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ABSTRACT: Bovine pancreatic ribonuclease B (RNase B) differs from RNase A by the presence of an
oligosaccharide moiety covalently attached to Asn 34. Oxidative folding studies of RNase B were carried
out at different temperatures using DTTox as the oxidizing agent, and the results were compared with
those for RNase A. The oxidative folding rates of RNase B are between 1.7 and 1.3 times faster than
those of RNase A at the temperatures that were investigated. The folding pathways of RNase B were
determined to be similar to those of RNase A in that two structured intermediates, each lacking one
native disulfide bond, were found to populate the regeneration pathways at 25°C and pH 8.3. The
thermodynamic stabilities of these two glycosylated intermediates, and their rates of formation from their
unstructured precursors in the rate-determining step, were found to be higher than those of their
unglycosylated counterparts from RNase A. Thus, the underlying cause for the faster rate of oxidative
regeneration of native RNase B appears to be both thermodynamic and kinetic due to the higher stability,
and faster rate of formation, of the intermediates of RNase B compared to those of RNase A.

The amino acid sequence of bovine pancreatic ribonuclease
B (RNase B)1 is identical to that of RNase A. An oligosac-
charide moiety attached to Asn 34 through a single N-
glycosylation site distinguishes RNase B from the defining
member (RNase A) of the family of pancreatic RNases (1-
3). Nevertheless, a comparison of the structures of the two
proteins (4, 5) revealed no significant differences between
them, suggesting that the oligosaccharide moiety has no
strong influence on the static protein conformation (5).

The RNase B protein occurs as a mixture of five
glycoforms (isoforms), denoted as Man5-9GlcNAc2-RNase
with five to nine mannoses in the oligosaccharide side chain
(6, 7). In general, oligosaccharides are known to stabilize
proteins (7-9), increase their solubility in aqueous solutions
(10), and facilitate the conformational folding and assembly
of nascent chains (11, 12). Furthermore, amide-proton
exchange rate measurements of RNase B indicate that the
presence of the oligosaccharide chain affects the solvent

accessibility of many regions of the peptide backbone, both
in the vicinity of and at sites remote from the glycosylation
site (6, 8).

N-Glycosylation is a cotranslational event in the formation
of several proteins with the attachment of the oligosaccharide
occurring prior to the conformational folding of the nascent
polypeptide chain to form its tertiary structure (13, 14). In
vitro studies on RNase A indicate that it cannot be glyco-
sylated to form RNase B unless its native structure is
disrupted (15). Therefore, the effect of the oligosaccharide
moiety on the oxidative folding pathway and kinetics of
regeneration of bovine pancreatic ribonucleases is of interest.

Previous experiments have demonstrated that the rates of
conformational refolding of disulfide-intact RNase A and B
from the GdnHCl-denatured states are similar, and proceed
through a two-state mechanism, indicating that the oligosac-
charide has no effect on the conformational folding mech-
anism of bovine pancreatic ribonucleases (16). The oxidative
refolding of the two ribonucleases, studied by both air
oxidation (17) and a metal ion-catalyzed air oxidation (18),
indicated that the recovery of enzymatic activity is faster
for RNase B than for RNase A from their fully reduced forms
(17, 18).

Although the studies described above shed light on the
overall folding kinetics of RNase B, a detailed understanding
of the influence of the oligosaccharide on the oxidative
regeneration pathways and their kinetics is still lacking
because measurement of enzymatic activity as a test for
completion of folding [used in previous studies (17, 18)] can
be misleading given that nativelike intermediates can be
enzymatically active (19-22). Furthermore, the regeneration
pathway of RNase B has yet to be determined and compared
with its unglycosylated counterpart which oxidatively folds
through two major three-disulfide-containing nativelike
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intermediates, des [40-95] and des [65-72], that are formed
in the rate-limiting step (23).

