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Kinetic and thermodynamic analysis of the conformational folding process
of SS-reduced bovine pancreatic ribonuclease A using a selenoxide reagent
with high oxidizing ability
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a b s t r a c t

Redox-coupled folding pathways of bovine pancreatic ribonuclease A (RNase A) with four intramo-
lecular disulfide (SS) bonds comprise three phases: (I) SS formation to generate partially oxidized
intermediate ensembles with no rigid folded structure; (II) SS rearrangement from the three SS
intermediate ensemble (3S) to the des intermediates having three native SS linkages; (III) final oxi-
dation of the last native SS linkage to generate native RNase A. We previously demonstrated that
DHSox, a water-soluble selenoxide reagent for rapid and quantitative SS formation, allows clear sep-
aration of the three folding phases. In this study, the main conformational folding phase (phase II)
has been extensively analyzed at pH 8.0 under a wide range of temperatures (5–45 �C), and thermo-
dynamic and kinetic parameters for the four des intermediates were determined. The free-energy
differences (DG) as a function of temperature suggested that the each SS linkage has different ther-
modynamic and kinetic roles in stability of the native structure. On the other hand, comparison of
the rate constants and the activation energies for 3S ? des with those reported for the conforma-
tional folding of SS-intact RNase A suggested that unfolded des species (desU) having three native
SS linkages but not yet being folded are involved in very small amounts (<1%) in the 3S intermediate
ensemble and the desU species would gain the native-like structures via X-Pro isomerization like SS-
intact RNase A. It was revealed that DHSox is useful for kinetic and thermodynamic analysis of the
conformational folding process on the oxidative folding pathways of SS-reduced proteins.
� 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Understanding of the pathways of protein folding is important
for de novo design of artificial enzymes [1] and elucidation of the
mechanism for misfolded protein disorders caused by amyloid for-
mation [2]. Previous experimental and theoretical achievements
have demonstrated that the folding follows pathways through
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structurally characteristic intermediates, such as hydrophobic
clusters [3–5], molten globules [6–8], and discrete structured
intermediates with stable conformations [9–11]. However, obser-
vation as well as kinetic and thermodynamic characterization of
these quasi-stable folding intermediates is not easy because they
are short-lived under the folding conditions. A redox-coupled oxi-
dative folding method is frequently applied to the folding study of
disulfide (SS)-containing proteins, for which the partially oxidized
SS intermediates generated during the oxidative folding process
can be trapped and isolated by controlling the folding conditions
[12]. Small monomeric proteins, such as bovine pancreatic trypsin
inhibitor (BPTI) [9,13], hen egg white lysozyme [11,14], a-lactalbu-
min [15], hirudin [16], and bovine pancreatic ribonuclease A
(RNase A) [17], have been used as model proteins for oxidative
folding study.

RNase A is a typical globular protein of 124 amino acid residues
containing four SS bonds (C40–C95, C65–C72, C26–C84, and C58–
C110) [18]. By using trans-4,5-dihydroxy-1,2-dithiane (DTTox) as
an oxidant for SS formation, the major oxidative folding pathways
from the fully reduced state (R) to the native state (N) have been
well established by Scheraga and coworkers as shown in Fig. 1
lsevier B.V. All rights reserved.
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Fig. 1. Major oxidative folding pathways of RNase A. Phase I is the first SS formation
phase (a chain-entropy losing phase), phase II is the second SS rearrangement phase
(a conformational folding phase), and phase III is the final oxidation phase to
generate the native state.
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[19–21]. After initiation of the folding by addition of an excess
amount of DTTox, R having no SS bond is gradually oxidized to
the ensembles of 1S, 2S, 3S, and 4S intermediate species, which
have one–four SS bonds, respectively. In this oxidation process,
any rigid folded structures are not yet generated (phase I). Subse-
quently, the 3S intermediates are converted to the structured
intermediates having three native SS bonds, i.e., des[40–95],
des[65–72], des[26–84], and des[58–110], by slow intramolecular
SH–SS exchange reaction (called here SS rearrangement) generat-
ing the native-like structures (phase II). Finally, des[40–95] and
des[65–72] are oxidized to N by DTTox remaining in the reaction
solution (phase III). Des[26–84] and des[58–110], which are kinet-
ically trapped intermediates, can be observed only at low temper-
atures (<15 �C) and have not yet been isolated to investigate their
folding behaviors because their populations were very low under
previously applied oxidative folding conditions. In addition to the
major folding pathways shown in Fig. 1, the oxidation from 2S to
des[40–95] or des[65–72] has also been characterized as the minor
folding pathways [22,23]. It should be noted that the 4S can be
converted to N through the reduction to 3S by reacting with DTTred

existing in the solution.
In general, oxidative folding pathways of a protein with several

SS bonds involve two basic reactions; SS formation (oxidation) and
intramolecular SH–SS exchange reactions. The former corresponds
to global packing of the polypeptide chain causing the entropy loss,
and the latter corresponds to the rapid SS reshuffling or slow SS
rearrangement to search for the conformations enthalpically stabi-
lized by native or non-native interactions [12]. In the conventional
methods, sulfur-containing oxidants, such as DTTox and oxidized
glutathione (GSSG), are employed under weakly basic conditions
(ca. pH 7–9) [9,11,13–17], which allow for competitive progress
of the SS formation and SH–SS exchange reactions. Roles of the par-
tially oxidized SS intermediates can be investigated by quenching
the reactions by chemically modifying remaining SH groups
[17,24,25] or by using engineered mutants of the SS intermediates
[26–29]. Recently, new types of oxidative folding reagents, such as
polymer-bound sulfur-containing compounds [30], aromatic sulfur
compounds [31,32], platinum complexes [33,34], and diselenides
[35,36], have been synthesized and examined. Protein disulfide
isomerase [37,38] and short peptides with a –Cys–Xaa–Xaa–Cys–
motif [39] have also been applied to the study of oxidative protein
folding.

