKi ) [IU]/[Uvf] andK
) [IΦ]/[I U], while k is the rate constant for the formation of
N from IΦ. The experimentally determined rate constant (kvf)
for the refolding of Uvf is given by

We have previously argued thatKi . 1 under all refolding
conditions employed, independent of GdnHCl concentration
(Houry et al., 1996). If we assume thatKi . 1, the above
expression can be simplified to

In the presence of 2′-CMP, the refolding of Uvf at 0.7 M
GdnHCl, pH 5.5, and 5°C was monitored by absorbance at
287 and 254 nm. A wavelength of 287 nm monitors mainly
the absorbance change of the protein as the tyrosine side
chains become buried in the refolding process, while a
wavelength of 254 nm monitors mainly the absorbance
change of the inhibitor as it binds to the protein. The
coincidence of the time constants from both monitoring
methods (Table 1) indicates that the active site of the protein
which binds the inhibitor forms only when the tyrosines are
completely buried and are present in a native or native-like
environment.
Furthermore, the time constant obtained when refolding

is carried out in the absence of the inhibitor monitored at
287 nm is similar to the time constants obtained in the
presence of the inhibitor when monitored at 254 and 287
nm (Table 1). In addition, when the refolding of Uvf was
monitored by 2′-CMP binding at 254 nm, no burst phase
was observed within the errors of the measurements. This
result is a good indication that IΦ and TS do not bind the
inhibitor to any significant extent. Hence, no native-like
structure, especially in the active site region, that can bind
2′-CMP is formed in IΦ or TS (this also applies to IU). This
agrees with our previous conclusion (Houry et al., 1995);
i.e. it was found that the solvent-exposed surface area which
is buried in IΦ or TS is only about 37-46% of that of native,
and consequently, the active site region which binds the
inhibitor is not expected to be formed in IΦ or TS.
Since the refolding kinetics of Uvf are similar in the

presence or absence of 2′-CMP, then any intermediates on
the refolding pathway between IΦ and N that have native-
like absorbance must have native-like structure which is

responsible for binding the inhibitor. Therefore, eq 4 remains
as the minimal model that satisfactorily describes the
refolding process of Uvf under all pH, GdnHCl, and tem-
perature conditions used.
Presence of Um. Single-jump refolding experiments show

the presence of a medium-refolding phase that refolds on a
2 s time scale (Figure 2). This phase was detected by both
tyrosine burial and inhibitor binding. Furthermore, double-
jump experiments show the change in the absorbance
amplitude of this phase as a function of unfolding time
(Figure 3A). In light of these observations, we attempt to
answer the question of whether this new observed phase
arises from the refolding of a fifth unfolded species which
is present in the unfolded state of the protein or whether it
arises from the refolding/rearrangement of an intermediate
on the folding pathway of Uvf, Uf, Us

II, or Us
I.

Under strongly folding conditions, the time constants
obtained for the different phases when the refolding process
of RNase A is monitored by absorbance at 287 nm are similar
to the time constants obtained when the refolding is
monitored by 2′-CMP binding (Table 2). Furthermore, the
relative amplitudes for the different kinetic phases are similar
in both cases (Table 2). If Um were an intermediate on the
refolding pathway of the other known unfolded species, then
three cases can be considered. If Um, as an intermediate,
either (1) bound the inhibitor as strongly as the native species
or (2) did not bind the inhibitor at all, then the number of
phases monitored by 2′-CMP binding would be one less than
the number of phases monitored by tyrosine burial. If Um

(3) bound the inhibitor only weakly, then the relative
amplitudes obtained when monitoring the refolding process
of RNase A by tyrosine burial will be different from the
relative amplitudes obtained when monitoring the refolding
process by 2′-CMP binding, and two of the time constants
will also be different. Hence, it is most likely that the
medium phase arises from the refolding of a fifth unfolded
species which we shall call Um (for medium-refolding
species).
Double-jump experiments lend further support to the above

argument. If the new medium phase were due to the
refolding/rearrangement of some intermediate on the folding
pathway of one of the four known unfolded species, then
the change in the absorbance amplitude of this medium phase
with unfolding time would parallel the change in the
amplitude of that unfolded species. In other words,Rm/Ri

(where i represents any of the other species) is expected to
be the same at all unfolding times (e.g. see eq A-6 or A-12
in the Appendix). From Figure 3, it is clear that this is not
the case. The behavior ofRm (Figure 3A) with unfolding
time is most similar to that ofRf (Figure 3B). Both build
up and then decrease, butRm/Rf does change with unfolding
time (from the data of Figure 3). This also indicates that
the new phase does not represent the refolding of Uf or for
that matter of any of the other unfolded species. Therefore,
both the single- and double-jump kinetic experiments support
the conclusion that the newly observed kinetic phase arises
from the refolding of a fifth unfolded species called Um.
Refolding Rates of UVf and Uf. The presence of Uvf can

clearly be detected when the single-jump refolding experi-
ments are carried out under unfavorable folding conditions
(Houry et al., 1994). At 1.5 M GdnHCl and pH 3.0, the
refolding time constant of Uvf is on the order of 50-40 ms
between 5 and 15°C, while that of Uf is on the order of