From a practical standpoint, it is difficult to separate
individual RNase B carbohydrate isoforms from one another
using traditional protein purification methods. In a previous
study of the reductive unfolding pathways of RNase B (24),
we were able to study the reductive unfolding pathways of
all five carbohydrate isoforms of RNase B simultaneously
using ESI/FTMS to differentiate each isoform species from
the other four. Here, we studied the oxidative regeneration
of a mixture of RNase B isoforms using high-performance
liquid chromatography (HPLC), which has also been applied
previously, in part, to study the reductive unfolding pathways
of RNase B (24).

MATERIALS AND METHODS

Materials. RNase A and B were purchased from Sigma.
RNase A was purified according to the method described
previously (25). RNase B was purified further with a strong
cation-exchange (SCX) HPLC system (Rainin Hydropore
5-SCX column) to remove the unglycosylated protein as
described elsewhere (24). The absence of RNase A and the
presence of all five isoforms of RNase B (Man5-9GlcNAc2)
were confirmed by mass spectrometry (24). AEMTS (greater
than 99% pure) was purchased from Anatrace. Oxidized
dithiothreitol (DTTox) and reduced dithiothreitol (DTTred)
were obtained from Sigma and used without further purifica-
tion. All other chemicals were of the highest grade com-
mercially available.

Preparation of Fully Reduced RNase B.Purified native
RNase B was reduced by incubating the protein in a buffer
containing 100 mM DTTred and 6 M GdnHCl (100 mM Tris-
HCl, 1 mM EDTA, pH 8.3, 25°C). After incubation for 3
h, the pH of the solution was lowered to 3 by addition of
glacial acetic acid. The reduced protein was desalted (and
DTTred was removed) on a reversed-phase HPLC column
(C-18) and lyophilized to remove the organic solvent and
water. Lyophilized reduced protein was dissolved in a dilute
acetic acid solution (pH 3.7) to obtain a stock solution (5.0
mg/mL) and was stored at-20 °C. Reduced RNase A was
prepared by using the same procedure.

OxidatiVe Folding of RNase B.Oxidative folding of RNase
B was carried out at three different temperatures, 15, 25,
and 37°C, by incubating 0.5 mg/mL (33µM) reduced protein
in a buffer of 100 mM DTTox (pH 8.3, 100 mM Tris-HCl,
1 mM EDTA). No DTTred was present in the original
oxidation buffer, but DTTred accumulated during the oxida-
tion reaction. Aliquots of 200µL were withdrawn at different
times after the initiation of oxidative folding, and any free
thiols were blocked by an excess amount of AEMTS (final
concentration of 50 mM, pH 8.3, 100 mM Tris-HCl and 1
mM EDTA). Five minutes after the addition of the AEMTS,
the pH of the solution was lowered to 3 by addition of 20
µL of glacial acetic acid. All samples were desalted on a
Hi-Trap G25 column by exchange against a 0.2% acetic acid
solution before analysis using cation-exchange HPLC.

Prior to the addition of AEMTS which blocks any free
thiols, some samples were subjected to a reduction pulse (5
mM DTTred at pH 8.3 for 2 min) which results in the
reduction of all unstructured species to the fully reduced
protein (R), a procedure that has been used successfully to

identify and isolate structured species in the oxidative folding
of RNase A (26). To compare the regeneration profile of
RNase B with that of RNase A, all experiments described
above were also carried out with RNase A under similar
conditions.

Isolation of Two AEMTS-Blocked Structured Intermediates
(des species) from the RNase B Folding Mixture.Some
samples that had been subjected to a reduction pulse during
the oxidative folding at 25°C and blocked with AEMTS
were used to collect the two structured AEMTS-blocked
intermediates using cation-exchange HPLC (to separate them
from native and fully reduced species). The structured
intermediates were desalted by reversed-phase HPLC prior
to lyophilization. Their identity was established by comparing
their elution times with those of intermediates identified in
reductive unfolding studies of RNase B (24).

