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Summary

A novel method for characterization of the simultane-
ous reductive unfolding pathways of five isoforms of
bovine pancreatic ribonuclease B (RNase B) is demon-
strated. The results indicate that each isoform unfolds
reductively through two three-disulfide-containing
structured intermediates before proceeding to the
fully reduced form, as in the reductive unfolding path-
ways of the A variant lacking the carbohydrate chain.
The rates of reduction of bovine pancreatic ribo-
nuclease A (RNase A) and RNase B and the formation
and consumption of their reductive intermediates are
identical, indicating that the unfolding events neces-
sary to expose disulfide bonds for reduction are not
affected by the oligosaccharide. The method utilizes
top-down mass spectrometry and a naturally oc-
curring tag on the protein, viz. the carbohydrate moi-
ety, to obtain unfolding information of an ensemble of
protein isoforms and is a generally applicable method-
ological advance for conducting folding studies on
mixtures of different proteins.

Introduction

Glycosylation of proteins is a cotranslational event that
usually involves the covalent modification of the Asn
side chain(s) of the polypeptide by the attachment of a
carbohydrate moiety [1-7]. Glycosylation can affect the
physical properties of the proteins, provide lectin-recog-
nition sites [2-4], and play an important role in transport,
secretion of proteins, their anchoring to specific sites,
and in protease protection [3]. Understanding the impact
of glycosylation on protein folding/unfolding is impor-
tant for understanding the aforementioned downstream
processes.

Although a large amount of data exist on the impact
of carbohydrate moieties on the folding and unfolding
of proteins [8-16], a detailed understanding of the influ-
ence of glycosylation on the redox-dependent folding/
unfolding pathways of multi-disulfide-containing pro-
teins has not been undertaken and remains an important
unanswered question, given that glycosylation is known
to precede the folding process [1, 8, 9, 17].

Reductive unfolding, which is the conformational un-
folding of the protein achieved by reducing its disulfide
bonds, is a useful tool to study the unfolding pathways
of multiple-disulfide-containing proteins [18-25]. Re-
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ductive unfolding experiments are helpful in under-
standing the nature of the unfolding event that is neces-
sary to expose particular disulfide bonds, the impact
of certain disulfide bonds on the native structure, the
pathway(s) by which the protein unfolds, and the overall
(global) stability of a protein.

Bovine pancreatic ribonuclease B (RNase B) [26],
which constitutes ~15% of the total pancreatic ribo-
nuclease [9] and occurs naturally as a mixture of five
glycoforms (denoted as Man;.,GlcNAc,-RNase B) [27,
28], appears ideally suited as a model protein to under-
stand the role of oligosaccharides in the reductive un-
folding pathways of a protein. This is because its amino
acid sequence is identical to that of RNase A (a well-
studied protein [29-37]) and differs from the A variant
by the presence of a single carbohydrate moiety
attached to Asn 34 [26, 29]. Furthermore, a comparison
of the crystal structures of the two variants [26, 29]
reveals no significant differences, suggesting that the
oligosaccharide moiety has no influence on the static
conformation of the protein. The data obtained from
redox-dependent folding/unfolding studies on RNase B
can, therefore, easily be compared against a large
amount of existing literature on the redox-dependent
folding/unfolding of RNase A [22, 31, 33-37]. Further-
more, since RNase A cannot be glycosylated in its folded
form [38], RNase B is, therefore, a good model system
with which to study the influence of the carbohydrate
group on the folding/unfolding pathway of bovine pan-
creatic ribonuclease.

Previous experiments showed that the kinetics of con-
formational unfolding and refolding of RNase A and B
in GAnHCI are similar and proceed through a two-state
mechanism [9], which indicates that the oligosaccharide
has no significant effect on conformational folding under
these conditions. However, the free energy of conforma-
tional unfolding of RNase B is greater than that of RNase
A[9, 39]. Furthermore, measurements of amide-proton/
deuterium exchange rates have suggested that the pres-
ence of the glycan affects the solvent accessibility of
many regions of the peptide backbone in the vicinity of
(e.g., residues 29-35), and at sites remote from (e.g.,
residues 57-61 and 75-76), the glycosylation site (Asn
34) [2, 4, 40]. Spatially, the glycosylation site is near the
(40-95) disulfide bond [26], which is one of the first
disulfide bonds [the other being the (65-72) disulfide
bond] to be reduced in RNase A [22]]. Since reductive
unfolding pathways and rates can be modulated by local
protein fluctuations [22, 41], the effect of oligosaccha-
ride on the reductive unfolding pathways and on the
reductive unfolding rate of RNase B is the object of our
study.