Uvf y\z
Ki
IU y\z

K
IΦ 98

k
[TS] f N (4)

kvf )
kKKi

1+ Ki + KKi
(5)

kvf ) kK
1+ K

(6)
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6-4 s (Houry et al., 1994). When single-jump refolding
experiments were carried out under favorable folding condi-
tions of 0.58 M GdnHCl, pH 5.0, and 15°C, the very-fast-
and fast-refolding phases were not distinguishable. Within
the quality of the experimental data, the part of the decay
refolding curve between 10 ms and 0.2 s cannot be
deconvoluted into two exponentials. However, when double-
jump experiments were carried out, the time constant
obtained from fitting that part of the refolding decay curve
increased from about 17 to about 28 ms as the unfolding
time increased from 0.14 to 600 s (refer to Materials and
Methods for the procedure used to fit the refolding curves
from double-jump experiments). This is shown in Figure
4. At early unfolding times, only Uvf is populated; hence,
the time constant for the refolding of Uvf is about 17 ms at
0.58 M GdnHCl, pH 5.0, and 15°C. However, at 600 s
unfolding time, the predominant species which has a refold-
ing time constant on the millisecond time scale is Uf. Since,
at equilibrium (at infinite unfolding time), the relative ratio
of [Uvf]/[U f] is 0.09 [from 1.6/(17.3+ 0.4), see Figure 5A],
the higher refolding time constant of 28 ms reflects the time
constant of Uf and not that of Uvf.
It is interesting to note that, although the folding of both

Uvf and Uf seems to be mostly conformational (i.e. not rate-
limited by proline isomerization), the refolding time constant
of Uf has a very different dependence on the final refolding
conditions than that of Uvf. At 0.58 M GdnHCl, pH 5.0,
and 15°C, the time constant of Uf is about 28 ms and that
of Uvf is 17 ms. At the same pH and temperature in the
presence of 1.3 M GdnHCl, the time constant of Uf is about
190 ms (Dodge & Scheraga, 1996) and that of Uvf is 70 ms
[from the data of Houry et al. (1995)]. However, at 1.5 M
GdnHCl, pH 3.0, and 15°C, the time constant of Uf is 3.9
s and that of Uvf is 38 ms (Houry et al., 1994). To a first

approximation, it seems that the refolding rates of Uf and
Uvf have a similar GdnHCl dependence, while the refolding
of Uf has a much stronger dependence on pH than that of
Uvf. In native RNase A, several amino acid residues with
carboxylic acid side chains are involved in hydrogen bonding
which results in abnormally low pKa’s for these residues
(Laskowski & Scheraga, 1954; Tanford & Hauenstein, 1956;
Hermans & Scheraga, 1960; Antosiewicz et al., 1994; Baker
& Kintanar, 1996). Therefore, the rate-limiting transition
state(s) or intermediate(s) on the refolding pathway of Uf

might have native-like interactions which lower the pKa of
titratable side chains significantly, resulting in a much
stronger dependence of the refolding rates on pH. Such
interactions leading to abnormally low pKa’s have not been
observed in the intermediate (IΦ) or in the transition state
on the refolding pathway of Uvf (Houry et al., 1995). Further
information about the nature of the rate-limiting transition
state(s) or intermediate(s) on the refolding pathway of Uf

could be obtained only after a systematic study of the

FIGURE 4: Variation of the time constantτ(vf+f), obtained from
double-jump experiments, plotted against unfolding time. In double-
jump experiments, the folded protein in 1.5 M GdnHCl and pH
5.6 was unfolded at 4.2 M GdnHCl and pH 2.0 for varying
unfolding times ranging from 0.14 to 600 s; then the protein was
refolded at 0.58 M GdnHCl and pH 5.0. The final protein
concentration was 0.9 mg/mL, and the temperature was kept at 15
°C. As described in Materials and Methods, when the refolding
decay curves were fit at each unfolding time from double-jump
experiments, the time constantτ(vf+f), which corresponds to the
refolding of Uvf + Uf, was not fixed in the fitting procedure. The
errors in the time constants at each unfolding time were calculated
at the 95% confidence limit. The average of these errors at the
95% confidence limit is shown by the error symbol on the last
point in the figure.

FIGURE5: The kinetic models shown are identical to that of Figure
1. The distribution of the different unfolded species is shown when
the refolding is carried out under unfavorable (A) or favorable (B)
folding conditions (see eqs 7a-c and 8a-d). The species are
numbered as in Figure 1. The subscripts represent the different
refolding phases observed. Under unfavorable folding conditions,
three phases are observed (vf, f, and m+s), while under favorable
folding conditions, four phases are observed (vf+f, m, sII, and sI).
c and t refer to the cis or trans conformation about X-Pro 93,
114, and 117 peptide bonds, in that order. The unfolded species
are defined according to the conformations about these X-Pro
peptide bonds. The percentage next to each unfolded species refers
to the relative concentration of that species in the equilibrium
unfolded state of the protein at 4.2 M GdnHCl, pH 2.0, and 15°C
based on the equilibrium constants of Table 3.
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dependence of the refolding rate of Uf on denaturant
concentration and pH.

Refolding ActiVation Energies. Single-jump refolding
experiments under strongly folding conditions were carried
out at three different temperatures (5, 10, and 15°C) and
were monitored by absorbance at 287 nm. From measure-
ments of the refolding rate constants at each temperature,
we could calculate the activation energy for the refolding of
each of the unfolded species. The values are given in Table
2. In our previous study (Houry et al., 1994), we obtained
the activation energy for the refolding of Uvf and Uf under
unfavorable folding conditions. The values were 5( 1 and
6 ( 5 kcal/mol, respectively. These values agree within
experimental error with the value obtained under favorable
folding condition for Uvf + Uf of 8 ( 4 kcal/mol (Table 2).
If the refolding process were rate-limited by proline isomer-
ization, then we would expect a large activation energy on
the order of 15-20 kcal/mol (Brandts et al., 1975; Schmid
& Baldwin, 1978; Houry et al., 1994). Therefore, we can
conclude that the folding of both Uvf and Uf, under both
favorable and unfavorable folding conditions, is a confor-
mational folding process which is not rate-limited by proline
isomerization.