Determination of GdnHCl Denaturation CurVes of Two
AEMTS-Blocked Des RNase B Intermediates.Isolated
AEMTS-blocked structured des intermediates (1 mg each)
were separately dissolved in 200µL of dilute acetic acid
(pH 3.7) prior to addition into an optical cell containing 1.8
mL of Tris buffer (100 mM Tris-HCl, 1 mM EDTA, pH
8.3, 25°C). The absorbance of the protein was measured on
a Cary 100 spectrophotometer at 287 nm (25°C). Small
aliquots (either 50 or 100µL) of a GdnHCl denaturant
solution (7.79 M, pH 8.3, 100 mM Tris-HCl, 1 mM EDTA)
were added into the optical cell sequentially. The concentra-
tion of the stock GdnHCl solution was determined using a
Bausch and Lomb refractometer. The absorbance of the
protein was determined 5 min after the addition of each
aliquot of denaturant. The absorbance data were collected
continually for 1 min and averaged. The data were corrected
for buffer absorbance and for protein dilution prior to
analysis. Experiments with two RNase A mutants, [C40S/
C95S] RNase A and [C65S/C72S] RNase A, obtained from
a previous study (20), were carried out under similar
conditions.

Estimation of Thermodynamic Parameters of Two AEMTS-
Blocked Des Species of RNase B Intermediates and Three-
Disulfide-Containing RNase A Mutant Analogues from Their
Chemical Denaturation CurVes. For the analysis of the
thermodynamic parameters, we assumed a two-state model,
which was used to fit the chemical denaturation profile of
RNase A and its mutants obtained under similar conditions
(27-30). This assumption is valid since no intermediates
were detected in the denaturation curve of RNase B
intermediates and two RNase A mutants. The fraction of
folded protein at each denaturant concentration was obtained
as described previously (29). The midpoint of the transition
curves was obtained by fitting the fraction of folded species
against denaturant concentration with a sigmoidal function.
The standard free energy of conformational unfolding of a
protein, ∆G°, at different denaturant concentrations, was
calculated by the following equation.

whereKD is the unfolding equilibrium constant,fD and fN
are the fractions of denatured and folded AEMTS-blocked
species for RNase B and mutants for RNase A, respectively,
R is the universal gas constant, andT is the absolute

∆G° ) -RT ln KD ) -RT ln
fD
fN

(1)
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temperature. By extrapolation of the chemical denaturation
curve within the linear region of folded protein to zero
denaturant concentration according to eq 2, the standard free
energy of unfolding in aqueous buffer can be obtained at
the experimental temperature (28, 31, 32). The standard free
energy of unfolding (∆G°) provides a measure of the stability
of the protein under the given conditions.

wherem is a measure of the dependence of the standard free
energy on the denaturant concentration andCGdnHCl is the
GdnHCl concentration.

Preparation of the Unstructured Isomer (3S) Precursor
of the Des Species (3S*). To study the rate of formation of
the structured des species (3S*) from its unstructured
precursor isomers, the unblocked 3S ensemble must be
obtained. The unblocked 3S ensemble was prepared as
follows.

During the oxidative folding of RNase B, a reduction pulse
was applied, and the native protein, two unblocked des
species, and fully reduced unblocked protein were separated
by reversed-phase HPLC. These species were then collected
separately and lyophilized. The two unblocked structured
intermediates (des species) were dissolved in 200µL of 6
M GdnHCl buffer (pH 8.3, 100 mM Tris-HCl, 1 mM EDTA,
25 °C, continuously sparged with argon to prevent air
oxidation) which results in a loss of their structure and
facilitates reshuffling. Incubation for 1 h at 25°C under these
conditions is sufficient to result in an equilibrium distribution
of the unstructured 3S ensemble (33). The pH of the 3S
ensemble was lowered to 3 by addition of 20µL of glacial
acetic acid, and buffer salts and GdnHCl were removed by
reversed-phase HPLC, where the air oxidation is negligibly
slow at pH<2. Water and organic solvents were removed
by lyophilization. The identity of the unstructured 3S
ensemble was verified by blocking a small amount of the
lyophilized 3S material using AEMTS and comparing its
elution profile (obtained by using strong cation-exchange
HPLC) with that described in previous reports (25, 26).