On the other hand, we recently demonstrated that a new ap-
proach using a water-soluble selenium-containing oxidant, trans-
3,4-dihydroxyselenolane oxide (DHSox), is promising for elucida-
tion of oxidative folding pathways of a protein more easily and
more accurately [40]. Since DHSox has highly strong and selective
oxidizing ability, it enables rapid, quantitative, and irreversible SS
formation of the folding intermediates under wide pH conditions
(ca. pH 3–10) [41,42]. Thus, by using DHSox, the SS formation
process (phase I) can be cleanly separated from the slow SS rear-
rangement processes (phase II). In the oxidative folding of RNase
A, des[40–95] and des[65–72] intermediates could be easily ob-
served at 25 �C and pH 8.0 after addition of three equivalents of
DHSox to R. Furthermore, it was evidenced that the SS formation
(phase I) can be divided to two subphases; kinetic SS formation
phase (phase Ia) and the thermodynamic SS reshuffling phase cor-
responding to redistribution of the SS intermediates to slightly sta-
bilized SS species (phase Ib) [42]. The transition from the kinetic to
thermodynamic phases by rapid SS reshuffling was reflected by
hydrophobic clustering of the polypeptide chain accompanying
generation of native interactions. The kinetic SS formation process
(phase Ia) was further suggested to follow a stochastic reaction be-
cause the rate constants were roughly proportional to the number
of the SH groups present along the polypeptide chain [40,42,43].
After generation of the thermodynamically stabilized SS interme-
diates via stochastic SS formation and rapid SS reshuffling, the fold-
ing moves to a subsequent conformational folding stage (phase II),
where 3S intermediates are transformed to the des intermediates
via slow SS rearrangement accompanying generation of the na-
tive-like structures.

In the present study, the SS rearrangement reaction (phase II) of
RNase A from 3S to the des intermediates, which is a main process
to build up the native structure, is focused. While all four possible
des intermediates having discrete folded structures were previ-
ously observed as the key intermediates for oxidative folding of
RNase A [19,20], their thermodynamic properties have not been
quantitatively determined albeit the behaviors of analogous
mutants, such as [C40S, C95S] and [C65S, C72S], have been exten-
sively studied [28,29,44]. In the meantime, in the oxidative folding
of SS-containing proteins, there is a controversial argument: which
occurs earlier, formation of native SS linkages or acquisition of the
native structure [45–49]? Scheraga and coworkers previously
elucidated that in generation of des[40–95], the conformational
folding coupled with X-Pro93 isomerization takes place after for-
mation of the third native SS linkage on the basis of two experi-
ments, i.e., the redox-coupled unfolding/folding of RNase A using
the P93A mutant and the conformational folding of SS-intact
des[40–95] [45,47]. However, it is not yet known whether this
model is applicable to the other three des intermediates. On the
other hand, Boudko and Engel demonstrated that in type III colla-
gen the SH groups have to be properly placed for formation of the
native SS bonds [48]. There are other instances, in which formation
of native SS bonds is conducted by native structure formation [49].

Thermodynamic and kinetic behaviors of four des intermediates
of RNase A have been extensively studied herein at pH 8.0 under a
wide range of temperatures (5–45 �C) by applying DHSox as an oxi-
dative folding reagent. The relative thermodynamic stabilities
about the four des intermediates were quantitatively determined
for the first time without use of the analogous mutants. The reac-
tion rate constants for 3S ? des were also clearly determined. On
the basis of the obtained thermodynamic and kinetic parameters,
roles of the each native SS linkage in stability of the native struc-
ture as well as a relation between the conformational folding pro-
cesses of SS-intact RNase A and those of SS-reduced RNase A are
discussed. Furthermore, we have succeeded in isolation of the four
des intermediates by acid quenching of the folding mixture and
subsequent fractionation by reverse-phase HPLC. The each isolated
des intermediate was allowed to fold to N under an aerobic condi-
tion to confirm phase III of the folding pathways.
2. Materials and methods

2.1. Materials

RNase A (type 1-A) was purchased from Sigma–Aldrich, Japan,
and used without purification. DHSox [50] and 2-aminoethyl meth-
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anethiosulfonate (AEMTS) [51] were synthesized according to the
literature methods. All other reagents were commercially available
and used without further purification.

2.2. Preparation of reduced RNase A (R)

The experimental procedure previously described [40] was fol-
lowed. To a solution of RNase A (4–7 mg) dissolved in 0.6 ml of a
100 mM Tris–HCl/1 mM EDTA buffer solution at pH 8.5 containing
4 M guanidine thiocyanate as a denaturant was added an excess
amount of DTTred (7–8 mg). The reaction mixture was incubated
at room temperature for 50 min. Resulting R was purified by pass-
ing through the column packed with Sephadex G25 resin, which
was equilibrated with a 100 mM Tris–HCl/1 mM EDTA buffer
solution at pH 8.0 purged with nitrogen. The concentration of R
obtained was determined by UV absorbance at 275 nm (e = 8600
M–1 cm–1 [17]). The R solution was immediately used in the follow-
ing folding experiments.

2.3. Oxidative folding of RNase A using DHSox as an oxidant

A DHSox solution in 100 mM Tris–HCl/1 mM EDTA buffer at pH
8.0 was prepared so that the concentration of DHSox was three-fold
with respect to R. The R and DHSox solutions were maintained at
5.0, 15.0, 25.0, 35.0, or 45.0 ± 0.1 �C in a dry thermo bath. Two hun-
dred micro-liters of the R solution was manually added with 200 ll
of the DHSox solution in a 1.5 ml micro-centrifuge tube. The mix-
ture was intensely stirred by vortexing for 5 s and was incubated
for a certain period of time (1–1680 min) in a dry thermo bath reg-
ulated at 5.0–45.0 ± 0.1 �C.

Three sample solutions with a different post-oxidation treat-
ment were prepared for each reaction time. The first sample solu-
tion was added with 200 ll of an aqueous AEMTS solution (7 mg/
ml) to quench SS reshuffling and SS rearrangement reactions
(without a redox pulse). AEMTS is a thiol blocking reagent that
modifies a free SH group to SSCH2CH2NHþ3 giving a polythiol mol-
ecule one unit of positive charge and 76 Da of molecular mass per
one SH group. For the second sample solution, a reduction pulse
was applied according to the literature [52]. Before quenching
the reactions by addition of AEMTS, 200 ll of a 100 mM Tris–
HCl/1 mM EDTA buffer solution at pH 8.0 containing 21–27 mM
DTTred (a reduction pulse) was added to the sample solution. After
2–4 min at the same temperature, the reaction was quenched with
400 ll of the aqueous AEMTS solution. For the third sample solu-
tion, an oxidation pulse was applied [21,34]. Before the AEMTS
quenching, 200 ll of a 100 mM Tris–HCl/1 mM EDTA buffer solu-
tion at pH 8.0 containing DHSox of the same concentration as R
(an oxidation pulse) was added to the sample solution. After
3 min at the same temperature, the reaction was quenched with
200 ll of the AEMTS solution. The collected sample solutions were
acidified to pH 2–3 with 8 ll of 2 M acetic acid and stored at –
30 �C.

In parallel to the above long-term folding experiments, recovery
of the native structure of RNase A was monitored by UV spectros-
copy at the same temperature. Five hundred micro-liters each of
the R and DHSox solutions were mixed and poured into the 1 ml
quartz cell, which was set in the cell holder of a Shimadzu UV-
1700 spectrophotometer thermostated at 5.0, 15.0, 25.0, 35.0, or
45.0 ± 0.1 �C by using a circulating water-bath system.