When the refolding of RNase A was carried out under
unfavorable folding conditions, only one slow phase was
observed with a high refolding activation energy on the order
of 16 ( 4 kcal/mol (Houry et al., 1994). However, when
refolding was carried out under favorable folding conditions,
two slow-folding phases were observed with very different
refolding activation energies (Table 2). The refolding
activation energy for UsII is 4 ( 2 kcal/mol, while that for
Us

I is 15 ( 4 kcal/mol. The activation energy of UsI is
similar to that of the slow phase observed under unfavorable
folding conditions. On the basis of the high activation
energy, we expect that the refolding of UsI is rate-limited by
proline isomerization. On the other hand, it is well-known
that a native-like intermediate is populated on the refolding
pathway of UsII [see e.g. Cook et al. 1979)]. This intermedi-
ate is also known to bind 2′-CMP but is postulated to have
a nonnative (trans) Tyr 92-Pro 93 peptide bond (Cook et
al., 1979; Schmid et al., 1986). Therefore, under favorable
folding conditions, UsII undergoes a conformational folding
process to form the native-like intermediate and then X-Pro
peptide bond isomerization takes place within the intermedi-
ate to form the native state. This isomerization is silent to
the monitoring methods used because both the intermediate
and the native state bind 2′-CMP and both have the same
absorbance properties. Hence, under favorable folding
conditions, we would expect the refolding activation energy
of Us

II to be low, as observed (Table 2). However, when
unfavorable folding conditions are employed, the native-like
intermediate is not populated any more (Schmid, 1983), and
the refolding of UsII becomes rate-limited by X-Pro peptide
bond isomerization, resulting in a high activation energy. In
this case, both UsI and UsII would have similar refolding rates
and, experimentally, only one slow-folding phase would be
observed with a high refolding activation energy. This is
borne out by experiment. A similar conclusion about the
refolding activation energy(ies) of the slow-folding species
was reached by Nall et al. (1978). The limitation of the early
studies of Nall et al. (1978) is that UsII and UsI were lumped
together as one species (termed Us).

The refolding rate of Um does not show any large variation
with temperature (Table 2). However, because of the
difficulty in deconvoluting the exponential corresponding to
the refolding of Um from the other exponentials, large
inherent errors are present in the time constants for the
refolding of Um (τm). Hence, we make no attempt to interpret
the reason for the small variation ofτm with temperature.
Model for the Unfolded State.On the basis of this study

and our previous studies, we have been able to detect the
presence of five unfolded species experimentally: Uvf, Uf,
Um, Us

II, and UsI. Dodge and Scheraga (1996) studied the
kinetics of folding of wild type and proline-to-alanine
mutants of RNase A. They carried out double-jump experi-
ments on the wild type and mutant proteins at 15°C by
unfolding at 3.9 M GdnHCl and pH 2.0 for variable times
and then refolding at 1.3 M GdnHCl and pH 5.0. They were
able to show that three X-Pro peptide bonds affect the
refolding kinetics and contribute to the heterogeneity of the
unfolded state of the protein. These three peptide bonds are
X-Pro 93, 114, and 117. Furthermore, X-Pro 42 was
shown not to have any effect on the refolding kinetics (Dodge
et al., 1994). Using this information, Dodge and Scheraga
(1996) assigned the conformation in the different unfolded
species at each of the three X-Pro peptide bonds. They
have shown that Uvf has all the X-Pro peptide bonds in the
native conformation and that Uf consists of two species: one
with a nonnative trans X-Pro 114 and the other with a
nonnative cis X-Pro117. Um was shown to consist of two
species: one with a nonnative trans X-Pro 93 and the other
with a nonnative trans X-Pro 114 and a nonnative cis
X-Pro 117. UsII was shown to consist of two unfolded
species, one with nonnative trans X-Pro 93 and 114, while
the other has nonnative trans X-Pro 93 and nonnative cis
X-Pro 117. Finally, UsI was shown to have all three X-Pro
peptide bonds in a nonnative conformation.
When refolding was carried out under unfavorable folding

conditions, three phases were observed: on the millisecond,
second, and hundreds of seconds time scales (Houry et al.,
1995). The three phases were assigned to the refolding of
Uvf, Uf, and Us. Us was defined as the sum of UsII and UsI.
In that study, we had not yet discovered the presence of Um.
It is most likely that, under the unfavorable folding conditions
used there, Um would fold on the same time scale as Us since
it has a nonnative X-Pro 93 or a nonnative X-Pro 114 and
117. Therefore, the Us observed under unfavorable folding
conditions is actually U(m+s) ) Um + Us

II + Us
I. Figure 1

shows the Box model that was initially proposed by Houry
et al. (1995) and was then verified by mutational studies of
Dodge and Scheraga (1996). Under unfavorable folding
conditions (1.5 M GdnHCl, pH 3.0, and 15°C), we assign
the different unfolded species as follows:

where the subscripts c or t refer to the conformation of the
X-Pro peptide bond of Pro 93, 114, and 117 in that order.
The numbers refer to those given in Figure 1. Under
favorable folding conditions (0.58 M GdnHCl, pH 5.0, and

Uvf ) Ucct ) U1 (7a)

Uf ) Uctt + Uccc) U2 + U5 (7b)

U(m+s) ) Utct + Uttt + Uctc + Utcc + Uttc )
U3 + U4 + U6 + U7 + U8 (7c)
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15 °C), we have argued above that the very-fast- and fast-
refolding species cannot be deconvoluted and must be
grouped together. Therefore, the four phases observed
correspond to four species grouped as follows:

Figure 5 shows the Box model and the distribution of the
unfolded species when refolding is carried out under
unfavorable (Figure 5A) or favorable (Figure 5B) folding
conditions. The species are arranged in the same manner in
Figures 1 and 5. It should be noted that the subscripts vf, f,
m, sII, and sI reflect the behavior of the unfolded species
upon refolding. These subscripts should be thought of as
representing the different refolding phases observed rather
than any given unfolded species.
Refolding Models for the Different Unfolded Species.

