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ABSTRACT: A fast-forming intermediate in the reductive unfolding of frog onconase (ONC), des [30-75],
analogous to the des [40-95] intermediate found in the reductive unfolding of its structural homologue,
bovine pancreatic ribonuclease A (RNase A), has been isolated and characterized. The midpoints of the
thermal transition and chemical denaturing curves (representingglobal unfolding) indicate that the
conformation of des [30-75] is considerably less stable than that of the parent molecule, suggesting that
the (30-75) disulfide bond plays a significant role in the conformational stability of ONC. While des
[30-75] is formed very quickly by a partial reduction of the parent molecule in alocal unfolding step,
it is not as easily susceptible to further reduction, indicating that its three disulfides are much more buried
compared to the (30-75) disulfide bond in the parent protein. The nature of des [30-75] is similar to
that of des [40-95] RNase A, in that des [30-75] ONC is also a disulfide-secure species. In addition,
based on the resistance to mild reducing conditions, structured des species appear to form in ONC from
unstructured three-disulfide-containing ensembles. This step is key in the oxidative folding of RNaseA,
and is much faster in ONC than the formation of the structured des [40-95] species in RNase A.

Onconase (ONC)1 is the smallest member of the bovine
pancreatic ribonuclease A (RNase A) superfamily, with 104
amino acids compared to 124 in the defining member (1).
These two proteins, ONC and RNase A, share about 30%
identity in the amino acid sequences, and each has four
disulfide bonds. The three-dimensional structure of ONC is
very similar to that of RNase A, with major differences being
present in the loop regions and at the C-terminus (2). An
additional disulfide bond between Cys 87 and Cys 104 at
the C-terminus of ONC replaces the (65-72) disulfide bond
of RNase A. Notably, during the oxidative folding of RNase
A, the (65-72) disulfide bond is favored over all other
disulfide bonds because of its small loop size and favorable
enthalpic interactions (3-7). Furthermore, the N-terminus
in ONC has a pyroglutamic acid residue due to cyclization

of Glu 1 (1), and its Oε1 atom forms a hydrogen bond with
Lys 9 Nú (2).

Although the two proteins have very similar three-
dimensional structures, they demonstrate remarkable differ-
ences in stability, catalytic activity (affected by the hydrogen
bonding described above), and toxicity (8-13). Close to
neutral pH, the midpoint of the thermal transition of ONC
is around 90°C, which is∼25 °C higher than that of RNase
A (8-13). Ribonucleolysis experiments with ONC and
RNase A, using two different ribonucleic acids as substrates,
demonstrated that the ribonucleolytic activity of ONC is
several hundred times less than that of RNase A (1, 14, 15).
Furthermore, the [C87A, C104A] mutant of ONC, which
lacks the (87-104) disulfide bond, has less cytotoxic activity
than the native enzyme and has a significantly lower thermal
transition (the midpoint of the thermal transitionTm is 60
°C), which demonstrates the substantial contribution of this
synapomorphic disulfide bond to the toxicity and stability
of the wild-type protein (16, 17).

Ongoing work in our laboratory focuses on understanding
the intramolecular interactions that govern the folding process
of a polypeptide. We have used RNase A as a model system
(18-21) for identifying the essential features of the oxidative
folding process, in which the fully reduced polypeptide
acquires its native disulfides and native structure. By
characterizing the intermediates that are populated during
the regeneration, we gain insight into the nature of the
intramolecular interactions that direct the process along
specific oxidative folding pathways (22-24).

The reverse of oxidative folding is reductive unfolding,
during which proteins lose their three-dimensional structure
(unfold) upon the reduction of their disulfides. Reductive
unfolding can provide information about the nature of the
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unfolding processes that are required for the exposure of the
protein disulfides during the reduction of the native protein
as well as its intermediates. It can be used as a probe for
gathering information about the stability of the protein and
its intermediates toward reduction. Furthermore, reductive
unfolding is a useful tool to populate certain structured native
disulfide-containing intermediates for further characterization
that are critical in the oxidative folding and/or reductive
unfolding process (25-29).

The single intermediate, des [30-75] ONC, arising from
the partial reductive unfolding of ONC is of special interest
in oxidative folding studies since it is analogous to des [40-
95], the major structured intermediate formed in the oxidative
folding of RNase A (23). In this work, we have characterized
some physical and kinetic properties of des [30-75] ONC.
By measuring the thermal transition and chemical denaturing
curves of des [30-75] ONC, we have estimated the free
energy of unfolding of this intermediate and obtained
information about the contribution of this disulfide bond to
the overall stability of the frog ribonuclease. We have also
assessed the susceptibility of the disulfides of des [30-75]
to further reduction, and have estimated the free energy of
reduction of the intermediate.