Rate of Formation of the Two Des Species from Their
Unstructured 3S Ensemble. The kinetics of formation of
structured three-disulfide-containing intermediates of RNase
B (des species) from their unstructured precursor isomers
(3S ensemble) was initiated by addition of a 4 mL of a 100
mM Tris-HCl, 1 mM EDTA buffer (pH 8.3 and 25°C) to
the lyophilized unstructured and unblocked 3S ensemble
(final protein concentration of 33µM); the mixture was
continuously sparged with argon to prevent air oxidation.
Aliquots of 0.5 mL samples were withdrawn at different
times and subjected to a reduction pulse (5 mM DTTred for
2 min) followed by AEMTS blocking of any free thiols. The
pH of the sample was adjusted to 3 by addition of 20µL of
glacial acetic acid. The sample was desalted using a Hi-Trap
G25 column and analyzed by cation-exchange HPLC.
Application of the reduction pulse before blocking the
samples with AEMTS selectively reduced all unstructured
3S isomers to the fully reduced protein, which facilitates their
separation, upon AEMTS blocking, from the structured des
species.

The peak areas corresponding to 3S* and the fully reduced
protein (R) were integrated, and the fractional increase in

3S* was plotted as a function of time. The fractional
concentration of R represents the fractional concentration of
3S since R is formed upon reduction of the 3S ensemble
due to application of the reduction pulse. The data were fitted
to a single-exponential function to obtain the rate constant
for the formation of 3S* from 3S.

The rates of formation of the structured des species of
RNase A from their unstructured isomers were also deter-
mined as described above.

RESULTS

Regeneration of RNase B. Figure 1 shows a typical HPLC
chromatogram 60 min after initiation of oxidative folding
(100 mM DTTox, pH 8.3, 25°C), and blocked with AEMTS.
The native protein, the 3S, 2S, and 1S ensembles, and the
fully reduced protein (R) are clearly visible. Figure 2
compares the fractions of native RNase B and RNase A
formed as a function of oxidative folding time at different
temperatures. The sizes of the symbols indicate the standard
deviations in repeat experiments. It is clear that the oxidative
folding rate of RNase B is greater than that of RNase A,
which is evident from the fractions of each native species
formed as a function of oxidative folding time.

Results from these experiments showed that the rate of
formation of the native protein (N) of both species is
approximated well by a first-order rate equation:

∆G° ) ∆G°H2O
- mCGdnHCl (2)

FIGURE 1: Typical cation-exchange HPLC chromatogram showing
the AEMTS-blocked intermediates formed during the regeneration
of RNase B (33µM) 60 min after initiation of regeneration using
100 mM DTTox (100 mM Tris-HCl, 1 mM EDTA, pH 8.3, 25°C).

FIGURE 2: Fraction of native protein formed during the oxidative
folding of RNase A and RNase B (100 mM DTTox, pH 8.3), at
three different temperatures: 15, 25, and 37°C. At each regenera-
tion temperature, the protein concentration was 0.5 mg/mL (33µM)
in 100 mM Tris-HCl and 1 mM EDTA.

ln(1 - N) ) -kt (3)
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where 1- N is the fractional concentration of all non-native
species,k represents the rate constant for the formation of
the native protein, andt is the reaction time. The rate
constants for the regeneration of RNase A and RNase B by
100 mM DTTox (pH 8.3) at different temperatures are shown
in Table 1. The ratio of the refolding rate of RNase B to
that of RNase A indicates that the glycosylated ribonuclease
regenerates faster than the unglycosylated variant at each
temperature that was tested, with the ratios of the rates of
regeneration diminishing with an increase in temperature.
The reduced rate of regeneration of both RNase A and RNase
B at 37°C reflects the decreased stability of 3S* at 37°C
compared to that at 25°C (20, 34). Since the regeneration
rates of both proteins through the structured des species are
decreased at 37°C and glycosylation is unlikely to have a
stabilizing effect on any unstructured intermediates, the ratio
of the regeneration rates of RNase A and RNase B ap-
proaches unity (kB/kA ) 1.3) with an increase in temperature.