Under unfavorable folding conditions, the refolding process
of each of the unfolded species is expected to approach a
two-state process since no intermediates are appreciably
populated under these conditions [see Houry et al. (1994)].
Therefore, under these conditions, we can represent the
folding pathway of each of the unfolded species as

where Ui represents any of the unfolded species.
Equation 4 represents the refolding pathway of Uvf.

Previously, we have shown that eq 4 can be used to explain
the experimentally observed refolding kinetics of Uvf over a
wide range of GdnHCl and pH conditions (Houry et al., 1995,
1996). Equation 4 reduces to eq 9 at high GdnHCl
concentrations, where IΦ is no longer populated, with Ui )
Uvf + IU. Therefore, eq 4 can be used to represent the
refolding pathway of Uvf under all GdnHCl and pH condi-
tions employed whether unfavorable or favorable.
Little is known about the refolding pathway of Uf or Um.

Both are proposed to contain X-Pro peptide bonds in
nonnative conformations (Dodge & Scheraga, 1996). How-
ever, under favorable folding conditions of 0.58 M GdnHCl,
pH 5.0, and 15°C, Uf folds on the millisecond time scale
and Um folds in about 2 s. The refolding rates obtained when
the folding process is monitored by absorbance are similar
to those obtained when the folding process is monitored by
2′-CMP binding (Table 2). Hence, under favorable folding
conditions, the refolding of Uf or Um cannot be rate-limited
by the slow X-Pro peptide bond isomerization. Therefore,
we propose that Uf and Um fold rapidly to native-like
intermediates that have nonnative X-Pro peptide bonds,
which can bind 2′-CMP and which have the same absorbance
properties as that of native. These intermediates will be
labeled IN(f) and IN(m), respectively.
The refolding pathway of UsII has been investigated

extensively. Under favorable folding conditions, it has been
shown that there are at least two intermediates which become
populated on the refolding pathway of UsII (Cook et al., 1979;
Schmid & Baldwin, 1979b; Kim & Baldwin, 1980; Schmid,

1983; Brems & Baldwin, 1985; Udgaonkar & Baldwin, 1988,
1990, 1995). The first intermediate that forms from Us

II is
a hydrogen-bonded intermediate (I1) which protects the NHs
from exchange. The second intermediate is a native-like
intermediate [IN(sII)]3 which can bind inhibitor and which
has absorbance properties similar to that of native. These
two intermediates form sequentially from UsII.
Very little is known about the refolding pathway of UsI.

The large activation energy obtained for its refolding rate
under favorable folding conditions (14.8 kcal/mol, Table 2)
suggests that the refolding of UsI is rate-limited by proline
isomerization. Mui et al. (1985) have proposed the presence
of a largely unfolded intermediate (I′) that is formed from
Us

I by the isomerization of a proline residue (possibly Pro
93).
On the basis of the above discussion, the independent

refolding pathways for the different unfolded species, under
the favorable folding condition employed here, can be
represented as follows:

It is important to note that the above refolding models are
proposed minimal ones based on the information available
to date.
Relating the Refolding Amplitudes to Concentrations.In

our previous study (Houry et al., 1994), we showed that the
total refolding amplitude in the double-jump experiments
under unfavorable folding conditions did not vary, within
experimental error, with the unfolding time. This was also
true in the current study where refolding was carried out
under favorable folding conditions and where Um, Us

II, and
Us

I were individually detected. Therefore, we can reasonably
assume that all the unfolded species have similar absorb-
ances. Hence, the absorbance properties of the unfolded
species, the intermediates, and the native state can be related
as follows:

where U is a generic species representative of any of the
unfolded species andε represents the extinction coefficient.
εU andεN are the extinction coefficients of the unfolded and
the native species, respectively.
The unfolded state of RNase A consists of all the different

unfolded species given above. When refolding of this
ensemble of unfolded species is monitored by absorbance,
each of the unfolded species appears to fold in a single-
exponential decay curve to the native or native-like state.

3 IN(sII) has been referred to in the literature as IN [see, e.g., Cook
et al. (1979)].

U(vf+f) ) Ucct + Uctt + Uccc) U1 + U2 + U5 (8a)

Um ) Utct + Uctc ) U3 + U6 (8b)

Us
II ) Uttt + Utcc ) U4 + U7 (8c)

Us
I ) Uttc ) U8 (8d)

Ui f N (9)

Uvf h IU h IΦ h N (10a)

Uf f IN(f) f N (10b)

Um f IN(m)f N (10c)

Us
II f I1 f IN(sII) f N (10d)

Us
I f I′ f N (10e)

εU ) ε(Uvf) ) ε(Uf) ) ε(Um) ) ε(Us
II) ) ε(Us

I) )

ε(IU) ) ε(IΦ) ) ε(I1) ) ε(I′ ) (11)

εN ) ε(N) ) ε[IN(f)] ) ε[IN(m)] ) ε[IN(sII)] (12)
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Under strongly folding conditions, each of the unfolded
species will fold according to eqs 10a-e. In the Appendix,
we show that the change in absorbance as a function of
refolding time for each of the refolding eqs 10a-e will follow
an apparent single-exponential decay curve. For eqs 10a-
c, this follows directly from the absorbance properties of
the intermediates (eqs 11 and 12). For eqs 10d,e, in addition
to using the absorbance properties of the intermediates, the
following approximations were also used. For eq 10d, the
refolding step from UsII to I1 was assumed to be much faster
than that from I1 to IN(sII). This agrees with what is known
in the literature about the properties of I1 and IN(sII) (Schmid
& Baldwin, 1979b; Kim & Baldwin, 1980; Udgaonkar &
Baldwin, 1988, 1990, 1995). I1 is an early-folding interme-
diate on the refolding pathway of UsII, while IN(sII) forms
on the second time scale under favorable folding conditions.
For eq 10e, the conformational folding step from I′ to N
was assumed to be faster than the isomerization step from
Us

