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ABSTRACT: In the redox-coupled oxidative folding of a protein having several SS bonds, two folding phases are
usually observed, corresponding to SS formation (oxidation) with generation of weakly stabilized heterogeneous
structures (a chain-entropy losing phase) and the subsequent intramolecular SS rearrangement to search for the
native SS linkages (a conformational folding phase). By taking advantage of DHS® as a highly strong and
selective oxidant, the former SS formation phase was investigated in detail in the oxidative folding of RNase A.
The folding intermediates obtained at 25 °C and pH 4.0 within 1 min (1S°—4S°) showed different profiles in the
HPLC chromatograms from those of the intermediates obtained at pH 7.0 and 10.0 (1S—4S). However, upon
prolonged incubation at pH 4.0 the profiles of 1S°—3S° transformed slowly to those similar to 1S—3S intermediate
ensembles via intramolecular SS reshuffling, accompanying significant changes in the UV and fluorescence spectra
but not in the CD spectrum. Similar conversion of the intermediates was observed by pH jump from 4.0 to 8.0,
while the opposite conversion from 1S—4S was observed by addition of guanidine hydrochloride to the folding
solution at pH 8.0. The results demonstrated that the preconformational folding phase coupled with SS formation
can be divided into two distinct subphases, a kinetic (or stochastic) SS formation phase and a thermodynamic SS
reshuffling phase. The transition from kinetically formed to thermodynamically stabilized SS intermediates would

be induced by hydrophobic nucleation as well as generation of the native interactions.

Understanding of a protein folding mechanism, the process by
which a protein gains its three-dimensional native structure from
the random-coil state in a buffer solution, is of significant im-
portance in relation to protein engineering (/, 2) as well as various
diseases caused by protein misfolded species, such as Parkinson’s
and Alzheimer’s diseases (3) and amyloidosis (4). Remarkable
experimental progress and theoretical progress have been achieved
in decades in this field (5—7). Generally, two phases are presumed
during the protein folding process (8): the first phase, which corres-
ponds to hydrophobic nucleation from the random-coil unfolded
state, and the second phase, which corresponds to conformational
folding from the sterically compact state to the native state. Under
redox-coupled conditions for the proteins having several disulfide

fSupported by the Ministry of Education, Culture, Sports, Science
and Technology of Japan (Grant-in-Aid for Scientific Research (B): No.
16350092). This study was also supported by fellowships to M.1. from
Sumitomo Foundation and the Association for the Progress of New
Chemistry of Japan.

*To whom correspondence should be addressed. E-mail: miwaoka@
tokal ac.jp. Telephone: +81 463 58 1211. Fax: +81 463 50 2094.

Abbreviations: 18, 28, 3S, and 4S, ensembles of folding intermediates
of RNase A with one, two, three, and four thermodynamically reshuffled
SS linkages, respectively; 1S°, 2S°, 3S°, and 4S°, ensembles of folding
intermediates of RNase A with one, two, three, and four kinetically
formed SS linkages, respectively; AEMTS, 2-aminoethyl methanethio-
sulfonate; BPTI, bovine pancreatic trypsin 1nh1b1t0r CD, circular dichro-
ism; DHS"X, trans-3,4-dihydroxyselenolane oxide; DHSTCd, reduced
DHS°X DTT, dlthlothreltol DTT®, oxidized DTT; EDTA, ethylene-
diaminetetraacetic acid; ESI, electrospray ionization; Gdn-HCl, guani-
dine hydrochloride; GSSG, oxidized glutathione; HEPES, 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid; HPLC, high-performance liquid
chromatography; R, reduced RNase A; RNase A, bovine pancreatic
ribonuclease A; SH, thiol; SS, disulfide; Tris, tris(hydroxymethyl)-
aminomathane; UV, ultraviolet.

©2010 American Chemical Society

(SS)' bonds, these phases are usually assigned to a SS formation
(oxidation) process with generation of weakly stabilized hetero-
geneous structures (a chain-entropy losing phase) and the sub-
sequent intramolecular SS rearrangement process to search for
the native SS linkages (a conformational folding phase), respectively
(9, 10). By using trans-3,4-dihydroxyselenolane oxide (DHS®)
(/1) as a highly strong and selective oxidant, we have studied herein
the former fast SS formation process in detail in the oxidative
folding of bovine pancreatic ribonuclease A (RNase A) (12).

The SS formation in a preconformational folding process of a
protein causes a significant decrease in the chain entropy, but it
concomitantly results in an increase in the thermodynamic stability
as reported for several model proteins, such as RNase A (13, 14),
lysozyme (15, 16), BPTI (17—19), hirudin (20, 21), etc. (22, 23). In
light of the conventional folding funnel model (24), these prefold-
ing events take place on a slope in the rim region. The entropy loss
due to SS formation shifts the unfolded state from the rim region
to the center, which corresponds to the native state (N), in a
horizontal direction, while the stability gain due to inter-amino
acid interaction formation shifts the state in a vertical direction. If
these prefolding events can be separated experimentally, the
information obtained from the two individual processes would
be useful for better understanding the factors that control the
initial steps of protein folding.