Protein folding and unfolding studies (both redox de-
pendent and conformational) normally involve the acqui-
sition of data arising from a single protein under various
folding/unfolding conditions [18-25, 30-37, 42]. This is
simply because it is very difficult to separate and analyze
intermediates belonging to one protein species, let
alone a mixture of species. In this article, we have stud-
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ied the simultaneous reductive unfolding of five isoforms
of RNase B, a glycosylated form of RNase A, and charac-
terized the reductive unfolding pathways of each iso-
form. This has been possible by the application of top-
down mass spectrometry (MS) [43-47] to resolve the
masses of each isoform and its reductive unfolding inter-
mediates, for which purpose the carbohydrate moiety
has served as a unique marker. Furthermore, the disul-
fide bonds that are reduced in the intermediates have
been identified. This research has enabled us to gain
insight into the role of the carbohydrate moiety in the
reductive unfolding pathways of bovine pancreatic ribo-
nuclease, and the significance and generality of the
method is discussed.

Results

Purification of RNase B and ldentification

of Isoforms

Cation-exchange HPLC was used to remove any RNase
A from commercial RNase B. ESI/FTMS analysis of the
major peak in the cation-exchange chromatogram con-
firmed the absence of RNase A. All five isoforms of
RNase B were detected by mass spectrometry (Figure
1A) and subsequently identified. Table 1 summarizes
the relative molecular weight of each isoform and its
identity.

Reductive Unfolding of RNase B and Identity

of Reductive Intermediates

Reductive unfolding of RNase B was initiated by using
using reduced dithiothreitol (DTT™¢) (100 mM, pH 8, 15°C)
and followed by electrospray ionization/Fourier-trans-
form mass spectrometry (ESI/FTMS). Figures 1B and
1C are composites of an ESI/FTMS spectrum of the
2-aminoethylmethylthiosulfonate (AEMTS)-blocked re-
action mixture 400 min after initiation of the reduction
process. The fully reduced proteins are well resolved
from the native protein isoforms and structured reduc-
tive intermediates (Figure 1B) because they have higher
charge states due to their lack of rigid structure com-
pared to structured species. The inset in Figure 1C
shows the expanded portion of the spectrum in which
the overlapping peaks of the native protein and its re-
ductive intermediates are better resolved. The dots on
the expanded portions represent the theoretical abun-
dance distribution of the isotopic peaks. In addition to
the five native isoforms of RNase B, which are partially
overlapped with its intermediates, ten other peaks are
clearly identifiable (see Figures 1B and 1C). The masses
corresponding to each of these ten peaks indicate that,
for each native isoform, its corresponding stable three-
disulfide-containing intermediate (3S*) and fully reduced
species (R) are formed. This analysis is easily accom-
plished because each AEMTS adduct leads to an in-
crease in the molecular weight of the native protein
by 76 Da [31]. Therefore, a three-disulfide-containing
intermediate with its free thiols blocked by AEMTS will
have a mass increase of 152 Da compared to the parent
molecule. No other (one- or two-disulfide-containing)
intermediates are observed for any of the isoforms,
which is similar to that in the reduction of RNase A [22].

Sampling of the mixture at different reductive unfolding
times gave the same results (except for a change in
the relative abundance of the different species of each
isoform). Therefore, our data indicate that reductive un-
folding in each of the five isoforms of RNase B is initiated
by the loss of one disulfide bond to form at least one
three-disulfide-containing stable intermediate.