Structured 3S intermediates that are known to play key
roles in determining the regeneration pathways of RNase A
were also detected in the oxidative folding of ONC (unpub-
lished experiments). Since des [30-75] forms quantitatively
from native ONC during its reductive unfolding, it is possible
to isolate it in the unblocked form with a good yield, which,
in turn, facilitates both the study of the kinetic fate of this
species in oxidation and in the preparation of its unstructured
3S isomers. The unstructured, unblocked 3S isomers were
used for determining the rate of the formation of the
structured 3S species through reshuffling reactions. The
relative abundance of the des species arising from reshuffling
reactions is analyzed against a fully entropic model for all
three-disulfide-bond-containing species and is compared with
the same process in RNase A.

EXPERIMENTAL PROCEDURES

Materials. AEMTS (>99% pure) was purchased from
Anatrace and used without further purification. DTTred and
DTTox were obtained from Sigma, and the latter was purified
by reversed-phase HPLC. All other chemicals were of the
highest grade commercially available. WT-onconase cDNA
in a pet11 expression vector was kindly provided by R. J.
Youle (10). The cDNA was amplified by PCR and cloned
to a pet22b(+) vector in-frame with the pelB signal sequence
without the starting methionine residue. WT-ONC was
expressed in BL21 cells and purified as described elsewhere
(30), and the level of expression was compared to that from
another wild-type plasmid of ONC (pONC) which was kindly
provided by R. T. Raines (11). Conversion of the N-terminal
glutamine of the uncyclized residue to pyro-glutamic acid
was carried out by dialyzing the folded protein against either
0.1 M HCl or 200 mM pH 7 phosphate buffer at room
temperature for 2 days and checked by mass spectrometry.
Recombinant ONC from our lab was found to coelute on an
HPLC chromatogram with a test sample obtained from Dr.
Youle.

Identification of the Fast-Forming Intermediate in the
ReductiVe Unfolding of ONC.The methodology used to

identify the nature of the reductive intermediate that appears
during the reductive unfolding of ONC has been described
in detail elsewhere (30). Briefly, the intermediate was isolated
from N and R using a reversed-phase column, blocked with
AEMTS and subjected to peptide mapping using proteolytic
digestion and MALDI-TOF and also by ESI/FTMS. Analysis
of the data from these two independent techniques revealed
that the fast-forming intermediate lacked the (30-75) di-
sulfide bond.

Isolation of Des [30-75]. Trial experiments demonstrated
that the des [30-75] intermediate can be optimally populated
100 min after initiation of the reduction of ONC using 100
mM DTTred at pH 8 (100 mM Tris-HCl and 1 mM EDTA)
and 15°C. A total of 1 mg of N-ONC (0.5 mg/mL) was
subjected to such reducing conditions after which the sample
was quenched by glacial acetic acid. Removal of buffer salts,
DTTred, and trace amounts of N-ONC was accomplished by
semipreparative reversed-phase HPLC. Water and organic
solvents were removed by lyophilization. The intermediate
was used immediately after lyophilization and any unused
material was stored at-80 °C to avoid air oxidation.

Determination of the Midpoint (Tm) of the Thermal
Transition of Des [30-75]. The method for determining the
thermal transition curve of the des species and its midpoint
has been described previously (31). It is necessary to use
this method because the UV absorbance yielded uninter-
pretable thermal denaturation curves because of precipitation,
as observed in a previous study (11).

Determination of the Midpoint of the GdnHCl Denatur-
ation of Des [30-75]. The same principle that was used
previously (31) in obtaining the thermal transition curve for
this reductive unfolding intermediate was applied to deter-
mine its chemical (GdnHCl) denaturing curve. Aliquots of
des [30-75] (0.5 mg/mL in 1 mM acetic acid, pH 5) were
dissolved separately into solutions of a 10 mM HEPES, 1
mM EDTA buffer (pH 7) that contained varying amounts
of GdnHCl (0-6 M). The protein was allowed to equilibrate
at 25 °C for 20 min in each denaturing solution. Then, a
reduction-pulse (5 mM DTTred, 2 min, final pH 8) was
applied to reduce any conformationally unfolded or possibly
reshuffled des [30-75] species. The reduction-pulse was
followed by blocking all free thiols with an excess amount
of AEMTS. After 5 min, the pH of the sample was reduced
to 3 by adding glacial acetic acid and then the sample was
desalted using a G25 column. Analysis of the desalted
samples was carried out using cation-exchange HPLC
(Rainin Hydropore 5-SCX column). The protein species were
eluted from the column by application of a linear salt gradient
(50-150 mM NaCl from 20 to 150 min). The fractional
concentrations of des [30-75] and fully reduced ONC were
obtained by integration of the well-separated peak areas
corresponding to those two species. A control experiment
for determining the GdnHCl denaturing curve of RNase A
by this method was carried out.