Identity of Two Structured Intermediates on the OxidatiVe
Folding Pathways of RNase B. A reduction pulse (5 mM
DTTred for 2 min) reduces any unstructured disulfide-
containing species to the fully reduced protein (26). This
technique has been applied successfully to the oxidative
folding of RNase A, resulting in the detection of two
structured des species at 25°C (26). Figure 3 is a typical
HPLC chromatogram of the AEMTS-blocked oxidative
folding mixture of RNase B (100 mM DTTox, pH 8.3, 25
°C) that was subjected to a reduction pulse 200 min after
initiation of regeneration. In addition to the native and fully
reduced protein, only two structured species (indicated by
arrows in Figure 3) are detected under the experimental
conditions. It should be noted that one-disulfide-containing
species (1S) tend to persist after a reduction pulse because
of oxidation of the fully reduced protein (R) to its one-
disulfide-containing intermediates (1S), possibly due to air
oxidation.

Mass spectrometric analysis of the protein species con-
stituting these peaks indicates that their individual masses
are 152 Da greater than that of native RNase B, suggesting
the addition of two AEMTS molecules per protein. Since
AEMTS is thiol-specific, the addition of two AEMTS

molecules is indicative of the reduction of one disulfide bond.
Therefore, we conclude that each protein species lacks one
disulfide bond. Furthermore, their elution positions cor-
respond to the des [65-72] and des [40-95] intermediates
of RNase B that were populated in the reductive unfolding
pathway of the protein (24). Both of these species are
oxidized to form the native molecule if the oxidative folding
is allowed to continue, indicating that they are not kinetically
trapped, a characteristic shared with the (unglycosylated) des
[40-95] and des [65-72] intermediates of RNase A (26,
35).

Chemical Denaturation of AEMTS-Blocked Des [40-95]
RNase B and Des [65-72] RNase B.Figure 4 shows the
chemical denaturation transition curves for des [65-72]
RNase B and des [40-95] RNase B blocked with AEMTS.
The plots for∆G° versusCGdnHCl are linear (inset of Figure
4) and justify the use of eq 2 to obtainm and∆G°H2O

. The
standard free energy of unfolding,∆G°H2O

, m, and midpoint
C1/2(GdnHCl) for each des species relative to its unfolded
state are listed in Table 2. For comparison, the same
thermodynamic parameters for the three-disulfide-containing
RNase A mutants, viz., [C65S/C72S] and [C40S/C95S]
RNase A, obtained under similar conditions are also listed.
The data show that the two RNase B des species are slightly
more stable than the three-disulfide-containing mutant ana-
logues of RNase A, and that the des [65-72] species are
more stable than the des [40-95] species for both RNase A
and RNase B.

Table 1: Temperature Dependence of the Rate Constants for the
Regeneration of RNase A and RNase B (33µM protein, 100 mM
DTTox, 100 mM Tris-HCl, 1 mM EDTA, pH 8.3a)

rate constant of oxidative folding,k (×104 min-1)

15 °C 25°C 37°C
RNase A (kA) 8.6( 0.6 21.5( 0.4a 6.1( 0.4
RNase B (kB) 14.4( 1.3 33.2( 0.9 7.8( 0.3
kB/kA 1.7 1.5 1.3

a The regenerations of RNase A and RNase B were studied at pH
8.3 because we noticed a slight amount of precipitation of reduced
RNase B at pH 8, which was not the case at pH 8.3. We checked our
regeneration rate of RNase A with previous studies in ref34 which
had been performed at pH 8.0. We obtained a regeneration rate of (11.4
( 0.5)× 10-4 min-1 at pH 8.0 and 25°C which is consistent with the
previously determined value of (12.5( 0.6) × 10-4 min-1 (34). This
larger rate constant for RNase A (21.5× 10-4 min-1) at pH 8.3,
compared to that at pH 8.0 (11.4× 10-4 min-1) and 25°C, probably
reflects the higher concentration of S- which leads to accelerated thiol-
disulfide exchange reactions at pH 8.3. It should be noted that, at the
end of the regeneration, approximately 120µM DTTred would be formed
by the reduction of DTTox which oxidizes protein thiols to form disulfide
bonds.