For a four-disulfide-containing protein, there can be
four isomeric native three-disulfide-bond-containing in-
termediates having the same mass. We used cation-
exchange HPLC to investigate the presence of multiple
isomeric reductive intermediates that may be populated
during the reductive unfolding of RNase B. Figure 2
shows typical HPLC chromatograms of the AEMTS-
blocked reductive unfolding mixture of RNase B using
DTT™ (100 mM, pH 8, 15°C) (Figure 2A, 202 min and
Figure 2B, 1600 min after initiation of reductive un-
folding). Four peaks are observed in each chromato-
gram. ESI/FTMS analysis of the separated peaks within
each chromatogram indicated that the first peak con-
tains all five isoforms of native RNase B (N); the peaks
labeled I, and |, correspond to AEMTS-blocked three-
disulfide-containing intermediates of all five isoforms of
the protein, and the last peak contains all five isoforms
of fully reduced protein (R) (Figure 2). This indicates that
there are at least two three-disulfide-containing interme-
diates for RNase B. The fractional concentrations of N,
l;, I, and R are 0.777, 0.094, 0.039, and 0.090, respec-
tively, at 202 min of reduction time and 0.356, 0.275,
0.130, and 0.239, respectively, 1600 min after initiation
of reduction.

Identification of the Missing Disulfide

Bonds inl; and |,

A top-down mass spectrometry approach [46] was ap-
plied to determine the identity of the two free cysteines
in each of the two intermediates, viz. I, and l,. Linear
molecules provide the most direct MS data interpreta-
tion, so the free cysteines were derivatized with iodo-
acetamide, then the remaining disulfide bonds were re-
duced and derivatized with AEMTS. Analysis of the
derivatized intermediates |, and I, using ESI/FTMS indi-
cated that the eight cysteines in all of the five RNase B
isoforms were blocked by two iodoacetamide molecules
and six AEMTS molecules, which is inferred from the
agreement between the experimental molecular weight
(Mey) with the calculated molecular weight (M.,) of the
native proteins and two fully blocked intermediates (see
Table 2). Blocking of one free thiol with an iodoacet-
amide molecule increases the molecular weight of the
protein by 58 Da. Figure 3A shows the mass spectrum
for the five isoforms of reduced AEMTS-blocked car-
boxymethylated I,. All of the corresponding five isoforms
were also observed for |, (data not shown). After ejection
of all but the isoform | molecular ion of Man;GlcNAc,-
RNase B (Figure 3A), infrared multiphoton dissociation
(IRMPD) of the molecular ions resulted in 20 and 21
fragment ions (Figure 3B) that contain either the N-ter-
minal (“b ions”) or the C-terminal (“y ions”) for |, and I,,
respectively. These fragments indicated that |, lacks the
(65-72) disulfide bond and I, lacks the (40-95) disulfide
bond, as discussed below.
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Figure 1. ESI/FTMS Spectra of RNase B and

Calculated MW: 15061.6-8 Da Its Reductive Intermediates
Measured MW: 15061.7-8 Da ESI/FTMS spectra of (A) native RNase B iso-

forms (the relative molecular weights of indi-
vidual isoforms and the assignment of carbo-
hydrate chains are listed in Table 1; the mass
1508.50 of a hexose unit is 162.2 Da), (B) reductive
unfolding mixture of RNase B isoforms after

\Y 400 min reduction under 100 mM DTT™ (pH
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isoforms and their three-disulfide-containing
reductive intermediates [same sample as (B)].
Dots on the expanded portions (insets) in
each panel represent the theoretical abun-
dance distribution of the isotopic peaks. The
mass difference between the most abundant
peak and the monoisotopic peak is denoted
initalics. The inset in (C) shows the expanded
version of the spectrum for one of the isoform
peaks, indicating separation of the native iso-
form Il from the three-disulfide-containing re-
ductive intermediate of isoform I.
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For |, (Figure 3C), the y,, fragment ion (the ion con-
taining the last 20 amino acids) showed a mass increase
of 75 Da compared to the sequence-derived value, indi-
cating that Cys 110 was blocked by AEMTS instead of
iodoacetamide. In a similar manner, y,; suggests that
there were three AEMTS moieties in the last 41 amino
acids, indicating that Cys 84 and Cys 95 were both
blocked by AEMTS. Therefore, the (58-110), (26-84), and
(40-95) disulfide bonds are the last to be reduced since
they are blocked with AEMTS. This was confirmed by
the complimentary bg; ion, which showed that there were
three AEMTS additions and two alkylations in the first

83 amino acids, suggesting that Cys 65 and Cys 72
were blocked by iodoacetamide. According to the above
analysis, it can be concluded that the reduced disulfide
bond in | is the (65-72) bond because the cysteines of
the first reduced bond were alkylated by iodoacetamide,
and thus |, is des [65-72] (a structured intermediate of
RNase B having all native disulfide bonds but lacking
the (65-72) disulfide bond).