RNase A, one of benchmark proteins in folding study, is a
small monomeric protein with four native SS bonds between
C26—C84, C40—C95, C65—C72, and CS8—C110 (12). The
oxidative folding pathways have been well established by Scher-
aga and co-workers (25, 26) as shown in Figure 1. Starting from
the reduced, unfolded species (R), the polypeptide chain is oxidized

Published on Web 11/09/2010 pubs.acs.org/Biochemistry



10536 Biochemistry, Vol. 49, No. 49, 2010

ox

ox ox ox
18 28 38 48
red red red red
% \

]Phase 1l
des[26-84] des[40-95] des[65-72] des[58-110]

Y

N (RNase A)

} Phase |

Phase Il

FiGure 1: 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 11 is the final oxidation phase to generate the native state.

gradually to 1S, 28, 3S, and 4S intermediates, which correspond
to ensembles of the intermediate species with 1—4 SS bonds,
respectively (phase I). The 3S intermediate then undergoes struc-
tural folding accompanied by slow SS rearrangement to produce
des[26—84], des[40—95], des[65—72], and des[ 58— 110] intermediates
that are unique 3S intermediates having three native SS bonds but
lacking one native SS bond specified (phase II). Although these
key folding intermediates have native-like stable structures, only
des[40—95] and des[65—72] can directly be converted to the native
state (N) by oxidation with an oxidant present in the solution
(phase III).

In principle, the redox-coupled folding phases, such as shown
in Figure 1, could be separated by controlling the folding condi-
tions, i.e., by selection of adequate pH, temperature, and the
oxidant. However, when commonly used sulfur reagents, such as
trans-4,5-dihydroxy-1,2-dithiane (DTT*) and oxidized glutathione
(GSSG), were applied as an oxidant (27), clear separation between
the SS formation phase (phase I) and the SS rearrangement phase
(phase IT) was difficult because of the narrow applicable pH range
and the low oxidation ability: due to these shortcomings, oxidative
folding conditions with the sulfur reagents had to be limited at
slightly basic pHs and with a use of an excess amount of the
oxidant, rendering the SS formation and SS rearrangement reac-
tions to proceed competitively. In addition, under such conditions
observation of the key folding intermediates, i.e., des[40—95] and
des[65—72], was prevented by the rapid oxidation to N with the
excess oxidant.

Recently, we have developed a new water-soluble selenium-
containing oxidizing reagent DHS®* (/1) and applied it to the
oxidative folding study of RNase A at 25 °C and pH 8.0 (28).
Since DHS®* is a strong oxidant, R was rapidly and quantita-
tively converted to 18, 2S, 38S, and 4S sequentially without forma-
tion of any byproduct other than reduced DHS (DHS™?). The SS
formation (oxidation) reaction was completed within 1 min, and
the rate constant for each oxidation step was found to be
proportional to the number of free thiol (SH) groups existing
along the reactant intermediate, suggesting stochastic formation
of the SS bonds. After the rapid SS formation, the SS rearrange-
ment reaction to produce the des intermediates took place slowly
via intramolecular SH—SS exchange reactions. Thus, DHS**
permitted clear isolation of the SS formation phase (phase I) from
the SS rearrangement phase (phase II). Another important feature
of DHS®*is a wide applicable pH range (at least at pH 3—9) (29),
which would be useful to control the relative rates for the SS
formation and SS reshuffling reactions involved in phase I: the SS
formation corresponds to a bimolecular random oxidation
process, and the SS reshuffling corresponds to an intramolecular
rapid SH—SS exchange process without generation of rigid stable
structures. The SS reshuffling reaction is distinctly different from
the aforementioned slow SS rearrangement reaction (phase II) in
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that the latter accompanies generation of the native-like struc-
tures (28).

In the meantime, it was previously demonstrated that the
major SS-bond component of the 1S and 2S intermediates
isolated from the reaction mixture of reduced RNase A (R) with
DTT®*at 25 °C and pH 8.0 is one of the four native SS bonds, i.e.,
C65—C72, among 28 possible SS bonds (30, 31): the population
of C65—C72 was 40% in 1S and 26% in 2S. This strongly
suggests that the SS formation at pH 8.0 is not fully a stochastic
random process but a process producing specific SS bonds
preferentially. Thus, even though no stable structure is yet
formed in the 1S—4S intermediates, some thermodynamic fac-
tors, which induce a significant shift of relative populations of the
SS-bond components to the native ones, must operate in the
prefolding events of RNase A (i.e., phase I).

In this study, we have analyzed the prefolding events of RNase
A,ie.,R— 1S —2S — 35S —4S coupled with SS formation, by
applying DHS®* as an oxidant at a variable pH from 4.0 to 10.0
and succeeded in observation of new folding subphases in the SS
formation phase (phase I): the kinetic SS formation (Ia) and the
thermodynamic SS reshuffling (Ib) phases. It was suggested that
the prefolding intermediates obtained at pH 8.0, i.e., 1S, 2S, 3S,
and 48, are thermodynamically stabilized and have more com-
pact structures than those obtained at pH 4.0 even though
secondary and native-like rigid structures have not yet been
generated.

MATERIALS AND METHODS

Materials. RNase A (type 1-A) was purchased from Sigma
Aldrich Japan and used without purification. DHS®* (/1) and
2-aminoethyl methanethiosulfonate (AEMTS) (32) were synthe-
sized according to the literature methods. All other reagents were
commercially available and used without further purification.