I to I′. This agrees with the proposal of Mui et al. (1985)
for the refolding of UsI at low denaturant concentrations.
The reason why the refolding process of each of the

unfolded species appears to be a single-exponential decay
curve can be rationalized as follows (the mathematical
treatment is given in the Appendix). During the refolding
of Uvf, the absorbance change observed is due to the
formation of the native species from all the other species
given in eq 10a with an apparent rate given bykvf (eq 5).
Since the equilibration between Uvf, IU, and IΦ occurs within
the dead time of the instrument, and since all three species
have the same extinction coefficient (εU), then the refolding
of Uvf will appear to be a single-exponential process with
no burst phase. For the refolding of Uf or Um, only the
reaction from Uf to IN(f) or from Um to IN(m) is monitored
by absorbance. The subsequent step from IN(f) to N or from
IN(m) to N is silent, becauseε(N) ) ε[IN(f)] ) ε[IN(m)].
For the refolding of UsII, only the reaction from I1 to IN(sII)
is monitored by absorbance. The step from Us

II to I1 is too
fast with respect to the reaction from I1 to IN(sII), while the
step from IN(sII) to N cannot be detected becauseε(N) )
ε[IN(sII)]. Finally, for the refolding of UsI, the slow step is
the rate-limiting step, and the apparent reaction monitored
is that from UsI to I′. Therefore, the refolding processes of
each of the unfolded species will appear to be a two-state
reaction resulting in single-exponential decay curves.
The amplitude obtained from the apparent single-expo-

nential decay curve for the refolding of each of the unfolded
species is equal to the concentration of that species at zero
refolding time multiplied by (εU - εN) (see the Appendix).
Hence, we can write

where R is the absorbance amplitude obtained from the
apparent single-exponential decay curve for the refolding of
each species and [Ui]0 is the concentration of species Ui at
zero refolding time.
Isomerization Rates of the X-Pro Peptide Bonds in the

Unfolded State of RNase A at 15°C. On the basis of the
above discussion, the refolding amplitudes obtained from the
double-jump experiments upon fitting the refolding decay
curves at each unfolding time are directly proportional to
the relative concentrations of the different unfolded species
that are present in the unfolded state at that given unfolding

time. The variation of the relative absorbance amplitudes
with the unfolding time is given in Figure 3. Figure 3A
shows the relative amplitudes when the refolding step is
carried out under favorable folding conditions of 0.58 M
GdnHCl, pH 5.0, and 15°C, while Figure 3B shows the
relative amplitudes when the refolding step is carried out
under unfavorable folding conditions of 1.5 M GdnHCl, pH
3.0, and 15°C. The data for Figure 3B are taken from our
previous study (Houry et al., 1994). In both studies, the
unfolding step was carried out at 4.2 M GdnHCl and pH
2.0.
Under favorable folding conditions, four phases were

observed corresponding to the refolding of U(vf+f), Um, Us
II,

and UsI. Under unfavorable folding conditions, only three
phases were observed corresponding to the refolding of Uvf,
Uf, and U(m+s). In the Box model of Figure 1, there are eight
unfolded species. These species were grouped according to
eqs 7a-c and 8a-d, depending on the refolding conditions
used. This is also shown in panels A and B of Figure 5.
The amplitudes in panels A and B of Figure 3 were then fit
simultaneously to the Box model of Figure 1 to obtain the
cis-trans and the trans-cis isomerization rate constants at
each of the three X-Pro 93, 114, and 117 peptide bonds in
the unfolded state of the protein at 15°C. The isomerization
rate constants are given in Table 3, and the resulting
theoretical decay curves are shown as solid lines in Figure
3. In the fitting of the data,k0 was fixed at 28.57 s-1 (i.e.
τ ) 35.0 ms) which is the value obtained from single-jump
unfolding experiments (Houry et al., 1994). All other rate
constants were allowed to vary.
The theoretical curves drawn in Figure 3 fit the experi-

mental points reasonably well, indicating that the Box model
of Figure 1 is a good first approximation for the nature of
the distribution of the different unfolded species in the
unfolded state of the protein. The isomerizations around
X-Pro 93, 114, and 117 are essential for characterizing the
heterogeneity of the unfolded state. This was shown
explicitly by the proline-to-alanine mutants of Dodge and
Scheraga (1996). Dodge and Scheraga carried out double-
jump studies on the wild type protein and on the mutants
P93A, P114A, and P117A. They fit their data to the Box
model of Figure 1 to obtain the time constants for the
isomerizations about the X-Pro peptide bonds. Their values
are also given in Table 3. From Table 3, it is clear that the
isomerization time constants and the equilibrium constants
of Dodge and Scheraga agree with those obtained in the
current study within experimental error.
It should be pointed out that, even though the isomerization

time constants for X-Pro 117 obtained in the current study
are similar to those of Dodge and Scheraga (1996) within
experimental error, the best fit values themselves are twice
as large as those of Dodge and Scheraga. There is a large
uncertainty in the isomerization time constants of X-Pro
117. Figure 6 shows the behavior of all the eight unfolded
species as a function of unfolding time when the protein is
unfolded at 4.2 M GdnHCl, pH 2.0, and 15°C. The curves
drawn are theoretical ones generated on the basis of the Box
model of Figure 1 and the time constants of Table 3. As
shown in Figure 6, the species formed by the isomerization
of X-Pro 117, namely U5, U6, U7, and U8, have low
amplitudes throughout the unfolding time, and hence, when
being fit to the Box model, the isomerization rates of X-Pro
117 are determined mainly by experimental data that have