For I, (data not shown), the b, and y,, ions showed a
mass increase of 75 Da, indicating that Cys 26 and Cys
110 were both blocked by AEMTS. The y,; fragment ion
showed that there were one alkylation and two AEMTS

Table 1. Experimental Molecular Weight (M,,,) and Calculated Molecular Weight (M.,) Values for the Isoforms of Native RNase B and

the Assignment of the Carbohydrate Chain in Each Isoform

Peaks M., (Da) M., (Da) Assignment of Carbohydrate Chain
| 14899.4 14899.3 Man;GIcNAc,
1} 15061.6 15061.7 ManGIcNAc,
mn 15233.8 15223.9 Man;GIcNAc,
v 15386.0 15385.9 Man;GIcNAc,
v 15548.2 15548.0 ManyGIcNAc,
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Figure 2. HPLC Chromatograms of the Reductive Unfolding of
RNase B

Chromatograms at 202 min (A) and 1600 min (B) after initiation of
the reductive unfolding of RNase B. Four peaks are observed in the
chromatograms, N, Iy, I, and R. Experimental conditions are 1.0
mg/ml RNase B, 100 mM DTT™ (pH 8), and 15°C.

moieties in the last 41 amino acids, while the complimen-
tary bg; ion suggests four AEMTS and one alkylation in
the first 83 amino acids. Since disulfide-bond reshuffling
is negligible under the alkylation conditions, which was
confirmed by the absence of other alkylated sites in the
mass spectra, it can be concluded that Cys 40 and Cys
95 were blocked by iodoacetamide, and thus that |, is
des [40-95].

Fragmentation of the other isoforms in |, and I, gave
the same results as isoform |, suggesting that the same
disulfide bonds [i.e., (65-72) and (40-95)] were reduced
in these two three-disulfide-containing intermediates for
all of the RNase B isoforms. The disulfides of these two
reductive unfolding intermediates in RNase B are the
same as those of the intermediates in the reduction of
wild-type RNase A [22].

Kinetics of the Reductive Unfolding of RNase B
Figure 4 shows the kinetics of reduction of RNase B
(100 mM DTTd, pH 8, 15°C) and the formation of its

reductive unfolding intermediates (which is assessed by
HPLC separation of AEMTS-blocked intermediates). The
populations of |, and I, first increase and then decrease,
indicating that they are eventually reduced after initially
accumulating. There is a lag time in the formation of
fully reduced protein (R), and it appears only after the
formation of the three-disulfide-containing reductive in-
termediates, |, and l,. Figure 4 also shows the reduction
of native RNase A under the same condition (100 mM
DTT™4, pH 8, 15°C).

Finally, we analyzed the fractions of des [65-72] and
des [40-95] in the two variants (RNase A and B) formed
as a function of reductive unfolding time (this is possible
by comparing data in Figure 4 and those reported pre-
viously [22]) and found them to be similar for both vari-
ants (see the implications in the Discussion section).

Discussion

Reductive Unfolding Pathways of RNase B Using
Top-Down MS

In this study, we have used a powerful analytical tool, viz.
top-down MS, for a study of the simultaneous reductive
unfolding pathways of multiple protein isoforms of
RNase B. This has been accomplished by making use of
the unsurpassed resolving power of ESI to differentiate
between protein species having small mass differences
and by utilizing the carbohydrate moiety, which is a
natural marker attached to the protein, to distinguish one
isoform from another. Traditional separation techniques
such as HPLC would not be helpful in our study, since
it is not possible (to our knowledge) to separate all of
the protein isoforms and their reductive unfolding inter-
mediates from one another in the simultaneous reduc-
tive unfolding pathways of RNase B. The different types
of species in the mixture are the structurally similar five
native isoforms, the native-like reductive unfolding inter-
mediates of each isoform, and the fully reduced species
of each isoform.