FIGURE 3: Typical HPLC chromatogram showing the AEMTS-
blocked intermediates formed after the oxidative folding mixture
of RNase B (33µM) had been subjected to a reduction pulse 200
min after initiation of regeneration (100 mM Tris-HCl, 1 mM
EDTA, pH 8.3, 25°C).

FIGURE 4: GdnHCl transition curves, and the dependence of∆G°
on the GdnHCl concentration (inset), for the AEMTS-blocked des
[65-72] RNase B (b) and AEMTS-blocked des [40-95] RNase
B (9) (100 mM Tris-HCl, 1 mM EDTA, pH 8.3, 25°C).
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Rate of Formation of Des Species from Their Unstructured
3S Isomers (the 3S ensemble).Figure 5 is a reversed-phase
HPLC chromatogram showing the separation of the un-
blocked des species of RNase B from the native and fully
reduced protein. The formation of two pairs of structured
des species (des [65-72] and des [40-95]), glycosylated
for RNase B and unglycosylated for RNase A, from the
unstructured 3S ensembles of RNase B and RNase A is
shown in Figure 6. The curves are single-exponential fits of
the experimental data for RNase B and RNase A. The rate
constants for overall formation of structured des species of
RNase B and RNase A at 25°C are (2.0( 0.1)× 10-2 and
(1.2 ( 0.1) × 10-2 min-1, respectively.

DISCUSSION

OxidatiVe Folding Pathways of RNase B. Two structured
intermediates were found to populate the oxidative folding
pathway of RNase B (pH 8.3 and 25°C) and were identified
by HPLC as des [65-72] RNase B and des [40-95] RNase
B. Both of them have three native disulfides (i.e., they lack
the fourth disulfide). Neither species is present after pro-
longed oxidative folding times (i.e., 16-24 h after initiation
of oxidative regeneration), indicating that they are not
kinetically trapped during the oxidative folding. These results
suggest that the major folding pathways of RNase B are
similar to those of RNase A (Figure 7) at 25°C (26),
indicating that the oligosaccharide does not alter the folding
pathways of bovine pancreatic ribonuclease.

Effect of Oligosaccharides on the OxidatiVe Folding Rates
of RNase B. The rate-determining step in the regeneration
of RNase A is the formation of structured des species from
their unstructured isomers (i.e., 3Sf 3S*). The formation
of the native protein from its structured intermediates (3S*
f N) is relatively rapid compared to the rate-determining
step (35). Since the structured des species are involved in
both the rate-determining step and the post-rate-determining
step, we compared the stability and rate of formation of the
des species of both variants at 25°C and pH 8.3 in an attempt
to explain the enhanced rate of regeneration of RNase B
compared to that of RNase A.

The GdnHCl denaturation curves of two AEMTS-blocked
RNase B des species provide information about the stability
of these two species (Figure 4). The midpoint and∆G°H2O
obtained from GdnHCl denaturation measurements are
slightly higher for the RNase B intermediates than those for
the RNase A intermediates (Table 2). It should be noted that
the thermodynamic parameters for the three-disulfide-
containing intermediates of RNase A were obtained from
measurement of their cysteine-to-serine mutant analogues
whereas those for the three-disulfide-containing intermediates
of RNase B were obtained from their AEMTS-blocked
derivatives. The slight increase in the stability of the des
species of RNase B is consistent with the slight increase in
the stability of native RNase B compared to that of native
RNase A (7-9).

The rate constant for the formation of the des species of
RNase B from their unstructured 3S ensemble [(2.0( 0.1)
× 10-2 min-1] is also larger than that for its oligosaccharide-
free counterpart [(1.2( 0.1)× 10-2 min-1], suggesting that
the presence of the oligosaccharide somehow (discussed
below) promotes the formation of the structured species
(3S*).