Rvf:Rf:Rm:RsII:RsI ) [Uvf]0:[Uf]0:[Um]0:[Us
II]0:[Us

I]0 (13)
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large errors because of their low amplitudes. Therefore, the
difference in the isomerization rates of X-Pro 117 between
the current study and that of Dodge and Scheraga can arise
solely from experimental error.
Another possible source for the discrepancy can be the

assumption made about the refolding mechanism of the
mutant proteins. In these mutants, replacing a proline with
an alanine affects the absorbance properties of the protein
and consequently can affect the absorbance properties of the
intermediates present on the refolding pathways. Two of
the tyrosines in the protein are next to prolines, namely Tyr
92-Pro 93 and Pro 114-Tyr 115. Mutating each of these
two prolines to alanine results in an increase in the extinction
coefficient of the protein [see Table 1 of Dodge and Scheraga
(1996)]. Mutating the other two prolines has no substantial
effect on the extinction coefficient of the protein. Therefore,
intermediates present on the refolding pathway of the mutant
proteins might not have absorbance properties similar to those
of the native or unfolded protein. Consequently, the
relationship between the refolding amplitude and concentra-
tion would have to be examined more carefully.
Finally, the Box model of Figure 1 is a minimal model

that was proposed on the basis of a kinetic analysis of the

data (Houry et al., 1994), and the model was then verified
by mutational studies (Dodge & Scheraga, 1996). It is
important to recognize that each of the unfolded species is
an ensemble of unfolded species that are in rapid equilibrium
with each other. The model fits well to our data of Figure
3 and to the data of Dodge and Scheraga (1996) for the wild
type, P93A, and P114A mutant proteins whether using the
isomerization rates of Dodge and Scheraga or the isomer-
ization rates of the current study (results not shown).
However, the Box model does not fit well to the double-
jump refolding amplitudes of the P117A mutant protein
irrespective of whether the isomerization rates of Dodge and
Scheraga [Figure 10 of Dodge and Scheraga (1996)] or the
isomerization rates of the current study (not shown) are used.
This might indicate that there are other events or isomer-
izations that occur in the unfolded state of the protein that
give rise to these multiple unfolded species. At this stage,
we can only speculate as to the nature of these events. They
might include, for example, disulfide bond isomerization or
other X-Y peptide bond isomerizations where Y is not a
proline. Further mutational studies will be needed to
determine them. Consequently, the Box model would have
to be expanded further.

Equilibrium Distribution of the X-Pro Peptide Bonds.
Table 3 lists the equilibrium constants obtained for the cis-
trans isomerization at each of the three X-Pro peptide bonds
(Tyr 92-Pro 93, Asn 113-Pro 114, and Val 116-Pro 117)
in the unfolded protein at 4.2 M GdnHCl, pH 2.0, and 15
°C. The values obtained in the current study are similar to
those obtained by Dodge and Scheraga (1996). On the basis
of the equilibrium values of the current study, X-Pro 93
has 68-82% of the peptide bonds in a trans conformation
and 18-32% in a cis conformation in the unfolded state;
while for X-Pro 114, 84-94% are in a trans conformation
and 6-16% are in a cis conformation. Hence, the X-Pro
114 peptide bond has a lower percentage of cis isomers than
X-Pro 93. Because of the large errors in the isomerization
rates of X-Pro 117, no reasonable estimate can be made
for the percentage of cis or trans isomers at that peptide bond.

Adler and Scheraga (1990) have found by NMR spec-
troscopy that, in the unfolded state of RNase A, 60% of the

Table 3: Results of the Fit to the Box Modela

X-Pro 93 X-Pro 114 X-Pro 117isomerization
time constants
at 15°C (s)

cf t
(k1)-1

t f c
(k-1)-1

cf t
(k2)-1

t f c
(k-2)-1

cf t
(k3)-1

t f c
(k-3)-1

current study 120 (15) 389 (130) 43 (8) 468 (232) 125 (79) 539 (270)
Dodge and Scheragab 130 500 50 385 67 204

equilibrium
constants at 15°C K1 ) k1/k-1 K2 ) k2/k-2 K3 ) k3/k-3

current study 3.3 (1.2) 10.8 (5.7) 4.3 (3.4)
Dodge and Scheragab 3.9 7.7 3.1

a The relative refolding absorbance amplitudes obtained from the double-jump experiments at different unfolding times were fit to the Box
model shown in Figure 1. In the double-jump experiments, the folded protein in 1.5 M GdnHCl and pH 5.6 was unfolded at 4.2 M and pH 2.0.
The protein was kept unfolded for variable amounts of time ranging from 0.14 to 600 s. The unfolded protein was then refolded at 0.58 M GdnHCl
and pH 5.0 (data of Figure 3A) or at 1.5 M GdnHCl and pH 3.0 (data of Figure 3B). The refolding process was monitored by absorbance. All
experiments were carried out at 15°C. The different refolding species observed were grouped according to eqs 7a-c and 8a-d. The data of
Figure 3B are from Houry et al. (1994). The rate constants refer to those shown in Figure 1. In the fitting of the data, all the rate constants were
allowed to vary except fork0 which was fixed at 28.57 s-1 (Houry et al., 1994). The numbers in parentheses give the error at the 95% confidence
limit. b The values listed are those obtained by Dodge and Scheraga (1996).