It has to be noted that, in the method described above,
the accessibility of the disulfide bonds is used to report on
protein stability, and thus, in certain cases, the results may
indicate local conformational changes that are not associated
with the global unfolding/folding transition of the protein.
Nevertheless, such limitations can also occur when using
unevenly distributed optical probes within the protein, such
as a single Tyr or Trp residue in an isolated domain of the
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protein, which would then report only on local conforma-
tional changes. Also, strictly speaking, ours is not an
equilibrium measurement, because the reduction of the
unfolded population during the experiment may shift the
equilibrium slightly (31). Nevertheless, as the RNase A
experiment showed, it provides a reasonably good lower
estimate for determining the midpoint of the unfolding
transition (31).

Thermodynamic Parameters Estimated from Chemical
Denaturation of Des [30-75]. For the analysis of the
thermodynamic parameters, we have used a two-state model
[this is the same model used for the chemical denaturation
of native RNase A and native ONC under similar conditions
(9, 10, 12, 13)]. The free energy of conformational unfolding
of a protein, ∆Gcu

o (cu: conformational unfolding), at
different denaturant concentrations can be calculated by the
following equation after obtaining the fraction of native
protein by integrating the peak areas in the HPLC chro-
matogram.

Here, KD is the unfolding equilibrium constant;fD and fN
are the fractions of denatured and folded species, respectively
(i.e., fN represents the fraction of native RNase A or des [30-
75] ONC);R is the universal gas constant andT is absolute
temperature. By linear extrapolation of the chemical denatur-
ing curve in the range of a 0.95 to 0.05 fraction of native
protein to zero denaturant concentration according to eq 2,
the free energy of unfolding can be obtained at the
experimental temperature (32-34). The free energy of
unfolding (∆Gcu

o ) provides a measure of the stability of the
protein under the given conditions.

Here,m is a measure of the dependence of the free energy
on the denaturant, andCGdnHCl is the concentration of
GdnHCl. The extrapolation for des [30-75] was based on
the data at concentrations of GdnHCl higher than 1.5 M (or
0.1 fraction of des [30-75]) because of nonlinearity at low
concentrations, which was also observed in the GdnHCl
denaturation of wild-type RNase A under certain conditions
(35). This nonlinearity might be an indication of the deviation
from a two-state mechanism (35).

ReductiVe Unfolding of Des [30-75]. Freshly obtained
des [30-75] was dissolved into 200µL of a pH 3 acetic
acid solution (5 mg/mL protein concentration). DTTred (30.8
mg) was dissolved by 1.8 mL of a buffer containing 20 mM
Tris-HCl and 1 mM EDTA (pH 8) and incubated at 15°C.
Reductive unfolding was initiated by introducing 200µL of
solution containing des [30-75] into 1.8 mL of the pre-
equilibrated buffer containing the reducing agent. The final
concentration of DTTred and des [30-75] ONC was 100 mM
and 0.5 mg/mL, respectively. Aliquots of 200µL were
withdrawn at different times after the start of the reaction,
and the free thiols in each aliquot were blocked by an excess
amount of AEMTS. Five minutes after the addition of
AEMTS, the pH of the samples was reduced to 3 by the
addition of glacial acetic acid. The sample was desalted and

analyzed by cation-exchange HPLC, as described in the
previous subsection.

Oxidation of Des [30-75]. The oxidation of the des
species was carried out by dissolving the lyophilized
intermediate in 2 mL (0.5 mg/mL) of a 20 mM Tris-HCl, 1
mM EDTA buffer (pH 8), which contained DTTox (50 mM
final concentration) and a small amount of DTTred (0.4 mM
final concentration) which had been incubated previously at
15°C. The presence of a small amount of DTTred is sufficient
to reduce any unstructured intermediates that might form
(giving rise to an indirect pathway) during the oxidation of
des [30-75] to N-ONC (36). Aliquots of 200µL of the
reaction solution were periodically blocked by an excess
amount of AEMTS and quenched by glacial acetic acid after
a 5-min blocking time. The sample was desalted and analyzed
by cationic-exchange HPLC.

Formation of Structured 3S Species from Its Unstructured
3S Ensembles. To produce the unstructured 3S isomers of
des [30-75], the structured intermediate must first be
allowed to reshuffle. Therefore, des [30-75] was dissolved
into a 6 MGdnHCl buffer (pH 8, 100 mM Tris-HCl, 1 mM
EDTA) and incubated for 1 h at 25 °C to achieve an
equilibrium distribution of the 3S ensemble (final protein
concentration of 0.5 mg/mL). The buffer had been sparged
with argon prior to the addition of des [30-75], and argon
sparging was continued during the course of the experiment.
The sample was quenched by 20µL of glacial acetic acid,
and buffer salts and GdnHCl were removed by reversed-
phased HPLC. Water and organic solvents were removed
from the sample by lyophilization. That des [30-75] had
been converted to its 3S isomers was confirmed by analyzing
a small amount of the lyophilized sample by cation-exchange
HPLC after AEMTS-blocking. In this chromatogram, des
[30-75] elutes as a single sharp peak, whereas the unstruc-
tured 3S isomers elute over a broad retention time-interval
with superposed multiple peaks.

