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An efficient method for data processing and interpretation is needed to support and extend
disulfide mass-mapping methodology based on partial reduction and cyanylation-induced
cleavage to proteins containing more than four cystines. Here, the concept of “negative
signature mass” is introduced as the novel feature of an algorithm designed to identify the
disulfide structure of a cystinyl protein given an input of mass spectral data and an amino acid
sequence. The “negative signature mass” process is different from the conventional approach
in that it does not directly rule-in disulfide linkages, but rather eliminates linkages from a list
of all possible theoretical linkages, with the goal of ruling out enough linkages so that only one
disulfide structure can be constructed. The operating principles and the effectiveness of the
algorithm are described in the context of analyzing ribonuclease A, a 124-residue protein
containing eight cysteines in the form of four cystines (disulfides). (J Am Soc Mass Spectrom
2003, 14, 1032–1038) © 2003 American Society for Mass Spectrometry

Determination of the disulfide structure is a crit-
ical aspect of characterizing a cystinyl protein.
During the last 25 years, most disulfide struc-

tures have been determined by a combination of Edman
sequencing and mass mapping methodology based on
proteolysis; however, this approach has serious limita-
tions, such as not being applicable to cystinyl proteins
where a cleavage site is not available between cysteines
and being prone to artifacts due to disulfide scrambling
[1–3]. In recent years, we have developed a novel
chemical approach (based on partial reduction and
cyanylation) for mapping the disulfide structure of
cystinyl proteins that has been shown to be applicable
to the analytical challenge of adjacent cysteines, while
avoiding disulfide scrambling by functioning at low pH

[4–6]. However, two key issues need to be addressed in
order to scale up this technique so that it can handle
proteins with more than four cystines: Eliminating the
need to isolate partially reduced (and cyanylated) iso-
forms and automating data interpretation.
Here, we introduce the concept of a “negative signa-

ture mass algorithm” (NSMA) that addresses the issues
identified above. In the following, we describe the
operating principles of the NSMA in the context of mass
analysis of all the experimentally observed partially
reduced and cyanylated isoforms of native ribonuclease
A (RNase A).

Methods

Synopsis of Cyanylation-Based Mass Mapping
of Disulfide Bonds within Cystinyl Proteins

The method is based on selective cyanylation of cys-
teine; nucleophilic attack of this species causes cyany-
lation (CN)-induced cleavage of the peptide backbone
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on the N-terminal side of the modified cysteine as
represented in Scheme 1 [7]. Because cystines (disulfide
bonds) are nonreactive with the cyanylating reagent,
cyanodiaminopyridinium tetrafluoroborate (CDAP), a
multi-cystinyl protein must be partially reduced (to
generate specific pairs of free sulfhydryl groups) using
tris-carboxyethylphosphine (TCEP), as illustrated in
Scheme 2 for RNase A [8]. At the right in Scheme 2 is
shown one of the four possible singly reduced isoforms
of this 4-disulfide protein; in this case, the disulfide
connecting cysteines 26 and 84 has been reduced.
Once cyanylated and subjected to nucleophilic attack

in 1M NH4OH, the singly reduced isoform of RNase A
from Scheme 2 is cleaved at the peptide bond between
residues 25 and 26, and also between residues 83 and
84. However, as shown in the middle of Scheme 3,
residual disulfide bonds hold two of the three cleavage
products together in this case. Thus, the cleavage reac-
tion mixture represented by the middle of Scheme 3 is
treated with excess reducing reagent (TCEP) to reduce
all residual disulfide bonds, thereby ensuring that all
CN-induced cleavage products are free as shown at the
end of Scheme 3.
The cleavage reaction mixture represented at the

right in Scheme 3 was analyzed by matrix-assisted
laser-desorption/ionization (MALDI) mass spectro-
metry (MS) to produce the mass spectrum shown in
Figure 1; the key experimental data are summarized in
Table 1, together with calculated values for the indi-
cated fragments, as obtained under condition described
previously [4]. For this didactic example of manual data
interpretation, the singly reduced and cyanylated iso-
forms of RNase A were separated by HPLC as four
fractions [4]; one fraction was subjected to cleavage
with 1 M NH4OH and complete reduction by TCEP,
and the resulting reaction mixture was analyzed by
MALDI to produce the mass spectrum shown in Figure
1. The good agreement between the experimental data
and the calculated masses identifies this fraction as a
singly reduced isoform of native RNase A illustrated in
Schemes 2 and 3. From a knowledge of the amino acid