2.4. Isolation and folding of des intermediates

Four des intermediates of RNase A were isolated by the follow-
ing procedure. The folding sample solution (400 ll), which was ob-
tained by addition of 3 eq DHSox to R and subsequent incubation at
5 �C for 15 h, was treated under a reduction pulse condition (200 ll
of 27 mM DTTred) at 5 �C for 4 min. The solution was then acidified
with 25 ll of 15% aqueous trifluoroacetic acid (TFA) solution. The
crude des products obtained were desalted by using a Sephadex
G25 column into 0.1 M acetic acid and fractionated by HPLC
equipped with a 1 ml sample solution loop and a Tosoh TSKgel
ODS-100V 4.6 � 150 mm reverse-phase column, which was equil-
ibrated with 74:26 (v/v) mixture of 0.1% TFA in water (eluent A)
and 0.1% TFA in acetonitrile (eluent B) at a flow rate of 0.8 ml/
min. A solvent gradient (a ratio of eluent B linearly increased from
26% to 28% in 0–35 min, from 28% to 55% in 35–40 min, from 55%
to 55% in 40–45 min, from 55% to 100% in 45–46 min) was applied.
The separated des intermediates were detected by UV absorption
at 280 nm. Each isolated des intermediate was subsequently folded
to N under an aerobic condition as follows. The fractionated solu-
tion was lyophilized and dissolved in 30 ll of 1 mM HCl at 4 �C.
The pH of the solution was then increased by addition of 900 ll
of 100 mM Tris–HCl/1 mM EDTA buffer solution at pH 8.0 and
5 �C in order to induce slow SS formation by air oxidation and SS
reshuffling of the des intermediate. The mixture was incubated
in a dry thermo bath regulated at 5.0 ± 0.1 �C. After a certain period
of time (5–300 min), 100 ll of the aliquot was taken from the mix-
ture into 200 ll of an aqueous AEMTS solution in a 1.5 ml micro-
tube. After 5 min, the resulting sample solution was acidified to
pH 2–3 with 8 ll of 2 M acetic acid and stored at –30 �C.

2.5. Temperature-jump experiments

The R and DHSox solutions with the concentration ratio of 1:3
were cooled at 15.0 ± 0.1 �C in a thermostated water bath. Five mil-
liliters each of the solutions were mixed in a 15 ml micro-centri-
fuge tube. The mixture was rapidly stirred by vortexing for 10 s
and incubated at 15.0 ± 0.1 �C in a thermostated water bath under
nitrogen for 300 min. An aliquot (400 ll) of the reaction solution
was taken out and reacted with 200 ll of an aqueous AEMTS solu-
tion (7 mg/ml) to quench the reaction. The temperature of the
water bath was then increased to 25.0 ± 0.1 �C. After 20 min, an ali-
quot (400 ll) of the reaction solution was taken out and reacted
with 200 ll of the AEMTS solution. Similarly, the temperature
was further increased to 35.0 �C for 20 min and then decreased
to 15.0 �C for 300 min. At each temperature an aliquot of the reac-
tion solution was reacted with AEMTS. The collected sample solu-
tions were acidified and stored at –30 �C.

2.6. HPLC analysis

The sample solutions from the above folding experiments were
thawed and desalted by using a Sephadex G25 column equilibrated
with 0.1 M acetic acid. The desalted solutions were analyzed by
HPLC according to the method described previously [40]. A Shima-
dzu VP series high performance liquid chromatograph system
equipped with a 5 ml sample solution loop and a Tosoh TSKgel
SP-5PW cation-exchange 75 � 7.5 column was used. After sample
injection, a Na2SO4 gradient was applied by linearly increasing
the ratio of buffer B from 0% to 45% in 50 min at a flow rate of
0.5 ml/min: buffer A was 25 mM HEPES/1 mM EDTA at pH 7.0
and buffer B was buffer A + 0.5 M Na2SO4. The folding intermedi-
ates were detected by UV absorption at 280 nm. The recorded sig-
nals were integrated and analyzed by using a Shimadzu LC solution
software.

2.7. Characterization of folding intermediates

The AEMTS-quenched folding intermediates fractionated by
HPLC were collected, purified by using a Sephadex G25 column
into 0.1 M acetic acid, and lyophilized. The molecular mass of each
intermediate was measured on a Jeol JMS-T100LP spectrometer
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connected to an Agilent 1200 series HPLC system. For four des
intermediates, the collected sample was digested by trypsin and
a-chymotrypsin and analyzed by using the LC-MS system to iden-
tify the SS bonds according to the literature method [40,53].

3. Results

3.1. Oxidative folding of RNase A at various temperatures

When R was reacted with three equivalents of DHSox as an oxi-
dant at pH 8.0 for 1 min, 1S–4S folding intermediates were ob-
tained with 3S as major products as previously reported [40].
According to profiles of the HPLC chromatograms, the same inter-
mediate ensembles with SS components were observed in a range
of the reaction temperature between 5 and 45 �C. However, the
intermediates produced after 3 h became significantly different
from each other depending on the incubation temperature as seen
in the HPLC chromatograms shown in Fig. 2.

At low temperatures (i.e., at 5 and 15 �C), growth of five distinct
peaks was observed (Fig. 2a and b). These peaks were unambigu-
ously assigned to native RNase A (N) having four native SS bonds
and four des intermediates (des[65–72], des[58–110], des[26–
84], and des[40–95], respectively) by ESI(+)-MS analysis of the
samples collected from the HPLC elutant as well as by the SS-bond
analysis applying the trypsin and a-chymotrypsin digestion meth-
od. Since the des intermediates were not obviously observed when
two or four equivalents of DHSox were employed, they should be
mainly generated from the 3S intermediates via slow intramolecu-
lar SS rearrangement. Formation of N would be achieved by oxida-
tion of des[65–72] and des[40–95] through intermolecular SH–SS
exchange reactions [54].

When similar long-term folding experiments were carried out
at 25 �C, populations of des[58–110] and des[26–84] decreased sig-
nificantly, while des[65–72] and des[40–95] could be seen clearly
Fig. 2. HPLC chromatograms obtained by the long-term folding experiments of
RNase A using three equivalents of DHSox as an oxidant at pH 8.0 and 5–45 �C. The
refolding time was 180 min. Reaction conditions: (a) [R]0 = [DHSox]0/3 = 19.4 lM at
5 �C; (b) [R]0 = [DHSox]0/3 = 20.7 lM at 15 �C; (c) [R]0 = [DHSox]0/3 = 24.7 lM at
25 �C; (d) [R]0 = [DHSox]0/3 = 21.3 lM at 35 �C; (e) [R]0 = [DHSox]0/3 = 24.2 lM at
45 �C. See the text for details of the HPLC analysis conditions.
in the HPLC chromatogram (Fig. 2c). The des[40–95] and des[65–
72] intermediates, however, disappeared apparently at 35 and
45 �C, respectively (Fig. 2d and e). The observation strongly sug-
gested that each des intermediate has different thermodynamic
stability.