The formation of structured three-disulfide-containing
intermediates of ONC was initiated by adding 4 mL of a 20
mM Tris-HCl, 1 mM EDTA buffer (pH 8, 25°C) to the
lyophilized unstructured 3S ensemble [It should be noted
that, in this experiment, a different temperature was used
(25 °C) compared to that for characterizing des [30-75]
elsewhere in this paper (15°C)]. Aliquots of 0.5 mL samples
were withdrawn at different times and subjected to a
reduction pulse (3 mM DTTred, 2 min) followed by AEMTS-
blocking of all free thiols. The pH of the sample was reduced
to 3 by the addition of glacial acetic acid. The sample was
desalted and analyzed as described earlier. The application
of a reduction pulse before blocking the samples reduces all
unstructured 3S isomers to the fully reduced protein, which
facilitates the separation of structured and unstructured 3S
species in HPLC.

RESULTS

Midpoint of the Thermal Transition CurVe (Tm). The
midpoint of the thermal transition curve of the unblocked
fast-forming intermediate, des [30-75], is 57.6°C at pH 7
(31). This is slightly lower than both that of a mutant [C87A,
C104A] ONC, which lacks the (87-104) disulfide bond (15),
and that of wild-type RNase A (9, 37, 38). However, this
value is much higher than that of a mutant of RNase A,

∆Gcu
o ) -RT ln KD ) -RT ln

fD
fN

(1)

∆Gcu
o ) ∆Gcu

o (H2O) - mCGdnHCl (2)
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lacking the analogous (40-95) disulfide bond ([C40A,
C95A]) (39). TheTm obtained from this method is slightly
underestimated compared with other methods, which was
also evident when RNase A was used as a test case (31).

Midpoint of Chemical Denaturation of Des [30-75].
Figure 1 shows the fraction of des [30-75] ONC and native
RNase A as a function of the denaturant concentration. The
circles and squares represent des [30-75] ONC and RNase
A, respectively. The curves are the fits of sigmoidal
functions, from which the midpoints of the denaturing curves
were obtained. The GdnHCl denaturing curve and the
midpoint of chemical denaturation of RNase A (3.0 M
GdnHCl) are consistent with previously reported values using
optical techniques under similar conditions (33-35, 40). The
agreement with these previous results supports the contention
that this method provides a reasonable estimate of the
chemical denaturing curve. The midpoint of the GdnHCl
denaturing curve for des [30-75] ONC is shifted to a lower
GdnHCl concentration (2.0 M) compared to that of N-ONC
(4.5 M) (12), and is therefore indicative of the lower
conformational stability of this des species compared to the
parent molecule.

The midpoint of the GdnHCl denaturing curve, free energy
of unfolding, and them value of des [30-75] ONC at 25
°C are listed in Table 1, which also includes the correspond-
ing values for N-ONC, RNase A, and [C40A, C95A] RNase
A from previous reports (12, 33-35, 41). The values of the
free energy of unfolding and them values of RNase A
obtained from the current experiment are consistent with
those from other independent experiments under similar

conditions (33, 34). The ∆Gcu
o for des [30-75] ONC is

much lower than that of N-ONC, indicating that the stability
of the des species is much lower than that of the parent
molecule. However, the midpoint and the free energy of
unfolding are much larger than those of its homologous
mutant [C40A, C95A] RNase A, which indicates that des
[30-75] is much more stable than [C40A, C95A] RNase
A.

ReductiVe Unfolding of Des [30-75]. Typical HPLC
chromatograms obtained during the reductive unfolding of
des [30-75] by DTTred (100 mM, pH 8, and 15°C) are
shown in Figure 2 with the panels a-c representingt ) 0,
30, and 120 h, respectively. During the reductive unfolding
of des [30-75], no intermediate is populated significantly
under this experimental condition. The kinetics of the
reduction of des [30-75] and the concomitant formation of
fully reduced ONC are shown in Figure 3. The two curves
in this figure are the fits of single-exponential decay or
growth for two species, des [30-75] and reduced ONC (R-
ONC), respectively. The time constant for the reduction of
des [30-75] under the above experimental condition is about
1600 min (Figure 3).

Kinetic Fate of Des [30-75] ONC. Figure 4 shows the
HPLC chromatogram obtained 240 min after the addition
of 50 mM DTTox to des [30-75] in the presence of 0.4 mM
DTTred (pH 8, 15 °C). It is evident that there is no other
peak present, except at the positions of N-ONC and des [30-
75]. The absence of any reduced protein indicates that des
[30-75] is oxidized directly to N-ONC (see Discussion). It
should be noted that this result alone does not necessarily
imply that des [30-75] is significantly populated as an
intermediate during the regeneration of fully reduced ONC

FIGURE 1: GdnHCl denaturing curves of des [30-75] ONC and
RNase A at 25°C and pH 7. The protein concentration is∼0.1
mg/mL.