Preparation of Reduced RNase A (R). The experimental
procedure previously described (28) was followed. To a solution
of RNase A (7—10 mg) dissolved in 0.6 mL of a 100 mM Tris-
HCI/1 mM EDTA buffer solution at pH 8.5 containing 4 M
guanidinium thiocyanate as a denaturant was added an excess
amount of DTT™ (7—9 mg). The reaction mixture was incu-
bated at room temperature for 50 min. Resulting R was purified
by passing through a column packed with Sephadex G25 resin,
which was equilibrated with a variable pH buffer solution purged
with nitrogen: 200 mM acetate buffer, 100 mM Tris-HCI/1 mM
EDTA buffer, and 25 mM NaHCO; buffer solutions were used
for refolding conditions at pH 4.0, 7.0 or 8.0, and 10.0, respec-
tively. The concentration of R was determined by UV absorbance
at 275 nm based on the molar extinction coefficient (e = 8600 M~
em” ' (13)) determined by Ellman’s assay (33): the ¢ value did not
change significantly in a range of pH 4.0—10.0. The R solution was
immediately used in the short-term and long-term folding experi-
ments described below.

Short-Term Folding Experiments. A quench-flow instru-
ment (a Unisoku quench mixer equipped with a mixer controller
unit) (28) was set up by loading the R solution, a DHS®* solution
in the corresponding buffer at pH 4.0, 7.0, 8.0, or 10.0, an
aqueous solution of AEMTS (a SH-blocking reagent) (7 mg/mL),
and a drive solution (the buffer solution at pH 4.0—10.0) in
vessels A, B, C, and D, respectively. The solutions were main-
tained at 25.0 £ 0.1 °C by a thermostated circulating water bath
system. Oxidation reaction of R was initiated by rapidly mixing
50 uL each of R and DHS®* solutions. After a certain period of
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time, the oxidation reaction was quenched by the reaction with
109 uL of the AEMTS solution. The reaction time was changed
from 100 ms to 60 s. The obtained sample solutions were acidified
at pH 3—4 by addition of 8—15 uL of 2 M acetic acid and stored
at —30 °C. The dead mixing or quenching time was less than
300 ms as revealed by data fitting analysis of the relative
populations of the intermediates determined by HPLC analysis.

Long-Term Folding Experiments. The R solution (200 uL)
was manually added with 200 uL of the DHS®* solution at pH
4.0—10.0in a 1.5 mL microcentrifuge tube. The concentration of
DHS®* was regulated to be 3-fold of the concentration of R. The
mixture was intensely stirred by vortexing for 5 s and was
incubated for a certain period of time (1—1440 min) in a dry
thermo bath regulated at 25.0 £ 0.1 °C. For the pH-jump
experiment, the sample solution at pH 4.0 was added with
400 uL of 0.25 M aqueous ammonia after 5 min to increase the
pH to 8.0, and the mixture was incubated at 25.0 °C for 2 min. To
the resulting solution was added 200 4L of an aqueous AEMTS
solution (7 mg/mL) to quench SS reshuffling and SS rearrange-
ment reactions. The collected sample solutions were acidified to
pH 3—4 with 8—15 uL of 2 M acetic acid and stored at —30 °C.
Similar folding experiments were also carried out in the presence
of 2—4 M guanidine hydrochloride (Gdn-HCI) at pH 8.0.

HPLC Analysis. Sample solutions from the short-term and
long-term 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 (28). A Shimadzu VP series high-
performance liquid chromatograph system equipped with a S mL
sample solution loop and a Tosoh TSKgel SP-5PW cation-
exchange 75 x 7.5 column was used. After sample injection, a
Na,SO, 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 Na,SO,. The fractionated folding
intermediates were detected by UV absorption at 280 nm. The
recorded signals were integrated and analyzed by using Shimadzu
LC solution software.

Characterization of Folding Intermediates. The folding
intermediates (1S—4S) fractionated by HPLC were collected,
purified by a Sephadex G25 column equilibrated with 0.1 M
acetic acid, and lyophilized. The molecular mass of each inter-
mediate was measured on a Jeol IMS-T100LP mass spectrometer
operated in the ESI(+) mode. Since modification of the folding
intermediates by AEMTS caused an increment of the molecular
mass by 76 Da per the free SH group (32), the number of the SS
bonds for each fractionated intermediate could be determined
based on the observed mass number. Des[65—72] and des[40—95]
intermediates were characterized unequivocally by tryptic diges-
tion as described previously (28). To investigate the difference in
SS-bond components of the intermediate ensembles generated at
pH 4.0 and 8.0, the fractionated and lyophilized 1S intermediates
that were obtained at pH 4.0 and 8.0 by the reaction of R with
1 equiv of DHS®* were digested at 23 °C with trypsin for 1 h and
then a-chymotrypsin for 1 hin 100 mM Tris-HCI/1 mM EDTA
buffer at pH 8.0. The resulting peptide fragments were analyzed
by using a Tosoh TSKgel ODS-100V reverse-phase 150 x 4.6
column (28).