FIGURE6: Change in the relative concentration of each of the eight
unfolded species of Figure 1 with unfolding time when RNase A
is unfolded at 4.2 M GdnHCl, pH 2.0, and 15°C. The curves were
generated on the basis of the kinetic model of Figure 1 and the
isomerization time constants of Table 3. The unfolded species are
numbered according to Figure 1.
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X-Pro 93 peptide bonds are in the trans conformation and
that 63% of the X-Pro 114 peptide bonds are in the trans
conformation. The standard deviation on each value is 7%.
At a 95% confidence limit, the values obtained by Adler
and Scheraga (1990) would be similar to the values obtained
in the current study. Nevertheless, it should be pointed out
that, in their study, the protein was heat-unfolded at pH 2.0.
There might be a difference in the distribution of the cis
and trans conformations of the X-Pro peptide bonds between
heat-unfolded and denaturant-unfolded protein. Stimson et
al. (1982) obtained the NMR spectrum of the fragment
corresponding to residues 105-124 of RNase A. They found
that 12% of the Asn 113-Pro 114 peptide bonds in this
fragment are in a cis conformation. They also found that,
in the tripeptide Tyr-Pro-Asn, which corresponds to the
sequence Tyr 92-Pro 93-Asn 94 in RNase A, 29% of the
Tyr-Pro peptide bonds are in the cis conformation. Their
findings are in agreement with the equilibrium values
obtained in the current study for X-Pro 93 and 114. From
studies on model peptides (Grathwohl & Wuthrich, 1976;
Dyson et al., 1988; Yao et al., 1994), it was found that the
presence of an aromatic residue before a proline residue
results in a higher population of the cis X-Pro peptide bond
conformation. This is consistent with the cis-trans distribu-
tion of Tyr 92-Pro 93 compared to that of Asn 113-Pro
114 as given above.
In summary, the values obtained for the equilibrium

constants about the three X-Pro peptide bonds under
consideration are in agreement with observations from studies
on model peptides. Using these equilibrium constants, the
relative concentrations of the different unfolded species in
the equilibrium unfolded state of the protein at 4.2 M
GdnHCl, pH 2.0, and 15°C can be calculated

The relative percentages are also given in Figure 5.
Contribution of the X-Pro 42 Peptide Bond.In addition

to the X-Pro peptide bonds of Pro 93, 114, and 117, the
X-Pro 42 peptide bond is also expected to isomerize when
the protein is unfolded. However, since the conformation
around the X-Pro 42 peptide bond does not affect the
refolding kinetics (Dodge et al., 1994), the isomerization
around X-Pro 42 would be “silent” in the double-jump
experiments. However, this does not exclude the fact that
the isomerization around X-Pro 42 contributes to the
heterogeneity of the unfolded state of the protein. Figure 7
shows the kinetic model for the unfolding of RNase A at
both low pH and high GdnHCl concentration when four
independent isomerization events take place in the unfolded
state of the protein at X-Pro 42, 93, 114, and 117. This
results in the formation of 16 unfolded species. Since the
isomerization about the X-Pro 42 peptide bond does not
affect the refolding kinetics, the eight species (U1-U8) (solid
box) will have the same refolding behavior as the other eight
species (U9-U16) (dashed box). At this stage of our
investigation, we are not able to obtain the rates of isomer-
ization about the X-Pro 42 peptide bond. A structure
determination of the unfolded state of RNase A by hetero-
nuclear NMR would provide further information about the
effect of X-Pro cis-trans peptide bond isomerization on
the unfolded state of the protein.

CONCLUSION

Through the study of the refolding process of RNase A
under favorable folding conditions, a new medium-folding
phase was observed in addition to the very-fast-, fast-, and
slow-folding phases. The new phase arises from the refold-
ing of a distinct unfolded species called Um. Consequently,
there are at least five experimentally observed species in the
unfolded state of RNase A: Uvf, Uf, Um, Us

II, and UsI. The
five experimentally observed unfolded species correspond
to eight theoretically possible species which have different
conformations at each of the X-Pro 93, 114, and 117 peptide
bonds. Uvf has all three X-Pro peptide bonds in native
conformations, while UsI has all three X-Pro peptide bonds
in nonnative conformations. It is observed that the refolding
rate of Uf has a much stronger pH dependence than that of
Uvf. The results indicate that each of the unfolded species
refolds to the native state along distinct folding pathways at
different refolding rates.
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APPENDIX

DeriVations of the Relations between the Absorbance
Refolding Amplitudes and Concentrations

In this Appendix, we derive the mathematical relations
between the experimentally determined absorption amplitude
for the refolding of each of the unfolded species and the
concentration of that species. For this purpose, we discuss
the refolding pathway of each unfolded species separately.
In the following, the absorbance path length is assumed to
be 1 cm.

[U1]:[U2]:[U3]:[U4]:[U5]:[U6]:[U7]:[U8] )
1.6:17.3:5.3:57.0:0.4:4.0:1.2:13.2 (14)

FIGURE 7: Proposed kinetic model for the unfolding of RNase A
when there are four independent isomerization events taking place
in the unfolded state of the protein. The protein conformationally
unfolds from the native state (N) to the first unfolded species U1
(i.e. Uvf); then independent isomerizations take place at X-Pro 42,
93, 114, and 117 peptide bonds. c and t refer to the cis or trans
conformation of X-Pro 42, 93, 114, and 117 peptide bonds, in
that order. The model consists of a box inside another box. Species
U1-U8 (the outer solid box) and species U9-U16 (the inner dashed
box) are the same as the unfolded species of Figure 1 but with a
specified trans or cis X-Pro 42 peptide bond, respectively. The
arrows above the figure help to show the directionality of the
isomerization of each of the four X-Pro peptide bonds in the model.
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UVf. Experimentally, the total absorbance change moni-
tored as a function of refolding time (t) is the sum of the
absorbance changes of all the species present on the refolding
pathway. This can be represented as follows

The refolding pathway of Uvf is given in eqs 4 and 10a. From
eq A-1, we can write

We assume that, at zero refolding time, only Uvf is present
at a concentration of [Uvf]0. It can easily be shown that

where kvf, k, K, and Ki are defined in eqs 4 and 5.
Substituting the above equations into eq A-2 and using the
relations given by eqs 11 and 12, we obtain