Table 1: Thermodynamic Parameters of the GdnHCl-Induced
Denaturation of ONC, Des [30-75] ONC, RNase A, and a Mutant
[C40A, C95A] of RNase A at 25°C

proteins
∆Gcu

o (H2O)
(kcal mol-1)

C1/2 (GdnHCl)
(M)

m
(kcal mol-1 M-1)

ONCa 13.9( 0.6 4.5 3.1( 0.2
des [30-75]

ONCb
6.6( 0.7 2.0 3.3( 0.4

RNase Ab 8.6( 0.4 3.0 2.8( 0.1
RNase Ac 8.7( 0.2 3.0 2.9( 0.1
RNase Ad 9.2( 0.6 3.0 3.1( 0.2
[C40A, C95A]
RNase Ae

3.0( 0.2 0.77 3.9( 0.2

a From ref 12 at pH 6.b From the current experiments using the
method described in the text.c From ref35 at pH 7.d From ref33 at
pH 7. e From ref41 at pH 8.

FIGURE 2: HPLC chromatograms showing the reductive unfolding
of des [30-75], i.e., the reductive intermediate Ir (30), at 0.5 mg/
mL protein, 100 mM DTTred, pH 8, and 15°C, (a) t ) 0; (b) t )
30 h; (c)t ) 120 h. The small amount of one-disulfide-containing
intermediates (1S) may arise from oxidation of R by air and/or
DTTox (which is formed during reductive unfolding).
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because oxidative folding might proceed through other
folding pathway(s).

Figure 5 shows the kinetics of formation of N-ONC and
the consumption of des [30-75] during the same experiment
as in Figure 4. The time constant for the formation of N-ONC
is around 77 min.

Rate of Formation of Structured 3S Species from its 3S
Ensembles. The unstructured 3S ensemble was incubated in
a pH 8 buffer (100 mM Tris-HCl, 1 mM EDTA) at 25°C.
This condition permits the unstructured intermediates in the
3S ensemble to isomerize by thiol-disulfide reshuffling. The
formed structured species are distinguished from the un-
structured 3S intermediates by introducing a reduction pulse

(5 mM DTTred, 2 min) that converts all the unstructured
protein to the fully reduced form (R) before blocking the
free thiols. Only one peak, in addition to the reduced protein,
is detected in the samples after a reduction pulse, indicating
the presence of structured species. The peak appears at the
same elution time as des [30-75]. The kinetics of formation
of the structured 3S species from the unstructured 3S isomers
is shown in Figure 6. The curve is a single exponential fit.
The 3S ensemble was quantitatively converted to the
structured 3S species at the end of the experiment. The rate
constant is about 0.09 min-1 (or a time constant of∼11 min)
at pH 8 and 25°C.

Calculation of Entropy of Formation of Three-Disulfide-
Bond-Containing Species.To study the bias to form the stable
structured intermediates under strongly denaturing conditions,
a calculation of the entropy of formation was carried out for
all 420 theoretical 3S species. The theoretical abundance of
different 3S species is predicted based only on the entropic
contributions to the free energy change (42). The required
entropic changes are calculated by using the following
equation (43), which is based on a random-flight statistical
coil model (43-45) and on the Wang-Uhlenbeck expression
(46) for multivariate Gaussian distributions.

Here,a is the length of a chain element,n is the number of
disulfide bonds,C is a (3 × 3) symmetric matrix whose
elements areCij ) (number of residues shared by loopsi
and j) × (a2), and |C| is the determinant ofC (43). If
∆Hi° were the same for all species, the predicted relative
abundance [Ii] of a given three-disulfide speciesi from a
protein with four disulfides at equilibrium can be calculated
by using the entropy change∆Si° from eq 4 (5), for all 420
possible species.

This method has been applied to the determination of the
disulfide-bond distribution of the three-disulfide species of
the [C40A, C95A] mutant of RNase A (7).

The entropically calculated abundance of different des
species of RNase A and ONC is shown in Table 2. None of
the des species of RNase A or ONC has a probability of
formation larger than 1%.

DISCUSSION

Stability of Des [30-75]. Thermal transition and chemical
denaturation data indicate that des [30-75] is conforma-

FIGURE 3: Fraction of protein species during the reductive unfolding
of des [30-75] at 0.5 mg/mL protein, 100 mM DTTred, pH 8, and
15 °C. The circles and squares represent des [30-75] and R-ONC,
respectively. The curves are the fits of single-exponential decay
and growth of des [30-75] and R-ONC, respectively.