Measurement of UV, CD, and Fluorescence Spectra. To
characterize structures of the folding intermediates, the ultravio-
let (UV) spectrum was recorded on a Shimadzu UV-1700
spectrophotometer by using a quartz cell (10 x 10 mm) under
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FiGure 2: HPLC chromatograms obtained from the short-term
folding experiments of RNase A using 3 equiv of DHS* as an oxi-
dant at 25.0 °C. Reaction conditions: (a) pH = 4.0, reaction time =
50s, [R]y = [DHS**]o/3 = 25.4 uM; (b) pH = 7.0, reaction time =
40 s, [R]y = [DHS**]p/3 = 27.0 uM; and (¢) pH = 10.0, reaction
time = 10, [R]y = [DHS®*]y/3 = 30.2 uM. See the text for details of
the HPLC analysis conditions.

the conditions of 240—300 nm for the wavelength range, 30 nm/
min for the scan speed, and 0.1 nm for the bandwidth. The
temperature of the cell was regulated at 25.0 °C within an error of
+0.1 °C by using a circulating water bath system. Similarly, the
fluorescence spectrum was measured on a Jasco FP-6200 spectro-
fluorometer by using a quartz cell (10 x 10 mm) under the
conditions of 280 nm for the excitation wavelength, 280—400 nm
for the emission wavelength range, 60 nm/min for the scan speed,
1 nm for the bandwidth, 1 s for the response, and 5 nm for the slit
widths of both the excitation and emission. The same buffer
solutions to those employed in the above folding experiments
were used in the UV and fluorescence spectral measurement. The
circular dichroism (CD) spectrum was recorded on a Jasco J-820
spectropolarimeter by using a quartz cell (10 x 10 mm) under the
conditions of 260—200 nm for the wavelength range, 50 nm/min
for the scan speed, 1 nm for the bandwidth, and 1 s for the
response. A 10 times diluted buffer solution was used as a solvent.

RESULTS

Short-Term Oxidative Folding of RNase A Using DHS®".
Reduced RNase A with eight SH groups (R) was obtained by
reduction of the native protein with DTT™ in the presence of a
denaturant and was oxidized with stoichiometric amounts of
DHS®™ (2—4 mol equiv with respect to R). The reaction time of
the oxidation was varied from 100 ms to 60 s by using a quench-flow
instrument. The free SH groups remaining in the produced folding
intermediates were blocked by AEMTS to quench the intramole-
cular SS formation and SS reshuffling reactions: the AEMTS
modification converts each SH group to SSCH,CH,NH;" (32).
Consequently, the number of SH groups, hence the number of SS
bonds, of the intermediates could be easily determined according
to the mass number on the mass spectrum as well as the retention
time on the HPLC chromatogram by using a cation-exchange
column (73, 28).
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Table 1: Second-Order Rate Constants for SS Formation in the Oxidative Folding of RNase A with DHS®* as an Oxidant at 25 °C“

pH ky (mM s ky M5 ky (M5 ky M~ esTh kg M esTHY
4.0 7.1+04 49403 3.0+0.2 1.7£0.1 1.74+0.1
7.0 10.7 +£0.5 73+04 47403 2.6+0.2 2.54+0.2
8.0¢ 30.6+0.9 20.1+0.7 149+0.8 74404 7.3+04
10.0 42.6+2.3 29.6+2.3 17.9+1.1 8.24+0.5 94+1.1

“The values of k,_, were determined by fitting the data from the short-term folding experiments to the reaction scheme of eq 1. “The values of k,,, which
correspond to the second-order rate constants for SS formation of peptidyl dithiol with DHS®* at 25 °C, were obtained by using the equation (k,/4 + k»/3 + k3/2

+ kg)/4. ‘Data are quoted from ref 28.
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FIGURE 3: Relative populations of SS-folding intermediates as a
function of the reaction time. Reaction conditions were [R], =
[DHS**]p/3 = 25.4 uM at 25.0 °C and pH 4.0. Lines were drawn
by the simulation using the second-order rate constants of k; = 7.1,
kr = 49, ky = 3.0, and ks = 1.7 mM '-s7! based in the folding
scheme of R — 1S —2S — 3S —4S (eq 1).

HPLC chromatograms of the folding sample solutions ob-
tained when R was reacted with 3 equiv of DHS®* at pH 4.0, 7.0,
and 10.0 are shown in Figure 2. R, 1S (with one SS bond), 2S
(with two SS bonds), 3S (with three SS bonds), and 4S (with four
SS bonds) intermediates were separated depending on the
number of the SS bonds: the least positively charged 4S eluted
first, and the most positively charged R eluted last by application
of a salt gradient of sodium sulfate. It is seen that 3S is a major
intermediate at all pHs, indicating that SS formation reaction is
completed rapidly. The reaction times required to complete the
SS formation reaction were about 50, 40, and 10 s at pH 4.0, 7.0,
and 10.0, respectively. This clearly shows that the velocity of SS
formation by using DHS* increases with increasing the pH of the
solution, in accord with the higher reactivity of a SH group at a
higher pH. It should be notable that the SS formation reaction
proceeded still rapidly (<1 min) and quantitatively under an
acidic condition. This is a remarkable feature of DHS®* as an
oxidant in application to the redox-coupled protein folding
study.