Our results indicate that the reductive unfolding of
each of the five isoforms of RNase B takes place by
reduction of one disulfide bond to produce a structured
three-disulfide-containing intermediate. Mapping of the
three-disulfide-containing intermediates in each isoform
revealed that the (65-72) and the (40-95) disulfide bonds
are the first to be reduced in parallel, to produce two
three-disulfide-containing intermediates, viz. des [65-
72] and des [40-95]. Each of these reductive intermedi-

Table 2. Experimental Molecular Weight (M,,,) and Calculated Molecular Weight (M.,) Values of Reduced AEMTS-Blocked

Carboxymethylated Intermediates |, and I,

Reduced AEMTS-Blocked Carboxy-

Reduced AEMTS-Blocked Carboxy-

methylated I, methylated |,
Isoforms of RNase B M., (Da) M, (Da) M., (Da) Me,, (Da)
I: Man;GlIcNAc, 15472.3 15472.2 15472.3 15472.5
1I: MansGIcNAc, 15634.5 15634.7 15634.5 15634.8
Ill: Man,GIcNAc, 15796.7 15796.3 15796.7 15796.9
IV: MangyGIcNAc, 15958.9 15958.6 15958.9 15958.9
V: ManyGIcNAc, 16121.1 16121.0 16121.1 16120.9

The relative molecular weight increases by 58.05 Da and 76.13 Da when a thiol is blocked by one iodoacetamide and one AEMTS molecule,

respectively.
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Charge state: 17+
e Calc. MW: 15472.3-8 Da
o EXpt. MW 154722~

Figure 3. Mapping of RNase B Reductive Un-
folding Intermediates

8 Da (A) ESI/FTMS spectrum of reduced AEMTS-
blocked carboxymethylated reductive un-
folding intermediate |,. Dots on the expanded
portions represent the theoretical abundance
distribution of the isotopic peaks. The experi-
mental and calculated molecular weights of

v individual isoforms are listed in Table 2. The
mass difference between the most abundant
peak and the monoisotopic peak is denoted
in italics.
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Figure 4. Kinetics of Reductive Unfolding of RNase B and RNase A
The fraction of RNase B species (N, H; |;, ®; |, A; R, ¥) and native
RNase A () during the reductive unfolding under the same condi-
tions (1.0 mg/ml protein, 100 mM DTT™ (pH 8), and 15°C). The solid
curves are the single exponential fits.
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ates in every isoform is then reduced to form the fully
reduced protein (R) without populating any two- or one-
disulfide-containing intermediates. The reductive un-
folding pathways of RNase B are therefore identical to
the reductive unfolding pathways of RNase A that lacks
the carbohydrate moiety, as illustrated by Figure 5, with
28 being a postulated nondetectable intermediate.
The kinetics of reduction of RNase A (Figure 4a in
reference [22]) and RNase B (Figure 4) are identical
within experimental error, indicating that the reduction
of the (65-72) disulfide bond in variant A and B takes
place at the same rate. Similarly, the reductions of the

Des [40-95]

Des [65-72]
Figure 5. Reductive Unfolding Pathways of RNase B
The reductive unfolding of RNase B (N) takes place in two parallel
pathways by reduction of the (40-95) and (65-72) disulfide bonds to
form des [40-95] and des [65-72], respectively. These two reductive

intermediates are then further reduced to form two-disulfide-con-
taining intermediates (2S) and the fully reduced protein (R).
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(40-95) disulfide bond in the two ribonuclease variants
have the same rate under the same condition. However,
since RNase B is a mixture of five isoforms which we
did not separate, our data for its reduction represents
an average rate that might actually be slightly different
(although unlikely to be so) for each isoform.