FIGURE 4: HPLC chromatogram showing the oxidation of des [30-
75] after a reduction pulse 240 min after introduction of the
oxidizing agent. The experimental conditions are 0.5 mg/mL des
[30-75] ONC, 50 mM DTTox, 0.4 mM DTTred, 100 mM Tris-
HCl, 1 mM EDTA, pH 8, and 15°C.

FIGURE 5: Fraction of des [30-75] and native ONC, during the
oxidation of des [30-75]. The experimental conditions are those
described in the legend to Figure 4. The circles and squares
represent des [30-75] and native ONC, respectively. The curves
are the fits of single-exponential decay and growth of des [30-75]
and native ONC, respectively.

FIGURE 6: Formation of the structured intermediate of ONC from
its 3S ensemble. Experimental conditions are 0.5 mg/mL protein,
20 mM Tris-HCl, 1 mM EDTA, pH 8, and 25°C.

∆S° ) R(-3.47n + 3n ln a - 1.5 ln |C|) (3)

[I i] ∝ exp(∆Si
o/R) (4)
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tionally less stable (∆Gcu
o ∼ 6.6 kcal/mol) compared to its

parent molecule, N-ONC (∆Gcu
o ∼ 13.9 kcal/mol), indicat-

ing that the (30-75) disulfide bond contributes significantly
to the stability of the protein as does the (87-104) disulfide
bond (13, 15). Interestingly, the free energy of unfolding of
des [30-75] species is closer to that of native RNase A
which has four disulfide bonds.

Although our method slightly underestimates the midpoint
of the thermal transition, it is extremely useful since it can
be applied to determine the thermal transitions of a mixture
of structured intermediates that may arise during oxidation
regeneration, as long as they can be separated from one
another, for example, by HPLC (31).

The Disulfide Bonds of Des [30-75] Are RelatiVely Buried
as Compared to the (30-75) Disulfide Bond in N-ONC. In
the reductive unfolding of N-ONC, it was demonstrated that
the (30-75) bond in N-ONC was easily reducible to form
des [30-75] (30). The time constant for reductive unfolding
of the native protein at 10 mM DTTred, pH 8, and 15°C is
about 43 min (30), which is much shorter than about 2300
min [Figure 4a of ref46] for the reduction of the first
disulfide bond of its homologue, RNase A, at 100 mM
DTTred, pH 8, and 15°C (46). The fast, partial reduction of
N-ONC compared to RNase A is consistent with a very large
exposed surface area of the (30-75) disulfide in N-ONC
(30).

The time constant for the reductive unfolding of des [30-
75] to form fully reduced ONC (100 mM DTTred, 15 °C,
pH 8) is∼1600 min (Figure 3), which is much longer than
the 43 min for the reduction of the first disulfide bond of
N-ONC at lower DTTred concentration (30), and is slightly
shorter than the 2300 min for the reduction of the (40-95)
and (65-72) disulfide bonds in RNase A under the same
condition (100 mM DTTred, pH 8, 15°C) (46). These data
indicate that the three disulfide bonds in des [30-75] are
relatively inaccessible to the reducing agent as compared to
the (30-75) disulfide bond of ONC, but have a relatively
similar free energy required for unfolding as the (40-95)
and (65-72) disulfide bonds in RNase A (Table 3).

No reductive unfolding intermediate of des [30-75] is
observed during its reduction to form fully reduced protein.
This is consistent with the absence of any lag time for the
formation of R-ONC in Figure 3, while such a lag time is
present in the reduction of native ONC (30).

To determine the mechanism for the reduction of des [30-
75] to form the fully reduced protein (i.e., global vs local
unfolding to expose its disulfide bonds), we have calculated
the standard free energy of its reduction (46). The change
in the standard free energy [∆Gru

o (ru: reductive unfolding)]
for exposing a disulfide bond for reduction can be obtained
from the following relation (46).

Here,k is the experimentally determined rate constant for
the reduction of the species of interest, andkI is the reduction
rate constant when the disulfide is totally exposed to the
reducing agent. Here,kI ) 210 min-1 M-1 at 15 °C (46),
obtained from the rate constants for formation and reduction
of one- and two-disulfide species measured during the
regeneration of RNase A (19, 21). Here,∆Gru

o is different
from ∆Gcu

o , since the latter represents the free energy of
global conformational unfolding of the protein, whereas the
former could represent the free energy of global or local
unfolding of the same multi-disulfide-containing protein. The
rate constants for the reduction of the (30-75) disulfide bond
in 2S ONC, the reduction of des [30-75] to form R-ONC,
and the reduction of the individual disulfide bonds in RNase
A (46) are shown in Table 3 along with the free energy
change for the individual unfolding processes. In Table 3,
2S refers to the three possible native two-disulfide-containing
intermediates that can be formed during the reduction of a
structured three-disulfide-containing intermediate (i.e., by the
reduction of des [30-75] ONC and des [40-95] RNase A).
These 2S species are not observed in the experiments due
to their fast reduction in the presence of 100 mM DTTred.