Second-order rate constants k;—k4 for R — 1S, 1S —2S,2S —
3S, and 3S — 48, respectively, at pH 4.0—10.0 (Table 1) were
subsequently determined as follows. First, relative populations of
the intermediate ensembles as a function of the reaction time were
collected at each pH at 25 °C by integration of the HPLC
chromatograms that were obtained by using 2—4 equiv of
DHS®*. Second, the data were fitted to the reaction scheme of
eq 1. Simulation curves drawn by using the k;—k,4 values obtained
at pH 4.0 are shown in Figure 3 along with the plots of the

experimental data. Good agreement between the simulation and
the experiments was obtained for all conditions applied, con-
firming accuracy of the fitting results as well as the postulated
reaction scheme (eq 1).

DHS* DHS™¢ DHS** DHS™ DHS®* DHS™¢ DHS** DHS™¢
R—Ls 5 A 09 N A 39 VA g (1
kl kZ k3 k4

The k1—k4 values shown in Table 1 clearly demonstrate that
the higher the pH value, the larger the rate constants. The second-
order rate constants averaged for the SS formation reaction with
DHS* were 1.7, 2.5, 7.3, and 9.4 mM ~'-s™" at pH 4.0, 7.0, 8.0,
and 10.0, respectively. The rapid increase was observed in a
narrow pH range between 7.0 and 8.0, which is remarkably lower
than the pK, values for cysteinyl SH groups (pK, = 8—9) (34). It
is also notable that the ratio of the rate constants (k|:ks:ks:ky) is
roughly 4:3:2:1 at all pHs, being proportional to the number of
SH groups existing in the reactant intermediates.

Long-Term Oxidative Folding of RNase A Using DHS®".
After rapid cross-linking of the cysteinyl SH groups ( < 1 min), an
intramolecular exchange reaction between the SS bonds and the
remaining free SH groups would take place in the produced
folding intermediates except for 4S. Two kinds of such SH—SS
exchange reactions are possible (28). One is the fast intramole-
cular exchange without generation of stable structures (called SS
reshuffling). The other is the slow exchange coupled with confor-
mational folding to produce key folding intermediates with
native-like structures (called SS rearrangement). Both reactions
should proceed faster at a higher pH because the SH group
becomes more reactive under basic conditions.

Figure 4 shows the HPLC chromatograms of the sample
solutions obtained by long-term folding experiments, where R
was reacted with 3 equiv of DHS** at pH 4.0—10.0 and 25 °C. At
pH 7.0 and 10.0, metastable folding intermediates, des[65—72]
and des[40—95], were clearly observed in addition to native
RNase A (N). Similar reactions were previously reported at pH
8.0 (28), where it was proposed that N is formed from the des
intermediates through the slow intermolecular SH—SS exchange
reaction with 1S—4S intermediates and/or possible air oxidation.
The relative amount of N demonstrated that the intermolecular
SH—SS exchange reaction would also proceed faster at a higher
pH. At pH 4.0, on the other hand, generation of the des
intermediates as well as N was not observed, indicating that
the SS rearrangement can proceed efficiently only at pH 7.0 or
higher: details of the conformational folding phase (phase II)
observed in the long-term folding experiments will be analyzed
elsewhere.

It is notable that the peak profiles for the 1S, 2S, and 3S
intermediate ensembles have slowly altered at pH 4.0 during
the long-term experiment for 24 h. Figure 5 shows the CD, UV,
and fluorescence spectra observed at pH 4.0 in the long-term
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experiments along with those for R and N for comparison. When
R was reacted with 3 equiv of DHS** at pH 4.0 for 5 min, a
mixture of the 1S—4S intermediates as shown in Figure 2a should
be generated. The CD spectrum at this stage did not exhibit any
significant differences from that of R, indicating that no second-
ary structure is present in the intermediates (Figure Sa). In the
UV spectrum, on the other hand, the absorption around 280 nm
was significantly enhanced by the reaction (Figure 5b), suggesting
structural changes of the intermediates during the SS formation
process. Similarly, the fluorescence spectrum exhibited an ob-
vious decrease in the intensity around 310 nm (Figure 5c).
According to these UV and fluorescence spectral behaviors, it
can be delineated that during the SS formation process at pH 4.0
structures of the intermediates become compact, probably due to
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FiGUure 4: HPLC chromatograms obtained from the long-term fold-
ing experiments of RNase A using 3 equiv of DHS* as an oxidant at
25.0 °C. Reaction conditions: (a) pH = 4.0, reaction time = 24 h,
[R]o = [DHS*]y/3 = 4.9 uM; (b) pH = 7.0, reaction time = 5 h,
[R]gp = [DHS**]y/3 = 29.1 uM; and (c¢) pH = 10.0, reaction time =
2 h, [R]y = [DHS®o/3 = 20.5 uM. See the text for details of the
HPLC analysis conditions.
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a chain-entropy loss, although neither secondary structure nor
stable native structure is generated yet.

The spectra obtained at pH 4.0 after 24 h exhibited slightly
more enhanced changes, except for CD, suggesting that struc-
tures of the folding intermediates would become more compact
during the long-term incubation. Implications of the observed
structural changes in the prefolding events are discussed in the
next section.