Oxidative folding rates depend on the thermodynamic
stabilities of structured intermediates. The higher the stability
of a structured intermediate, the less chance that it will back-

Table 2: Thermodynamic Parameters of the
Three-Disulfide-Containing Intermediates of RNase A and RNase B
in 100 mM Tris-HCl and 1 mM EDTA at pH 8.3 and 25°C

proteina
∆G°H2O

b

(kcal/mol)
mb

(kcal mol-1 M-1)
C1/2(GdnHCl)b

(M-1)

des [65-72] RNase B 5.4( 0.7 3.9( 0.5 1.45( 0.01
des [40-95] RNase B 3.4( 0.7 3.7( 0.6 0.85( 0.05
[C65S/C72S] RNase A 4.7( 0.4 3.8( 0.3 1.22( 0.01
[C40S/C95S] RNase A 2.9( 0.1 3.7( 0.1 0.77( 0.01

a Data from current experiments for two RNase B des species blocked
with AEMTS and for [C65S/C72S] and [C40S/C95S] RNase A mutants
at pH 8.3 and 25°C using GdnHCl as a denaturant.b The parameters
were obtained by the method of Santoro and Bolen (31). ∆G°H2O
represents the estimated standard free energy change for the foldedf
unfolded transition in the des species in water.m represents the first
derivative of the free energy difference with respect to the GdnHCl
concentration.C1/2(GdnHCl) represents the concentration of GdnHCl
at the midpoint of the transition curves. Errors are given as standard
deviations.

FIGURE 5: Reversed-phase HPLC chromatogram showing un-
blocked des species (3S*, i.e., des [65-72] and des [40-95])
obtained after applying a reduction pulse to the regeneration
mixtures of RNase B. The native protein, 1S, and the fully reduced
protein are also seen.

FIGURE 6: Formation of combined structured 3S* species (des [65-
72] and des [40-95]) of two ribonucleases [(b) RNase B and (0)
RNase A] and from its unstructured 3S ensemble (33µM) at pH
8.3 and 25°C in a 100 mM Tris-HCl and 1 mM EDTA buffer.
The curves are single-exponential fits for the experimental data for
RNase B and RNase A, respectively.

FIGURE 7: Schematic representation of oxidative folding pathways
of RNase B at pH 8.3 and 25°C.

Oxidative Folding of RNase B Biochemistry, Vol. 44, No. 28, 20059821



reshuffle to its unstructured isomer. Thus, the more stable
des intermediates of RNase B contribute to the increased
regeneration rate of the protein. Furthermore, the rate of
formation of a structured intermediate is also an important
factor that contributes to the overall oxidative folding rate.
If a structured intermediate can form very quickly from its
unstructured isomers or precursors, the rate of formation of
the native protein is enhanced. Our results from thermody-
namic and kinetic studies of the des species of the two
variants indicate that the greater thermodynamic stability and
increased rate of formation of the structured intermediates
of RNase B compared to those of RNase A are responsible
for the enhanced rate of regeneration of RNase B compared
to that of RNase A.

The increase in the stability of AEMTS-blocked des [40-
95] and des [65-72] RNase B relative to that of des [40-
95] and des [65-72] RNase A is consistent with the
decreased amide-proton deuterium exchange rates for a large
number of residues of native RNase B compared to RNase
A (6). The protection of amide protons has been attributed
to steric hindrance between the sugar moiety and the protein
which reduces solvent accessibility and stabilizes the protein
by approximately 1.2 kcal/mol (6).

CONCLUSION

These studies concerning the influence of oligosaccharides
on the oxidative folding pathways and regeneration rates of
bovine pancreatic ribonucleases indicate that, although the
oligosaccharide moiety does not alter the folding pathways
of the B variant (compared to the A variant that lacks the
oligosaccharide side chain), there is a definite increase in
the folding rate of the glycoprotein compared to its ungly-
cosylated variant. Thermodynamic and kinetic investigations
of the stabilities and rates of formation of two key structured
intermediates suggest that the underlying causes of the
enhanced regeneration rate of the glycosylated protein reside
in the higher thermodynamic stability and higher rate of
formation of these two des species compared to those of their
unglycosylated counterparts.
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