3.2. Equilibriums between 3S and the des intermediates

Reversible interconversion between the 3S and four des inter-
mediates was confirmed by the temperature-jump experiment
(Fig. 3). When the folding solution obtained by the reaction of R
with three equivalents of DHSox at 15 �C for 5 h was allowed to
be maintained at 25 �C for 20 min, populations of des[26–84] and
des[58–110] were reduced, while the population of 3S was en-
hanced. Subsequent treatment of the solution at 35 �C for 20 min
caused a decrease in the population of des[40–95] and an increase
in the population of 3S. These population changes were almost
completely retrieved when the solution was maintained at 15 �C
for 5 h again. Thus, the presence of the equilibriums shown in
Eqs. (1)–(4) is evident.
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3.3. Reduction pulse

To get more quantitative information about populations of the
four des intermediates as a function of the reaction time at various
temperatures, a reduction pulse of DTTred [52] was applied to the
Fig. 3. HPLC chromatograms obtained by the temperature-jump experiment for the
folding intermediates of RNase A generated by the reaction of R with three
equivalents of DHSox at pH 8.0. Reaction conditions: [R]0 = [DHSox]0/3 = 19.0 lM. (a)
Incubated at 15 �C for 300 min. (b) Incubated at 25 �C for 20 min after (a). (c)
Incubated at 35 �C for 20 min after (b). (d) Incubated at 15 �C for 300 min after (c).
See the text for details of the HPLC analysis conditions.



Fig. 5. Populations of the 3S and four des intermediates as a function of the reaction
time. Reaction conditions were [R]0 = [DHSox]0/3 = 14.0 lM at 5 �C and pH 8.0.
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sample solutions containing oxidative folding intermediates of
RNase A. Addition of the reductant with a high concentration
should rapidly reduce the folding intermediates (i.e., 1S–4S) back
to R (and/or 1S) except for the intermediates having robust folded
structures, which sterically prevent the SS bonds from an attack of
the reductant. Thus, by application of a reduction pulse the inter-
mediates having folded structures could be easily identified among
a number of the oxidative folding intermediates, and their exact
populations were determined.

The HPLC chromatograms obtained at various temperatures
after the reduction pulse are shown in Fig. 4. It is seen that all fold-
ing intermediates except for N and four des intermediates were re-
duced to R and/or 1S at all temperatures. By integrating peaks of
the intermediates and comparing the peak areas before and after
the reduction pulse, accurate populations of the des intermediates
as well as N and 3S could be determined. It should be noted that
the populations thus obtained did not change at all by increasing
the time of the reduction pulse up to 8 min, indicating that N
and the des intermediates were not reduced under the applied
conditions. It is also notable that small peaks of des[26–84] and
des[58–110] were clearly observed in the HPLC chromatogram at
a reaction temperature of 25 �C after the reduction pulse. This indi-
cates that these des intermediates have stable structures at 25 �C
and pH 8.0 although their populations are very low. The presence
of des[26–84] and des[58–110] during oxidative folding of RNase
A under these conditions has not been proposed previously.

Fig. 5 shows the plots of the populations of 3S and four des
intermediates determined by application of the reduction pulse
at 5 �C and pH 8.0 as a function of the folding time (30 min–
28 h). On the basis of the SS rearrangement schemes shown in
Eqs. (1)–(4), we analyzed kinetics and thermodynamics of the reac-
tions to obtain the first-order rate constants ðkf

1—4 and kr
1—4Þ and

the equilibrium constants (K1–4) at each temperature. The results
are summarized in Table 1.

The values of K1–4 were determined by using populations of 3S,
des[40–95], des[65–72], des[26–84], and des[58–110] after a long
Fig. 4. HPLC chromatograms obtained by the reduction pulse experiments for
RNase A using DTTred as a reductant at pH 8.0. Folding conditions are the same as
(a–e) of Fig. 2. The reduction pulse conditions: (a) 9 mM DTTred for 4 min at 5 �C, (b)
8 mM DTTred for 3 min at 15 �C, and (c–e) 7 mM DTTred for 2 min at 25, 35, and
45 �C, respectively. See the text for details of the HPLC analysis conditions.
period of the reaction time (16, 14, 10, and 8 h at 5, 15, 25, and
35 �C, respectively), where the pseudo-equilibriums attained.
Free-energy differences of the des intermediates (DG) calculated
by using the equilibrium constants and the temperature are also
listed in Table 1. Des[40–95] is the most stable among the four
des intermediates at 25 �C and the lower temperatures at pH 8.0.
However, des[65–72] becomes more stable than des[40–95] at
35 �C.

On the other hand, the values of the first-order rate constants
were determined as follows. First, the forward rate constants were
estimated by using the relative population data obtained in the
beginning of the incubation, where only forward reactions would
take place because of low populations of the des intermediates.
Second, given the equilibriums of Eqs. (1)–(4), the reverse rate con-
stants were calculated by using the values of kf and K. The kinetic
data thus obtained revealed that the rates of formation ðkf

1—4Þ for
the des intermediates from 3S increase in the order, des[65–
72] < des[26–84] < des[58–110] < des[40–95], while the rates for
the reverse reactions ðkr

1—4Þ fall in a narrow range of the magnitude
at 5 and 15 �C. At 25 �C, the rate constants could be obtained accu-
rately only for des[40–95] and des[65–72] because yields of the
other des intermediates were quite low. At 35 �C, the rate con-
stants could not be determined even for des[40–95] and des[65–
72].

3.4. Formation of native structure

UV spectra of the solutions containing a mixture of R and three
equivalents of DHSox were measured under the same reaction con-
ditions to the oxidative folding experiments of RNase A in order to
estimate ratios of the native structure regenerated during the incu-
bation. From the magnitude of the absorbance change at 287 nm
from that observed after 1 min of the incubation time, the native
ratio could be estimated by using the DeU ? N value at 287 nm
(1640 mol–1 cm–1) determined by the SS-intact heat denaturation
study at pH 8.0. The estimation relies on the observations that only
a marginal amount of the native state (N) and des intermediates
was accumulated within 1 min of the reaction mixture (as men-
tioned earlier) and also that the UV spectrum of the mixture of
1S–4S intermediates at pH 8.0 is similar to the SS-intact denatured
state (U) [42]. However, since the conformation of the des interme-
diates would be looser than N, the native ratio thus obtained could
be slightly underestimated. Fig. 6 compares ratios of the native
structure generated after 5 h at various temperatures. Regenerated
native ratios, which were determined by UV spectral analysis at
287 nm, and total populations of N and the des intermediates,



Table 1
Kinetic and thermodynamic parameters for the equilibriums between 3S and four des intermediates of RNase A at pH 8.0.