The∆Gru
o for the reduction of the (30-75) disulfide bond

in ONC is ∼2.6 kcal/mol, which is much smaller than the
free energy for conformational unfolding of the native protein
(∆Gcu

o ∼ 13.9 kcal/mol) at 25°C (Table 1), indicating that
the reduction of this disulfide bond takes place by a local
unfolding process. The free energy requirements for the
further reduction of des [30-75] to form 2S ONC (which is
the rate-determining step in its reduction since the further
reduction of 2S to the fully reduced protein is very fast)
(∼6.0 kcal/mol at 15°C) (Table 3) is slightly smaller than
the lower limit (31) of the free energy for conformational
unfolding of the des [30-75] (∼ 6.6 kcal/mol at 25°C)
(Table 1). It should be noted that a global unfolding free
energy higher than 6.6 kcal/mol would be expected at lower
temperature (15°C). These results suggest that the reduction
of des [30-75] ONC occurs through a local unfolding step.
The reduction rate constant of des [30-75] [(6.3 ( 0.3) ×
10-3 min-1 M-1] is comparable to that of the analogous

Table 2: Percentage of Des Species in ONC and RNase A among
All 420 3S Species Obtained from a Calculation of Their Entropy
of Formation

RNase A percentage (%) ONC percentage (%)

des [26-84] 0.1625 des [19-68] 0.0248
des [40-95] 0.0855 des [30-75] 0.0144
des [58-110] 0.2051 des [48-90] 0.0453
des [65-72] 0.0222 des [87-104] 0.0249

Table 3: Rate Constants and the Change in Standard Free Energy
for Reduction of a Disulfide Bond in Native ONC, Des [30-75]
ONC, Wild-Type RNase A, and Its Des Species at 15°C and pH 8

reduction of proteins
k

(min-1 M-1)
∆Gru

o

(kcal mol-1)

ONC f des [30-75]a 2.3( 0.2 2.6( 0.1
des [30-75] f 2S ONCb (6.3( 0.3)× 10-3 6.0( 0.1
RNase Af des [40-95]c (2.1( 0.1)× 10-3 6.6( 0.1
RNase Af des [65-72]c (2.3( 0.1)× 10-3 6.5( 0.1
des [40-95] f 2S RNase Ac (6.8( 0.5)× 10-3 5.9( 0.1
des [65-72] f 2S RNase Ac (1.8( 0.1)× 10-3 6.7( 0.1

a From the fit of data in ref30 with 10 mM DTTred. b From the fit
of the data in the current reduction experiment with 100 mM DTTred.
Here, 2S is a group of two-disulfide intermediates formed in the
reduction of structured three-disulfide intermediates. The 2S species
are not observed in the experiments due to the fast reduction of 2S
species under strong reducing conditions because there are no stable
structured 2S species in the reductive unfolding of both proteins.c From
ref 46.

∆Gru
o ) -RT ln

k
kI

(5)
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intermediate of RNase A, des [40-95] [(6.8 ( 0.5)× 10-3

min-1 M-1] (Table 3), although des [30-75] ONC is much
more stable than des [40-95] RNase A based on a
comparison of the free energies of conformational unfolding
(global unfolding) of the two proteins at 25°C [∆Gcu

o is 6.6
and 3.0 kcal/mol for des [30-75] and [C40A, C95A] RNase
A, respectively (Table 1)].

From the previous studies of the partial reduction of ONC
(30) and the reduction of des [30-75] ONC reported here,
the reduction pathway of ONC can be described by the
scheme of Figure 7a. The 2S species are not observed in the
experiments due to the fast reduction of 2S species under
strong reducing conditions. The reduction of the frog
ribonuclease takes place by a single pathway involving the
fast formation of des [30-75]. By contrast, the bovine variant
undergoes reductive unfolding through two parallel pathways
to form two structured intermediates, des [40-95] and des
[65-72] (Figure 7b) (46). The origin of this dissimilarity of
the two pathways has been discussed in detail elsewhere (30).