DISCUSSION

An Applicable pH Range of DHS’*. Redox-coupled
oxidative folding experiments can be performed usually under
limited pH conditions, i.e., at pH 8—9 around the pK, value of a
cysteinyl SH group (34). This is because conventional sulfur-
containing oxidants, such as GSSG and DTT®*, have low oxi-
dation ability to produce a SS bond from two cysteinyl SH groups
existing along a polypeptide chain (35). On the other hand, an
applicable pH range of selenoxide DHS®* was previously demon-
strated to be at least from 3 to 9 (29). Moreover, it was recently
revealed that DHS®* is involved as an active intermediate in the
SS formation reaction, catalyzed by the corresponding selenide
(DHSer), of various thiol substrates with H,O, under various
solvent conditions (36). Thus, a use of the selenoxide reagent
would expand a possible solvent range for oxidative protein
folding study and, therefore, will provide more general informa-
tion about the folding pathways. In the present study, DHS®* was
applied to the oxidative folding of RNase A as an oxidizing
reagent at pH 4.0—10.0. The results from short-term (~60 s) and
long-term (~24 h) folding experiments have confirmed that an
applicable pH range of DHS®* is up to pH 10.0 at 25 °C.

Control of the Relative Reaction Rates for SS Formation
and SS Reshuffling. It was clearly seen in Figure 2 that the peak
profiles of the HPLC chromatogram for 1S—4S intermediate
ensembles at pH 4.0 are obviously different from those generated
at pH 10.0, whereas the peak profiles at pH 7.0 look similar to
those at pH 10.0. The observations indicate that relative populations
of the individual intermediates among the each SS intermediate
ensemble are significantly different under acidic conditions from
those under neutral and basic conditions. Scheraga and co-workers
previously reported that when R was oxidized with DTT®* at
pH 8.0 and 25 °C, C65—C72 is obtained as a major SS-bond
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Ficure 5: CD, UV, and fluorescence spectra observed in the long-term folding experiments of RNase A at 25.0 °C and pH 4.0. The reaction times
were 5 min (blue lines) and 24 h (red lines). The respective spectra for reduced RNase A (R, green lines) and native RNase A (N, black lines) are
shown for comparison. (a) CD spectra at [R]y = [DHS**]o/3 = 4.9 uM, (b) UV spectra at [R], = [DHS*]y/3 = 15.7 uM, and (c) fluorescence
spectra at [R]y = [DHS*]o/3 = 12.8 uM.
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FIGURE 6: A reaction scheme of folding subphases in the prefolding
SS formation phase of RNase A (phase I). Phase Ia is the kinetic (or
stochastic) SS formation phase, and phase Ib is the thermodynamic
SS reshuffling phase. 1S°—4S° are the kinetic folding intermediates
having 1—4 SS bonds, respectively, that are generated by stochastic
SS formation and are transformed to the thermodynamic folding
intermediates via intramolecular SS reshuffling.
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Ficure 7: An HPLC chromatogram obtained from the pH-jump
experiment of RNase A at 25.0 °C. Reaction conditions were [R], =
[DHS*]o/3 = 18.3 uM. The pH was rapidly increased from 4.0 to 8.0.
See the text for details of the pH-jump and HPLC analysis conditions.

component in the 1S and 2S ensembles (30, 37). This strongly
suggests the possibility that the kinetically formed intermediates
immediately follow transition to the thermodynamic intermedi-
ates through the rapid SS reshuffling reaction under weakly basic
conditions. A possible reaction scheme of the prefolding process
is shown in Figure 6, where 1S°, 2S°, 3S°, and 4S° stand for
kinetically formed folding intermediates.

To obtain a direct evidence for the transition from kinetic to
thermodynamic intermediates, the pH of the folding buffer
solution was increased rapidly from pH 4.0 to pH 8.0 by addition
of aqueous ammonia. Figure 7 shows the HPLC chromatogram
obtained after the pH jump. It is seen that the peak profiles for
the SS intermediates (Figure 2a) have rapidly altered to those
observed at pH 7.0 (Figure 2b), except for 4S that does not have a
free SH group to exchange the SS bonds. The result can be
rationalized by assumption that the 1S—4S intermediates ob-
tained at pH 4.0 are the ensembles kinetically formed (phase Ia)
and they transform at neutral or basic pHs to new intermediate
ensembles, which are stabilized by some thermodynamic factors
(phase Ib). Indeed, when the 1S intermediate ensembles obtained
at pH 4.0 and 8.0 were digested by trypsin and a-chymotrypsin, it
was found that the SS-bond components at pH 4.0 are signifi-
cantly different from those at pH 8.0 (see Supporting Infor-
mation): especially, the population of C65—C72 was 2.5-fold
increased at pH 8.0 in agreement with the previous report (30).

In SS-coupled folding of proteins, the prefolding process
involves two fundamental reactions, i.e., SS formation and SS
reshuffling. When DHS®* was employed at pH 4.0, the SS
formation reaction would proceed preferentially because a thiol
species (SH), which is almost inert against the SS reshuffling reac-
tion, is dominant under acidic conditions (i.e., SS formation > SS
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reshuffling), whereas both the SS formation and SS reshuffling
would proceed at pH 8.0 and 10.0 because of the presence of a
reactive thiolate species (S™) (i.e., SS formation < SS reshuffling).
At pH 7.0, which is more than one unit lower than the pK, value for
the cysteinyl SH group (34), the SS formation and SS reshuffling
would compete (i.e., SS formation ~ SS reshuffling) as suggested by
slight differences in the peak profiles at pH 7.0 and 10.0 (Figure 2).
Thus, the relative rates of SS formation and SS reshuffling reactions
can be controlled by changing the pH of the solution when DHS* is
employed as an oxidative folding reagent. This in turn allows us to
observe the kinetic SS formation phase (phase Ia) and the thermo-
dynamic SS reshuffling phase (phase Ib) clearly separated.