SS rearrangement Temperature (�C) k (�103 min�1)f,a kr (�103 min�1)b ½des�1 (%)c Kd DG (kcal/mol)e

3S�des½40—95� 5 4.8 ± 0.4 0.7 ± 0.1 32.4 ± 1.9 6.8 ± 0.5 �1.1 ± 0.1
15 5.0 ± 0.3 0.7 ± 0.2 39.9 ± 1.1 7.0 ± 1.6 �1.1 ± 0.1
25 9.1 ± 3.5 6.3 ± 0.7 29.4 ± 1.9 1.4±0.2 �0.2 ± 0.1
35 NDf ND 1.4 ± 0.4 0.03 ± 0.01 2.1 ± 0.3

3S�des½65—72� 5 0.6 ± 0.1 0.7 ± 0.1 4.1 ± 0.5 0.9 ± 0.1 0.1 ± 0.1
15 1.0 ± 0.1 1.4 ± 0.4 4.2 ± 0.4 0.7 ± 02 0.2 ± 0.2
25 1.3 ± 0.1 3.3 ± 0.5 8.3 ± 0.8 0.4 ± 0.1 0.5 ± 0.2
35 ND ND 2.7 ± 0.2 0.06 ± 0.01 1.7 ± 0.1

3S�des½26—84� 5 1.0 ± 0.4 0.4 ± 0.1 11.6 ± 0.2 2.4 ± 0.1 �0.5 ± 0.1
15 1.3 ± 0.2 1.0 ± 0.2 7.5 ± 0.2 1.3 ± 0.3 �0.2 ± 0.1
25 ND ND 1.2 ± 0.4 0.06 ± 0.02 1.7 ± 0.2
35 ND ND ND ND ND

3S�des½58—110� 5 2.2 ± 0.5 0.6 ± 0.1 17.7 ± 0.2 3.7 ± 0.1 �0.7 ± 0.1
15 3.2 ± 0.2 1.8 ± 0.5 11.9 ± 1.7 2.1 ± 0.7 �0.4 ± 0.2
25 ND ND 1.1 ± 0.1 0.05 ± 0.01 1.8 ± 0.1
35 ND ND ND ND ND

a Rate constants for formation of the des intermediates from the 3S intermediate ensemble.
b Rate constants for rearrangement from the des intermediates to the 3S intermediate ensemble.
c Relative populations of the des intermediates in the 3S species after a long period of the reaction time.
d Equilibrium constants for the equilibriums between the 3S intermediate ensemble and the des intermediates. The values were calculated by using [des]1 and [3S]1

([3S]1 = 4.8 ± 0.1% at 5 �C, 5.7 ± 1.1% at 15 �C, 20.5 ± 1.0% at 25 �C, and 42.7 ± 1.9% at 35 �C).
e Free energy differences of the des intermediates with respect to the 3S intermediate ensemble.
f Not determined.

Fig. 6. Comparison of the ratios of native structure of RNase A estimated by UV
measurement at 287 nm and those of the native state (N) and des intermediates at
pH 8.0. Reaction conditions: [R]0 = [DHSox]0/3 = 25.1 lM at 5 �C, [R]0 = [DHSox]0/
3 = 20.7 lM at 15 �C, [R]0 = [DHSox]0/3 = 24.7 lM at 25 �C, and [R]0 = [DHSox]0/
3 = 23.7 lM at 35 �C. The reaction time was 300 min.
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which were determined by reduction pulse experiments, well
agree to each other, but the native ratios determined by UV are al-
ways larger. The difference is even enhanced at low temperatures.

3.5. Oxidation pulse

After incubation of the reaction mixture of R and three equiva-
lents of DHSox at pH 8.0 and 15 �C for 300 min, one equivalent of
DHSox was added to the reaction solution. The obtained HPLC chro-
matogram is shown in Fig. 7. Since DHSox is a strong oxidant, the
oxidation pulse should convert R, 1S, 2S, and 3S without rigid
structure to 4S. According to the pathways shown in Fig. 1,
des[65–72] and des[40–95] would also be oxidized to N, while
des[26–84] and des[58–110] would not be oxidized. Indeed, after
the oxidation pulse, populations of N and 4S largely increased,
and none of R, 1S, 2S, 3S, and des[65–72] was observed in the chro-
matogram although a small amount of des[40–95] remained. The
increased ratio for N agreed well with the disappeared ratios for
des[65–72] and des[40–95]. In the meantime, populations of
des[26–84] and des[58–110] did not change by the oxidation
pulse. The results clearly demonstrated that des[26–84] and
des[58–110] are dead-end intermediates at 15 �C on the folding
pathways of RNase A. This feature was explained previously by
the residual cysteinyl SH groups of des[26–84] and des[58–110]
being buried in the native-like folded structures [21].

3.6. Folding from isolated des intermediates to N

In addition to oxidation pulse experiments, four des intermedi-
ates were isolated in a form with the two SH groups unblocked,
and their folding behaviors in a folding buffer solution were inves-
tigated at pH 8.0 and 5 �C in order to elucidate folding pathways
from each des intermediate to N unambiguously. The sample solu-
tion obtained from the reduction pulse experiment was acidified at
pH 2, and the acid-quenched des intermediates were separated and
purified by reverse-phase HPLC (see supporting information). Each
des intermediate was then dissolved in 1 mM HCl under an air
atmosphere, and the folding reaction was initiated by increasing
the pH to 8 to encourage SS formation by air oxidation and SS
reshuffling. The sample solution was incubated at 5 �C for
300 min. The folding intermediates generated were monitored by
HPLC with AEMTS quenching. Fig. 8 shows HPLC chromatograms
obtained by folding of des[58–110], which is a dead-end interme-
diate at the temperature on the oxidative folding pathways of
RNase A. The sample for the reaction time of 0 min was prepared
by quenching the isolated des intermediate by AEMTS in 200 mM
acetate buffer at pH 4.0. It is seen that ca. 40% of des[58–110]
was converted to unfolded 3S species in 5 min and des[40–95]
and des[65–72] were subsequently generated accompanying for-
mation of N. Since des[58–110] cannot be directly oxidized to N
according to the oxidation pulse experiment (Fig. 7), it is clear that
des[40–95] and des[65–72], which were formed from des[58–110]
via 3S, were subsequently transformed to N by air oxidation. Sim-
ilar results were obtained in the folding of isolated des[26–84] (see
supporting information). In contrast, in the folding of des[40–95]



Fig. 7. An HPLC chromatogram obtained by the oxidation pulse experiment of
RNase A at 15 �C and pH 8.0. Reaction conditions: [R]0 = [DHSox]0/3 = 20.7 lM.
Oxidation pulse conditions: After 300 min of the refolding reaction, the sample
solution was treated with one equivalent of DHSox at 15 �C for 3 min. See the text
for details of the HPLC analysis conditions.