Kinetic Properties of Des [30-75]. The isolation of
unblocked des [30-75] makes it possible to study two key
elementary steps in the oxidative folding of ONC and their
comparison with the analogous processes in its homologue,
RNase A. First, since the major oxidative folding intermedi-
ate of RNase A, des [40-95] (analogous to des [30-75]
ONC) is a disulfide-secure species (36), it was possible to
determine whether des [30-75] is a disulfide-secure species
or not. We define disulfide-secure species (e.g., des [65-
72] and des [40-95] in RNase A) as those that keep their
disulfide bonds buried, and expose their thiols (if not already
exposed) by a local unfolding mechanism which enables their
oxidation to form the native protein; we define disulfide-
insecure species, (e.g., des [58-110] and des [26-84] in
RNase A) as those that have their free thiols buried and need
global unfolding to expose them for oxidation. The global
unfolding of the protein invites a competition between
intramolecular thiol-disulfide reshuffling and the two-step
oxidation process, which results in a majority of the disulfide-
insecure intermediate being reshuffled back to its unstruc-
tured isomers (36, 47). This also occurred in the oxidation
step from unstructured 3S species to native protein during
the regeneration on a des pathway (36). Second, the rate-
determining step in oxidative folding of RNase A is the
formation of the structured des species from the unstructured
3S ensemble through reshuffling reactions. Now, it is possible
to compare this process to the analogous steps in ONC (see
the last paragraph of the Discussion).

Des [30-75] Is a Disulfide-Secure Intermediate. Data on
the oxidation of des [30-75] to N-ONC (Figures 4 and 5)
indicate the quantitative formation of the native molecule
from its reductive intermediate in the presence of a small

amount of reducing agent (0.4 mM DTTred) that was added
to the oxidizing buffer (50 mM DTTox, 100 mM Tris-HCl,
1 mM EDTA, pH 8, 15°C). While the small amount of
reducing agent is sufficient to reduce any unstructured species
to R-ONC, any structured intermediate that is present (such
as des [30-75]) is unaffected. The absence of any fully
reduced ONC indicates thedirect formation of N-ONC from
des [30-75] since it excludes the presence of any unstruc-
tured 3S isomers which would be populated in anindirect
oxidation process and would have been reduced to R-ONC
under conditions used here. These data prove that des [30-
75] is a disulfide-secure intermediate which is not kinetically
trapped under the given conditions.

In oxidative folding of ONC, two peaks in the cation-
exchange chromatogram (obtained using a Rainin Hydropore
5-SCX column) were identified as containing structured 3S
species (unpublished results). The elution time of one of these
peaks agrees well with that of des [30-75]. Nevertheless, it
remains to be seen whether this intermediate is significantly
populated along the oxidative folding pathway of ONC.

The Propensity to Form Structured Species from Unstruc-
tured 3S Ensembles. The formation of des species was
initiated by the reshuffling of the unstructured 3S ensemble.
Figure 6 shows the percentage of the only peak containing
at least one structured species, which is present after a
reduction pulse, as a function of incubation time. The elution
time of this peak in the ONC chromatogram agrees well with
that of des [30-75]. However, since other des species may
elute at the same time, the identity of the structured species
cannot be determined with certainty from the present data.
Future disulfide mapping data will enable us to determine
the species present at the end of the isomerization process.
The structured intermediate species of ONC forms faster
from its unstructured 3S ensemble by reshuffling than does
the des species of RNase A in the analogous process [the
rate constants for the formation of the structured species are
0.09 and 0.014 min-1 for structured 3S ONC and des [40-
95] RNase A (23), respectively, under the same conditions].
A calculation of the entropy of formation of 3S species of
ONC and RNase A indicates that, while none of the des
species in either variant has a probability of formation greater
than 1%, the origin of this difference is not the result of the
difference in the disulfide bond pattern of the two proteins
since almost all the des species of RNase A have larger
abundance than those of ONC (Table 2). Three possible
reasons may account for this result: (i) Some enthalpic
interactions, which favor the native disulfide bonds over non-
native ones to a much greater extent in ONC than in RNase
A, may exist in the unstructured species of ONC. (ii) It was
hypothesized that the conformational folding rate of a
structured disulfide intermediate has a profound effect on
the overall regeneration rates (48). Therefore, another pos-
sible reason is that the conformational folding rate of ONC
is much faster than that of RNase A. (iii) It is also possible
that ONC has some much more reactive thiols than RNase
A that accelerate the reshuffling process. Further research
is needed to distinguish between these possibilities and to
characterize the underlying interactions.

CONCLUSION

We have characterized des [30-75], a fast-forming
intermediate in the reductive unfolding of ONC. Our data

FIGURE 7: Reductive unfolding pathway(s) of (a) ONC and (b)
RNase A at pH 8 and 15°C.
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indicate that the (30-75) disulfide bond in ONC contributes
significantly to the stability of the protein. Further reduction
of des [30-75] is a slow process that requires at least partial
unfolding of the intermediate to expose the remaining
disulfides to the reducing agent. No further reductive
intermediates of des [30-75] accumulate before the forma-
tion of the fully reduced protein.

Furthermore, similar to the analogous des [40-95] inter-
mediate of the homologue RNase A, des [30-75] is a
disulfide-secure productive intermediate that would be a
critical asset in the oxidative folding of ONC. Des [30-75]
might be significantly populated in the oxidative regeneration
pathway. The formation of the structured des species from
the unstructured isomers is faster than that of des [40-95]
RNase A.
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