Events of the Kinetic Phase (Phase la). According to the
ratio of the second-order rate constants obtained at pH 4.0 (Table 1)
as well as the CD spectrum observed when R was reacted with
3 equiv of DHS* at pH 4.0 (Figure 5a), it is clear that there is no
stable structure in the kinetically formed folding intermediates
(Le., 1S°, 2S° 3S° and 4S°), although a recent time-resolved
fluorescence energy transfer study coupled with a rapid-mixing
continuous flow methodology suggested the presence of a densely
packed core in the C-terminus of R (37): such a structure should be
too weak to resist against an access of DHS®™ to the polypeptide
chain. However, the concurrent changes observed in the UV and
fluorescence spectra, which probe structural environments sur-
rounding the tyrosine residues (38), indicated that global structures
of the kinetic intermediates are significantly compact compared to
R. The spectral changes obviously reflect the chain entropy loss due
to SS formation. It is, therefore, conceivable that phase Ia is merely
a stochastic SS formation process, which makes a conformational
space of the polypeptide chain to search for the native structure
considerably limited but produces no stable structure.

Events of the Thermodynamic Phase (Phase Ib). Intra-
molecular SS reshuffling was blocked at pH 4.0, but it was
triggered by the pH jump to 8.0 (Figure 7). Strictly speaking,
the SS reshuffling would proceed even at pH 4.0 as evidenced by
the change observed in the HPLC chromatogram after 24 h
(Figure 4a). Nevertheless, the change was so sluggish that the
thermodynamic phase (i.e., phase Ib) coupled with the SS
reshuffling could be essentially isolated from the kinetic phase
(i.e., phase Ia) by using DHS®*. It should be noted that the
transition of phase Ib was not yet completed at pH 4.0 even after
24 h based on the difference in the peak profiles of the HPLC
chromatograms between Figure 4a and Figure 2c.

The UV and fluorescence spectra obtained at pH 4.0 after 24 h
(Figure 5bc) revealed that structures of the folding intermediates
become slightly more compact on the average during slow SS
reshuffling, suggesting existence of some thermodynamic factors
that control the transition (i.e., phase Ib) from the kinetic (1S°,
28°, 38°, and 4S°) to the thermodynamic (1S, 2S, 3S, and 4S)
intermediates. In spite of operation of the thermodynamic factors,
ratios 4:3:2:1 of the rate constants k,_, determined at pH 7.0—
10.0 (Table 1) clearly indicated that no stable rigid structure has
been generated yet in phase Ib because the presence of such
structures should modify the ratio. This is in agreement with the
results from previous folding experiments of RNase A at pH 8.0
using DTT as a redox couple (/4). Further information was
obtained from the oxidative folding experiment by using 3 equiv
of DHS® at pH 8.0 in the presence of guanidine hydrochloride
(2 M Gdn-HCI). Figure 8 shows the obtained HPLC chromato-
gram. Peak profiles for the intermediate ensembles were signifi-
cantly different from those obtained at neutral and basic pHs in
the absence of the denaturant (Figure 2bc) and rather similar to
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FiGure 8: An HPLC chromatogram obtained from the long-term
folding experiment of RNase A at pH 8.0 and 25.0 °C in the presence
of 2 M Gdn-HCI. Reaction conditions were [R], = [DHS*¥]y/3 =
4.7 uM and reaction time = 1 min. See the text for details of the
HPLC analysis conditions.

those obtained at pH 4.0 in the long-term folding experiment
(Figure 4a). The result suggests that there are some structures after
phase Ib but they are destroyed to some extent by the denaturant.

The events during thermodynamic phase Ib should also
involve preferential formation of the C65—C72 SS bond as
discussed earlier (30, 37). Indeed, when R was oxidized with 6
equiv of DHS®, native RNase A (N) was not detected at pH 4.0
on the HPLC chromatogram, whereas a small portion of N (ca.
2%) was generated in 1 min at pH 8.0 (see Supporting Informa-
tion Figure S9). Thus, the SS reshuffling in phase Ib would induce
a shift of the SS-bond components in a direction to the native SS
linkages, suggesting that the native interactions begin to generate
during phase Ib.

Considering the experimental evidence discussed above, we
propose that the structures generated in phase Ib are very loose
hydrophobic clusters stabilized by some native interactions.
Similar hydrophobic nucleation in the early folding intermediates
has been evidenced for other SS-containing proteins, such as
lysozyme (39), BPTI (40), and hirudin (20).