Fig. 8. HPLC chromatograms obtained by folding of isolated des[58–110] under an
aerobic condition at pH 8.0 and 5 �C. The initial concentration of des[58–110] was
approx. 20 lM.

66 K. Arai et al. / FEBS Open Bio 2 (2012) 60–70
and des[65–72], generation of des[26–84] and des[58–110] were
not observed, and N was formed directly by air oxidation during
the incubation.

4. Discussion

4.1. DHSox as a useful oxidative folding reagent

Oxidative folding pathways of RNase A were previously eluci-
dated as shown in Fig. 1 [19–21], in which four des intermediates
with native-like fold are located as key intermediates. These des
intermediates could be observed only by carrying out well-de-
signed experiments. For example, des[40–95] and des[65–72] were
characterized by initiation of the refolding reaction by reacting R
with a large excess amount of an oxidant, such as DTTox, followed
by the incubation for a controlled period of time, removal of the re-
dox species (i.e., DTTox and DTTred), and then incubation of the ob-
tained mixture of folding intermediates again in an appropriate
buffer solution [19]. Des[26–84] and des[58–110] were character-
ized by application of a reduction pulse of DTTred to the folding
mixture of R and DTTox obtained at 15 �C after enough progression
of the oxidative folding reaction [20].

On the other hand, we observed in this study the four des inter-
mediates very easily just by mixing R with an appropriate amount
of DHSox as shown in Fig. 2. This was possible because DHSox is a
strong and selective oxidant for SS formation, hence the oxidant
is not left in the folding mixture after 1 min even at 5 �C. Mean-
while, the observation that the des intermediates were detected
apparently only when three equivalents of DHSox were employed
clearly indicated that the des intermediates are dominantly gener-
ated from the 3S intermediate ensemble via SS rearrangement. The
result from the oxidation pulse experiment (Fig. 7) further demon-
strated that among the four des intermediates des[40–95] and
des[65–72] can be oxidized to N at 15 �C. Thus, the oxidative fold-
ing pathways of RNase A were fully reproduced in a simple manner
by using DHSox. It was previously shown that DHSox is useful as a
strong and quantitative SS formation reagent for reduced proteins
at a wide pH range (at least 3–10) [41,42]. The present study fur-
ther reveals that DHSox works as a rapid and quantitative oxidant
at pH 8.0 in a wide range of temperature at least from 5 to 45 �C.

In the oxidative folding protocol applied here, the reduced pro-
tein (R) was just mixed with an appropriate amount of DHSox at a
controlled pH and temperature. This simple method allowed us not
only to assign the exact folding pathways but also to obtain precise
thermodynamic and kinetic parameters as to the key folding inter-
mediates as given in Table 1. Detailed thermodynamic and kinetic
features of the des intermediates as well as the whole folding path-
ways toward the native state (N) are discussed below.

4.2. Thermodynamics of the des intermediates

Equilibriums (Eqs. (1)–(4)) were established between 3S and the
four des intermediates after long-time incubation of the reaction
mixture of R and DHSox (Fig. 5). The reversible changes in the pop-
ulations observed in the temperature-jump experiment (Fig. 3)
unequivocally confirmed the presence of the equilibriums. There-
fore, the relative populations of the des intermediates obtained
after long-time incubation should reflect their thermodynamic sta-
bilities. It should be noted, however, that the equilibriums are not
real ones because des[40–95] and des[65–72] are slowly oxidized
to N, even in the absence of DHSox, via intermolecular SH–SS ex-
change reactions [54].

At 5 and 15 �C, the equilibrium constants (K) showed that
des[40–95] is most stable and the thermodynamic stability de-
creases in order of des[40–95], des[58–110], des[26–84], and
des[65–72]. The free-energy differences between the most stable
des[40–95] and the least stable des[65–72] at 5 and 15 �C were
1.2 and 1.3 kcal/mol, respectively (Table 1). Such quantitative ther-
modynamic data for all the des intermediates were first deter-
mined in this study.

At higher temperatures, however, the stability order changed
significantly: des[65–72] becomes more stable than des[58–110]
and des[26–84] at 25 �C, and it becomes most stable at 35 �C.
According to the reduction pulse experiments (Fig. 4), des[58–
110] and des[26–84] were observed at the temperature up to
25 �C, while des[40–95] and des[65–72] could be observed till
35 �C. These observations strongly suggest that denaturation tem-
peratures (Tm) of des[40–95] and des[65–72] are higher than those
of des[58–110] and des[26–84]. Indeed, it was previously reported
that 3SS mutants of RNase A lacking one native SS linkage, i.e.,
[C40A, C95A], [C65A, C72A], [C26A, C84A], and [C58A, C110A],
denature at 34, 39, 27, and 24 �C, respectively [27–29], which is
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consistent with the fact that the populations of des[40–95],
des[65–72], des[26–84], and des[58–110] significantly decrease
at 25–35, 35–45, 15–25, and 15–25 �C, respectively. Thus, a loss
of relative populations for the four des intermediates by raising a
temperature is reflected by the denaturation temperatures.

Although des[65–72] would have the highest Tm value, its sta-
bility at low temperatures (5 and 15 �C) was the lowest among
the four des intermediates. Similarly, des[58–110] is more stable
than des[26–84] below 15 �C but the Tm of des[58–110] would
be lower than that of des[26–84] according to the denaturation
study of the 3SS mutants [27]. Thus, it appeared that there is no di-
rect correlation between relative thermodynamic stabilities of the
des intermediates and the Tm values. This feature would indicate
that each native SS linkage of RNase A plays different roles in the
thermodynamic and kinetic properties. C65–C72 should have the
largest effect on thermodynamic stability of the native structure,
whereas C26–C84 and C58–C110, which are buried inside of the
folded native structure, would be more important than the other
SS linkages for the kinetic stability.