Role of Oligosaccharides in the Reductive

Unfolding of Bovine Pancreatic Ribonuclease

Our experiments were designed to gain an understand-
ing of the role of a carbohydrate residue in protein un-
folding. Bovine pancreatic ribonuclease serves as an
excellent model system for this purpose for reasons
previously mentioned in the Introduction. Our data indi-
cate that the local fluctuations necessary for exposing
the (40-95) and (65-72) disulfide bonds in the B variant,
on average, are the same as in the A variant, and as a
result the unfolding pathways and rates in both variants
are identical (within experimental error). Therefore, the
changes in the dynamics of the protein backbone that
were previously observed in the B variant [2, 4, 40] are
not sufficient to influence the local unfolding processes
in the vicinity of the (40-95) and (65-72) disulfide bonds
of the protein.

Furthermore, the fractional concentrations of des [65-
72] and des [40-95] in the two variants, RNase A and
RNase B, as a function of reductive unfolding time were
similar (fractions of des [40-95] and des [65-72] for
RNase B are shown in Figure 4 and those for RNase A
are shown in Figure 4a in reference [22]), suggesting
that the oligosaccharide moiety did not perturb the
structure of the reductive unfolding intermediates of the
B variant. Interestingly, initial results on the oxidative
folding of RNase B indicate that its initial oxidative fold-
ing rate is ~1.5-fold faster than that of RNase A (unpub-
lished observation).

Significance

The significance of our study is two-fold.

We have demonstrated that the reductive unfolding
of all five isoforms of RNase B is initiated by the loss of
one disulfide bond to form two stable three-disulfide-
containing intermediates, des [65-72] and des [40-95],
before forming the fully reduced protein (R) and is
therefore similar to the reductive unfolding pathways
of RNase A, which lacks the carbohydrate moiety.
These data indicate that the local unfolding processes
that are required to expose the (65-72) and (40-95)
disulfide bonds in RNase B are unaffected by any dy-
namic fluctuations induced by the presence of the
carbohydrate moiety.

The complex nature of redox-dependent protein
folding/unfolding pathways has previously necessi-
tated the study of a single protein species at a time.
In such studies, HPLC fractionation of the intermedi-
ates is achieved, followed by the determination of the
identity of each intermediate, carried out by assessing
its molecular weight using mass spectrometry. In this
study, we have used a powerful analytical tool, viz. top-
down MS, to characterize the simultaneous reductive
unfolding pathways of five isoforms of the glycopro-

tein, RNase B. Here, not only is the oligosaccharide
moiety the subject of our study, but it has also served
as an analytical handle for differentiating between the
five isoforms of RNase B and their reductive unfolding
intermediates. To our knowledge, there is no previous
report of such a detailed understanding of reductive
unfolding of a mixture of protein isoforms.

The approach developed here can possibly be used
to study a more complex system of macromolecules
and, in the future, may be useful to study protein fold-
ing/unfolding in crude cell extracts.

Experimental Procedures

Materials

RNase B was purchased from Sigma and purified by use of a strong
cation-exchange (SCX) HPLC (Rainin Hydropore 5-SCX column) sys-
tem. Two buffers were used for the purification process. Buffer A
contained 25 mM HEPES and 1 mM EDTA at pH 7, and buffer B
consisted of buffer A plus 1 M sodium chloride. A linear gradient of
buffer B from 1 to 3% (buffer A from 99 to 97%) was used within
60 min to separate the two variants. The molecular weights of the
individual isoforms of RNase B were determined by ESI/FTMS, and
the compositions of the isoforms were assigned. AEMTS (above
99% purity) was purchased from Anatrace. lodoacetamide and re-
duced dithiothreitol were obtained from Sigma and used without
further purification. All other chemicals were of the highest grade
commercially available.

Reductive Unfolding of RNase B

Purified RNase B was dissolved in a pH 3 acetic acid buffer (10 mM)
to obtain a stock solution (5.0 mg/ml). Reductive unfolding of RNase
B was initiated by introducing 0.2 ml of the protein stock solution
into 0.8 ml of a pH 8.0 buffer containing DTT™ at 15°C. The final
reaction solution contained 100 mM DTT" (50 mM Tris-HCI, 1 mM
EDTA), and the concentration of RNase B was 1.0 mg/ml. The reac-
tion mixture was continuously sparged with argon during the experi-
ment. Aliquots of 100 pl were withdrawn at different times, and the
free thiols in each aliquot were blocked with an excess amount of
AEMTS. After 5 min, the pH of the AEMTS-blocked samples was
reduced to 3 by the addition of 20 pl glacial acetic acid. This proce-
dure prevents deamidation [48]. The samples were then desalted
and lyophilized.