Implications for the SS-Intact Folding. The SS-intact
unfolding and refolding processes of RNase A have been elabo-
rately studied by several research groups (4/—43). When the
refolding was initiated by dilution of the reaction solution contain-
ing the SS-intact unfolded species and a denaturant, a burst folding
phase could be observed in a submillisecond time scale (44). This
phase was under debate (45), but a recent study has clarified that
the burst phase corresponds to hydrophobic nucleation (or
hydrophobic clustering) rather than a structural shift between
the heterogeneous unfolded species (43). After the burst phase,
conformational folding to the native state (N) proceeds through
parallel pathways. At least four unfolded states (U, Uy, Uy, and
Uj,) can be observed, and they are well characterized in relation to
the conformational heterogeneity. In particular, Scheraga’s
group (44) analyzed the processes extensively and assigned each
unfolded state (U) to a cis—trans conformational isomer with
respect to the four X—proline (Pro) peptide bonds. In the U state,
the X—Pro peptide bonds are in equilibrium, and only 2% adopts
the correct native configurations (i.e., the two in trans and the
other two in cis), which makes a very fast folding phase (Uy).

The state after phase Ia in the SS-coupled folding of RNase
A (ie., 1S°—4S°) would be conformationally similar to the
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SS-intact unfolded state of RNase A in the presence of a
denaturant even though the SS-bond components are signifi-
cantly different. This consideration is based on the fact that no
secondary structure exists in the 1S°—4S° intermediates as
evidenced by the CD spectrum (Figure 5a) and a ratio of the
kinetic rate constants (Table 1). However, a recent study by
Chang (46) indicated that even at a high concentration of a
denaturant some structural clusters may persist in a SS-intact
unfolded state of a protein. Therefore, the 1S°—4S° intermediates
may represent the fully denatured SS-intact unfolded state that
cannot be attained practically under SS-intact folding conditions.
The observation that the profile of the HPLC chromatogram
obtained in the SS-coupled folding at pH 8.0 in the presence of 2
M Gdn-HCI (Figure 8) was not the same to that obtained at pH
4.01in 50 s (Figure 2a) would be due to partial reservation of such
hydrophobic clusters in the presence of the denaturant. It should
be noted that the chromatogram shown in Figure 8 did not
obviously change even in the presence of 4 M Gdn-HCL.

On the other hand, the state after phase Ib would conforma-
tionally correspond to the state obtained after the burst phase in
the SS-intact folding of RNase A. Coincidence in the populations
of N generated in 1 min at pH 8.0 in the short-term experiment
using 6 equiv of DHS®* (2%) and U,y in the SS-intact unfolded
state (U) (44) would reflect conformational similarity between
1S—4S and U. Since the presence of hydrophobic clusters with
some native interactions in U has been well demonstrated (47),
hydrophobic nucleation and accumulation of native interactions,
which should significantly facilitate the subsequent conforma-
tional folding process, would be common features for the burst
phase in the SS-intact folding and the SS reshuffling phase (phase
Ib) in the SS-coupled folding of RNase A.

CONCLUSIONS

We have studied a preconformational folding process of the SS-
coupled folding of RNase A by using DHS* as a highly strong and
selective oxidant at pH 4.0—10.0 and succeeded in characterization
of the kinetic SS-formation and thermodynamic SS-reshuffling
subphases (phases Ia and Ib, respectively). The 1S°—4S° inter-
mediates obtained at pH 4.0 were assigned to the intermediate
ensembles with stochastically formed SS linkages. On the other
hand, the 1S—4S intermediates obtained at neutral and basic pHs
would be the intermediate ensembles that are stabilized by some
thermodynamic factors. As a ratio of the rate constants (kq:k»:k3:
k4) was roughly 4:3:2:1 at pH 4.0—10.0, being proportional to the
number of SH groups along the reactant intermediates, the 1S—4S
intermediates should have no rigid structure. However, the UV and
fluorescence spectral changes observed during the long-term fold-
ing at pH 4.0 (Figure 5) and the HPLC chromatogram obtained
from the oxidative folding at pH 8.0 in the presence of a denaturant
(Figure 8) suggested that the SS reshuffling in phase Ib induces
hydrophobic nucleation, which would simultaneously shift the SS-
bond components significantly to the native ones on the basis of the
previously revealed 1S and 2S components (30, 37). Indeed, the
native state (N) was included in the 4S intermediate ensemble
obtained at pH 8.0 in 2% yield, whereas it was not found in the 4S°
intermediate ensemble obtained at pH 4.0. Thus, the state after
phase Ib should fold more easily than the state before the phase due
probably to more restriction of the conformational space as well as
more abundance of the native interactions.

Consequently, the prefolding SS formation process of RNase
A (phase I) is not only the process to lose the chain entropy but
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also the process to gain thermodynamic stability. In light of a
conventional folding funnel model (24), the present study also
suggests the possibility that the shape of the funnel in the rim
region can be modified almost flat by changing the solution pH
because the horizontal (i.e., the chain-entropy) process and the
vertical (i.e., the energy) process at the very early stage of protein
folding, though they normally proceed concertedly, were ob-
served sequentially at an acidic pH by using a strong oxidant.

SUPPORTING INFORMATION AVAILABLE

Relative populations of SS-folding intermediates as a function
of the reaction time under various conditions, HPLC chromato-
grams of 4S° and 4S obtained at pH 4.0 and 8.0, respectively, and
LC-MS chromatograms of the peptide fragments obtained from
1S° and 1S by tryptic and chymotryptic digestion. This material is
available free of charge via the Internet at http://pubs.acs.org.
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