4.3. Kinetics of the des intermediates

The rate constants for the conversion from the 3S intermediate
ensemble to des[40–95] and des[65–72] at 25 �C and pH 8.0 were
previously estimated by Scheraga and coworkers as 0.014 and
0.0021 min–1, respectively, based on the oxidative folding study
of RNase A by using DTTox as an oxidant [55]. The corresponding
values obtained in this study are 0.0091 and 0.0013 min–1, respec-
tively (Table 1). Although the values are a little small compared
with previous ones, the both values would be roughly consistent
with each other by considering large experimental errors. On the
other hand, for the reverse reactions from des[40–95] and
des[65–72] to 3S, the rate constants previously determined were
0.0064 and 0.0003 min–1, respectively, based on the reductive
unfolding study of RNase A by using an excess amount of DTTred

[56], while the corresponding values obtained in this study were
0.0063 and 0.0033 min–1. The values for the conversion of
des[40–95] are in good agreement with each other. However, those
for the conversion of des[65–72] are in significant difference. The
discrepancy is likely due to difference in the experimental condi-
tions: previous rate constants were determined for the irreversible
reactions from the des intermediates to specific 3S intermediates
(i.e., 3S0, direct precursors of the des intermediates), not for the
reversible reactions between 3S and the des intermediates as per-
formed in this study.

Based on the forward rate constants obtained for Eqs. (1)–(4)
ðkf

1—4Þ, time constants (s) of the reactions were calculated to be
s = 110 min for des[40–95] and 770 min for des[65–72] at 25 �C,
while s = 200 min for des[40–95], 1000 min for des[65–72],
770 min for des[26–84], and 310 min for des[58–110] at 15 �C.
Thus, it turned out that native structure formation in the oxidative
folding of RNase A progresses in a long time-scale (100–1000 min)
at around room temperatures. On the other hand, conformational
folding of SS-intact RNase A rapidly proceeds for the unfolded spe-
cies of Uvf+f (19%), Um (9%), UII

s (58%), and UI
s (13%) in time-scales of

28 ms, 1.6, 23, and 120 s, respectively, under favorable folding con-
ditions at 0.58 M GdnHCl, pH 5.0, and 15 �C [57]. The folding
processes, which are controlled by X-Pro peptidyl cis–trans isomer-
ization, are very rapid compared to the conformational folding pro-
cesses observed in the oxidative folding. This may suggest that the
native structure formation accompanied by SS rearrangement was
not associated with X-Pro isomerization but with other structuring
processes. However, it would not be necessarily correct because the
rate constants ðkf

1—4Þ obtained in this study are based on the reac-
tion from the entire 3S intermediate ensemble to the des interme-
diates. In precise treatment, 3S should contain various SS species.
Since we observed only four des intermediates as structured 3S
species in the reduction pulse experiment, it would be obvious that
formation of the three native SS linkages precedes folding to the
native structure as shown in Eq. (5),

. . . �3S00�3S0�desU
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

3S

�
kf 0

des N ð5Þ

where desU and desN are the des intermediates with unfolded and
folded conformation, respectively. Thus, in the oxidative folding of
RNase A the conformational folding process would take place at
least after formation of the three native SS linkages, being consis-
tent with the previous model suggested by Scheraga and coworkers
[45,47,58]. Based on the reaction scheme of Eq. (5), the step from
desU to desN should correspond to a conformational folding process
to the native structure, and the formation rate of desN from 3S
intermediate ensemble must become very slow due to a low popu-
lation of desU.

To assess the chemical events involved in the rate-determining
process of the desN formation (Eq. (5)), we subsequently calculated
activation energies for the conversion from 3S to des[40–95] and
des[65–72] by Arrhenius plots using the forward rate constants
(kf) at three different temperatures (5, 15, and 25 �C). The obtained
values were 5 ± 4 and 6 ± 2 kcal/mol for 3S ? des[40–95] and
3S ? des[65–72], respectively. For des[26–84] and des[58–110],
the accurate activation energies could not be determined due to
a lack of the kf values at 25 �C. However, the roughly estimated val-
ues by using the data at 5 and 15 �C were 4 and 6 kcal/mol, respec-
tively, which are similar to those obtained for des[40–95] and
des[65–72]. Interestingly, these values are also similar to the acti-
vation energies reported for refolding of SS-intact RNase A at
0.58 M GdnHCl, pH 5.0, and 15 �C (8 ± 4 and 4 ± 2 kcal/mol for
the unfolded species of Uvf+f and UII

s , respectively) [57]. The agree-
ment strongly suggested that the events involved in the rate-deter-
mining process of the 3S ? desN in the SS-coupled RNase A folding
are the X-Pro isomerization processes similarly to those involved
in the SS-intact folding. Thus, it is most likely that the bottleneck
of the formation of desN (Eq. (5)) is the conformational folding step
from desU to desN coupled with X-Pro isomerization, not the SS
reshuffling among 3S species. Indeed, it was previously reported
that the time-scale for folding of unfolded des[40–95] is signifi-
cantly longer than that for the SS reshuffling to 3S at pH 8.0 and
25 �C [47].

As X-Pro cis–trans isomerization processes would be involved
in the kf0 process of Eq. (5), populations of desU in the 3S species
(% desU) were subsequently estimated by using the following
equation:

v ¼ kf ½3S� ¼ kf 0½desU� ð6Þ

where v is the reaction rate for formation of the des intermediates.
Assuming that the kf0 values under the conditions of the present
study (i.e., at 0 M GdnHCl, pH 8.0, and 15 �C) are similar to the fold-
ing rate constants for SS-intact RNase A determined at 0.58 M
GdnHCl, pH 5.0, and 15 �C [57], we estimated that the % desU values
should be very small (<1%, <0.2%, <0.3%, and <0.7% for des[40–95],
des[65–72], des[26–84], and des[58–110], respectively).

4.4. Regeneration pathways toward the native state (N)

The oxidative folding pathways of RNase A consist of three
phases (Fig. 1), which can be clearly separated by employing DHSox

[40]. A whole spectrum of a time course for oxidative folding of
RNase A when three equivalents of DHSox were applied as an oxi-
dant at 25 �C and pH 8.0 is shown in Fig. 9, where the data obtained
from three different experiments were combined to connect the
time course. The short-term data were obtained by the method



Fig. 9. A whole time course for oxidative folding of RNase A by using DHSox as an
oxidant at pH 8.0 and 25 �C. Reaction conditions: [R]0 = [DHSox]0/3 = 48.0 lM for
phase I, [R]0 = [DHSox]0/3 = 26.4 lM for phase II, [R]0 = [DHSox]0/3 = 17.0 lM for
phase III. The relative populations of 1S, N, and des intermediates are expanded in
an inset.
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using a quench-flow instrument as described before [40]. This kind
of clear separation of the folding phases is only possible by using a
strong oxidant, such as DHSox. Each separated phase would be
important in building up the native structures to reach the final
destination.