The above expression is the experimentally observed ab-
sorbance decay curve upon refolding Uvf. Hence, the
experimentally determined amplitude for the refolding of Uvf

is (εU - εN)[Uvf]0.
Uf, Um, and UsI. The refolding pathway of these three

species is given by a three-state sequential model (eqs
10b,c,e). In a general form, the model is

U represents Uf, Um, or Us
I, while I represents IN(f), IN(m),

or I′. The solution to the above model is given by Szabo
(1969). At zero refolding time, only U is present at a
concentration of [U]0. It can be shown that the expression
for each of the species as a function of refolding time is

The total absorbance change as a function of the refolding
time for eq A-5 is given by

In the case of Uf and Um, εI ) εN (eq 12). Therefore, eq
A-7 becomes

Only the reaction from U to I, which is a single-exponential
process, can be observed experimentally. The refolding
amplitude is (εU - εN)[U]0, similar to that of Uvf. On the
other hand, for UsI, εI ) εU as shown in eq 12. Hence, we
can write for UsI

If the proline isomerization step from UsI to I′ is much slower
than the conformational folding process from I′ to N (i.e. if
k1 , k2) under favorable folding conditions, then eq A-9
reduces to

Only the slow isomerization process is observed experimen-
tally, and the refolding amplitude is (εU - εN)[U]0.
Us

II. The refolding pathway of UsII is given by a four-
state sequential folding model (eq 10d). The refolding
reaction is

The equation can be solved following the procedure of
Benson (1960). We assume that, at zero refolding time, only
Us

II is present at a concentration of [UsII]0. The following
expressions can be derived:

From eqs 11 and 12,εU ) ε(Us
II) ) ε(I1) andεN ) ε[IN(sII)].

Therefore, the total absorbance change as a function of the
refolding time is given by

Substitution of eqs A-12a-d into eq A-13 results in

which is the same as eq A-9. This is expected because we
cannot distinguish between N and IN(sII) by absorbance.
Although the relaxation rate from UsII to I1 is not well-

total absorbance(t) ) ∑
i

absorbance(t) of species i

(A-1)

total absorbance(t) ) absorbance(Uvf) +
absorbance(IU) + absorbance(IΦ) + absorbance(N)

(A-2)

[Uvf] ) [Uvf]0[kvf/(kKKi)]e
-kvft (A-3a)

[IU] ) [Uvf]0[kvf/(kK)]e
-kvft (A-3b)

[IΦ] ) [Uvf]0(kvf/k)e
-kvft (A-3c)

[N] ) [Uvf]0(1- e-kvft) (A-3d)

total absorbance(t) ) (εU - εN)[Uvf]0e
-kvft + εN [Uvf]0

(A-4)

U98
k1
I 98

k2
N (A-5)

[U] ) [U]0e
-k1t (A-6a)

[I] ) [U]0 [k1/(k2 - k1)](e
-k1t - e-k2t) (A-6b)

[N] ) [U]0{(1- e-k1t) - [k1/(k2 - k1)](e
-k1t - e-k2t)}

(A-6c)

total absorbance(t) ) εU[U] + εI[I] + εN[N] (A-7)

total absorbance(t) ) (εU - εN)[U]0e
-k1t + εN[U]0 (A-8)

total absorbance(t) ) (εU - εN)[U]0{[k2/(k2 - k1)]e
-k1t -

[k1/(k2 - k1)]e
-k2t} + εN[U]0 (A-9)

total absorbance(t) ) (εU - εN)[U]0e
-k1t + εN[U]0

(A-10)

Us
II 98

k1
I198

k2
IN(sII)98

k3
N (A-11)

[Us
II] ) [Us

II]0e
-k1t (A-12a)

[I 1] ) [Us
II]0[k1/(k2 - k1)](e

-k1t - e-k2t) (A-12b)

[IN(sII)] ) [Us
II]0{k1k2/[(k2 - k1)(k3 - k1)]}e

-k1t -

[Us
II]0{k1k2/[(k2 - k1)(k3 - k2)]}e

-k2t +

[Us
II]0{k1k2/[(k3 - k1)(k3 - k2)]}e

-k3t (A-12c)

[N] ) [Us
II]0 - [Us

II]0{k2k3/[(k2 - k1)(k3 - k1)]}e
-k1t +

[Us
II]0{k1k3/[(k2 - k1)(k3 - k2)]}e

-k2t -

[Us
II]0{k1k2/[(k3 - k1)(k3 - k2)]}e

-k3t (A-12d)

total absorbance(t) ) εU[Us
II] + εU[I 1] +
εN[IN(sII)] + εN[N] (A-13)

total absorbance(t) )
(εU - εN)[Us

II]0{[k2/(k2 - k1)]e
-k1t -

[k1/(k2 - k1)]e
-k2t} + εN[Us

II]0 (A-14)
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determined, nevertheless, it is expected to be much faster
than the rate of formation of IN(sII) (Schmid & Baldwin,
1979b; Udgaonkar & Baldwin, 1990). Hence, to a first
approximation,k1 . k2. Consequently, eq A-14 reduces to

The refolding process observed experimentally corresponds
to the formation of IN(sII) from I1. The amplitude obtained
is (εU - εN)[Us

II]0.
Therefore, upon the refolding of the different unfolded

species, the refolding process for each species would appear
to be a single-exponential process, and the amplitude
obtained for the refolding decay curve is equal to the
concentration of that species at zero refolding time multiplied
by (εU - εN). In other words,Rvf:Rf:Rm:RsII:RsI ) [Uvf]0:
[Uf]0:[Um]0:[Us

II]0:[Us
I]0, whereRi is the absorbance-moni-

tored refolding amplitude of species i.
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