Mass Spectrometric Analysis of the Reductive

Unfolding Pathways of RNase B

The AEMTS-blocked lyophilized samples described above were
subjected to mass spectrometric analysis. For this purpose, the
samples were dissolved in 50:48:2 (H,0:CH;OH:CH;COOH) solution
and electrosprayed at 1-50 nl/min with a nanospray emitter. Mass
spectra were acquired on a 6 T modified Finnigan FTMS described
previously [43]. Fragmentation was achieved by infrared multipho-
ton dissociation (IRMPD) and sustained off-resonance irradiation
collisionally activated dissociation (CAD) [44]. The MS/MS spectra
are averages of 20-100 scans. Assignments of the fragment masses
and compositions were made with the computer program THRASH
[45]. After each mass value, the mass difference (in unit of 1.00235
Da) between the most abundant isotopic peak and the monoisotopic
peak is denoted in italics (as seen in Figures 1 and 3A).

Determination of Multiple Isomeric Intermediates
in the Reductive Unfolding Pathway of RNase B
In order to check for multiple isomeric intermediates (indistinguish-
able by mass spectrometry), HPLC separation was attempted. In
RNase A, the isomeric des [40-95] and des [65-72] can be success-
fully separated from one another using cation-exchange HPLC [22].
Reductive unfolding of RNase B was carried out as described
earlier, and aliquots were periodically withdrawn, blocked with
AEMTS, and then desalted on a G25 column. Each sample was
analyzed by cation-exchange HPLC. The same buffers were used
here as in the purification of RNase B. A gradient of buffer B from
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0 to 12% was applied from 20 to 120 min. A control experiment of
RNase A was also carried out under the same conditions, using a
slightly different gradient (from 3% to 14% buffer B) during the
analysis in HPLC.

All peaks appearing in the HPLC chromatogram were collected
separately and submitted for ESI/FTMS.

Top-Down MS Analysis for Mapping the Two Intermediates
Obtained during the Reductive Unfolding of RNase B

In order to facilitate the mapping of the disulfide bonds in any reduc-
tive unfolding intermediate, the following procedure was used. At
first, during the reductive unfolding process of RNase B, an aliquot
of the aforementioned mixture at 15°C was quenched, 15 hr after
its initiation, by the addition of glacial acetic acid (which brought
the pH to 3 from pH 8). Since no AEMTS was added, a mixture with
different species of proteins (native, unblocked intermediates, and
unblocked-reduced protein) was obtained. The mixture was sepa-
rated using a reversed-phase HPLC system, and peaks correspond-
ing to various protein species were collected individually and lyophi-
lized. In order to identify which unblocked species is a native protein,
a reductive intermediate, or a fully reduced protein, a small amount
of the lyophilized samples were blocked with AEMTS and intro-
duced, individually, into the cation-exchange HPLC. By comparing
the elution positions of the individual species with an AEMTS-
blocked sample containing all species, it was possible to determine
the nature (whether a native protein, reductive intermediate, or fully
reduced protein) of each unblocked species on the reversed-phase
system.

Once the peaks corresponding to the unblocked reductive inter-
mediates on the reversed-phase system were identified, the inter-
mediates were carboxymethylated with iodoacetamide (100 mM,
pH 8, room temperature, 20 min in the dark). This procedure blocks
only the free cysteines in the intermediates (these are the same
free cysteines as those blocked with AEMTS during the reduction
experiments). The carboxymethylated intermediates were desalted
using reversed-phase HPLC and lyophilized. Finally, the carboxy-
methylated samples were fully reduced using DTT™ (100 mM, 100
mM Tris-HCI, 1 mM EDTA, pH 8) under strong denaturing conditions
(6 M GdnHCI). The previously carboxymethylated cysteines were
unaffected by this procedure, and only the remaining disulfides in
each reductive intermediate were reduced; their corresponding free
thiols were blocked with AEMTS. Reduced AEMTS-blocked car-
boxymethylated samples were desalted and lyophilized prior to MS
analysis, as described earlier.
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