Phase I is a SS formation (oxidation) process to lose the chain
entropy. This phase makes the conformational space to search for
N significantly limited. The produced 1S–4S intermediates as well
as R do not have stable folded structure, although accumulation of
some weak native interactions and hydrophobic clustering was
evidenced previously for 1S–4S intermediates of RNase A [42].
When DHSox is applied as an oxidant, the reaction completes in a
short time range (�1 min). If there is no rigid folded structure,
the reaction would become a stochastic reaction, meaning that
the reaction rates are simply proportional to the number of SH
groups present along a polypeptide chain [40,42,43].

Phase II is a conformational folding process via SS rearrange-
ment to gain the native folded structures. This process should pro-
ceed via desU species, which would fold to the native structure
through X-Pro cis–trans isomerization. Fig. 6 shows that the total
amount of N and the des intermediates generated in phase II is
not enough to explain the UV absorbance change at 287 nm, sug-
gesting generation of some intermediates having weakly folded
structures other than the four des intermediates. One of the candi-
dates for such intermediates would be the 2S intermediate with
C58–C110 and C26–C84 SS bonds [59], which would populate
more at low temperatures. Nevertheless, those intermediates are
difficult to be observed due probably to the low populations as well
as the facile reduction to R under the reduction pulse conditions.
The SS rearrangement proceeds in a time-scale of 1 min–1 d at
pH 8.0.

Phase III is a final oxidation step to generate N. According to the
result from an oxidation pulse experiment (Fig. 7), it is obvious that
N dominantly formed through des[40–95] and des[65–72]. As seen
in Figs. 2 and 4, N was slowly generated during incubation of the
folding mixture at pH 8.0 via intermolecular SH–SS exchange reac-
tions [54]. The population of N after 5 h increased with raising the
temperature and became maximum at 25 �C. The change synchro-
nizes with the relative populations of des[40–95] and des[65–72],
confirming that these des intermediates are productive intermedi-
ates on the oxidative folding pathways of RNase A. The time-scale
of this final phase is very long (>1 d) in the absence of an excess
amount of an oxidant.

Moreover, by using DHSox we have succeeded in direct observa-
tion of the transformation processes from each isolated des inter-
mediate to N in the present study. In the conventional oxidative
folding method using DTTox as an oxidant, des[26–84] and
des[58–110] could not be isolated due to the low populations in
the folding buffer solution. This is because fast oxidation of
des[40–95] and des[65–72] to N by excess DTTox present in the
solution shifts the equilibriums between the four des intermedi-
ates (Eqs. (1)–(4)) toward des[40–95] and des[65–72]. On the other
hand, when DHSox was used as a redox reagent, the oxidant did not
remain during slow SS rearrangement processes (i.e., phase II). Un-
der low temperature conditions (5–15 �C), therefore, all four des
intermediates achieved the equilibriums depending on their ther-
modynamic stability. As a result, each des intermediate was ob-
tained at a relatively high population. In the folding of isolated
des[40–95] and des[65–72], they were preferentially oxidized to
N rather than converted to 3S under an aerobic condition at pH
8.0 and 5 �C. This suggested that des[40–95] and des[65–72] have
robust folded structures against the SS reshuffling process leading
to 3S intermediates. In contrast, in the folding of isolated des[26–
84] and des[58–110] they were gradually converted to des[40–
95] and des[65–72] through 3S. Thus, it was evidenced that the
two dead-end intermediates have more flexible structures to un-
fold to 3S than the other des intermediates. The results are consis-
tent with the consequence that the two SS linkages of Cys26–Cys84
and Cys58–Cys110, which are buried in the native structure, would
play a role in the kinetic stability.

Meanwhile, N was still generated in a small amount at 45 �C
even though the des intermediates were not observed at the tem-
perature (Fig. 4e). Under such high temperature conditions, folded
des species (desN) are no longer stable, and fast equilibriums
should be established between desU and 3S. Therefore, generation
of N would be accomplished by prompt acquirement of the native
conformation after oxidation of desU via intermolecular SH–SS ex-
change reactions or probably air oxidation. Such pathways to N via
unstructured intermediates are similar to the main folding path-
ways observed for hirudin mutant HV-1 [60] and 3SS mutants of
RNase A lacking C40–C95 or C65–C72 SS bridges [22,23].

5. Conclusions

By application of DHSox as an oxidative folding reagent, all four
possible des intermediates (des[40–95], des[65–72], des[26–84],
and des[58–110]) of RNase A could be clearly and easily character-
ized. This was possible due to the fact that the oxidant (i.e., DHSox)
is not left in the folding mixture after 1 min even at 5 �C because SS
formation is completed rapidly and quantitatively by using DHSox.
The folding protocol applied here was much easier to identify the
oxidative folding pathways than previous methods using sulfur
oxidants, such as DTTox and GSSG. This simple method allowed
us not only to assign the major folding pathways exactly but also
to obtain quantitative thermodynamic and kinetic parameters as
to the key folding intermediates.

After quantitative SS formation in a short time-scale (<1 min) by
addition of three equivalents of DHSox, the four des intermediates
were slowly generated by SS rearrangement from the 3S interme-
diate ensemble. The amounts of these des intermediates generated
after a long reaction time at low temperatures depended on the
thermodynamic stabilities. Although des[65–72] was thermody-
namically least stable at 5�15 �C, the Tm was highest among the
four des intermediates. This indicated that there is no direct corre-
lation between thermodynamic stability and Tm for the four des
intermediates, suggesting that each native SS linkage of RNase A
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plays different roles in the thermodynamic and kinetic properties:
C65–C72 should have the largest effect on thermodynamic stability
of the native structure, whereas C26–C84 and C58–C110 would be
more important than the other SS linkages for the kinetic stability.
Moreover, kinetic analysis for the four des intermediates was car-
ried out. The kf and Ea parameters obtained for the reactions of
3S ? des suggested that the reaction proceeds through desU spe-
cies, which would gain the native structure via X-Pro isomeriza-
tion. Thus, SS-intact conformational folding processes of RNase A
may be applied to the second phase (phase II) of the SS-coupled
conformational folding. Furthermore, by taking advantage of DHSox

all four des intermediates on the oxidative folding pathways could
be populated and isolated by acid quenching. Oxidative folding of
each des intermediate clearly confirmed the pathways to N.
Des[26–84] and des[58–110] cannot be directly oxidized to N but
can be preferentially converted to 3S by SS reshuffling, whereas
des[40–95] and des[65–72] can be dominantly oxidized to N.

By employing DHSox, three phases of the oxidative folding of
RNase A (Fig. 1) could be clearly separated with respect to a time
course (Fig. 9). This facile strategy using DHSox would be an effi-
cient approach toward elucidation of oxidative folding mecha-
nisms of various SS-containing proteins. Such studies are being
conducted in our laboratory to obtain common features of oxida-
tive protein folding pathways.
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