sequence of RNase A, mass mapping of the observed
cleavage products (peaks at m/z 2705.3, 4527.4, and
6548.5 in Figure 1 and Table 1) can be explained only by
cleavage of the peptide bonds between residues 25 and
26, and between residues 83 and 84. Cyanylation-
induced cleavage occurs only at cyanylated cysteines
[7]; thus, Cys26 and Cys84 must have been available for
cyanylation during the chemical processing. Because
cysteines 26 and 84 are the only two free sulfhydryls
available in this particular singly reduced isoform, they
must have been connected to one another in the native
structure of RNase A. The peak at m/z 9176.7 represents
�-elimination of HSCN at Cys26 and cleavage at Cys84,
and confirms the information available from peaks at
m/z 2705.3 and 6548.5 that correspond to cleavage
products 1–25 and itz-26–83, respectively; the peak at
m/z 10,998.6 represents cleavage at Cys26 and �-elimi-
nation at Cys84, and confirms the information available
from peaks at m/z 6548.5 and 4527.4, which correspond
to cleavage products itz-26–83 and itz-84–124, respec-
tively. Note that the sites of �-elimination in these
fragments (except those with only one internal cysteine
residue) cannot be deduced from the mass spectral data
alone; these sites can only be indirectly inferred after
the sites of cyanylation in the singly reduced and
cyanylated isoform are identified. In the situation
where singly reduced and cyanylated isoforms are not
separated prior to the cleavage, it is impossible to
pinpoint the sites of �-elimination. Therefore, these
�-elimination peaks do not help deduce the disulfide
linkages, but they can serve as an internal consistency
check for the data interpretation.

Graph-Theoretic Interpretation of the Problem

A mathematical graph G is composed of a set of nodes
V and a set of edges E where each edge is a pair of
nodes from V [9]. In the problem at hand, we can think
of the set of cysteine residues as our set of nodes and we
can think of the set of possible disulfide linkages as our

Scheme 1. Selective cyanylation of sulfhydryls, and subsequent cleavage of the peptide bond on the
N-terminal side of cyanylated cysteines.

Scheme 2. Partial reduction of RNase A showing one of four possible singly reduced isoforms.
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set of edges. A disulfide structure is defined as a set
containing a specified number of possible disulfide
linkages in which no cysteine is involved in more than
one linkage. In graph theory, a disulfide structure
corresponds to a “matching”; a matching is a set of
edges that do not share any nodes. In this work, we
assume that all cysteines are involved in disulfide
linkages. Cysteines that are not involved in disulfide
linkages can be easily identified [10] and thus removed
from the set of nodes. In graph theory, a disulfide
structure now corresponds to a maximum or perfect
matching where all nodes are matched.
A key observation is that the number of possible

edges (possible disulfide linkages) grows quadratically
in the number of nodes (cysteines) while the number of
possible perfect matchings grows exponentially in the
number of nodes (cysteines) assuming all linkages are
present. For example, for RNase A in which all eight
cysteines are oxidized to four cystines, there are 105
possible perfect matchings (disulfide structures) while
there are only 28 possible edges (disulfide linkages).
Three of the 105 possible perfect matchings for RNase A
are illustrated in Figure 2.

The Difficulty of Trying to Identify Singly
Reduced Isoforms Directly

Manually interpreting mass spectral data obtained from
direct analysis of singly reduced isoforms such as the
one represented at the right in Scheme 2 required
isolation by HPLC. This practice is time-consuming,
and it may not be possible to achieve for more complex
mixtures of partially reduced isoforms expected from
multi-cystinyl proteins containing five or more disul-
fide bonds. Our development of the NSMA alleviates,
in principle, the need for isolation of the partially
reduced (and cyanylated) isoforms and greatly simpli-
fies data interpretation.

The Concept of Negative Signature Mass

The NSMA operates by ruling out certain possible
linkages (edges) based on the recognition of mass
spectral peaks at mass values corresponding to proton-
ated CN-induced cleavage fragments containing free
cysteine residues (nodes); for example, there are four
such residues in itz-26–83 in Scheme 4. Masses of such
fragments are deemed “negative signature masses”.
This process is different from the conventional ap-
proach in that it does not directly rule-in linkages
(edges), but rather eliminates linkages (edges) from a
list of all possible theoretical linkages, with the goal of
ruling out enough linkages so that only one disulfide
structure (perfect matching) can be constructed from
the remaining list of potential disulfide linkages.
To recognize negative signature masses, the algo-

rithm calculates the masses of all possible CN-induced
cleavage fragments based on the protein sequence in-
formation and the masses of the constituent amino acid
residues, then compares this theoretical list to experi-
mental mass spectral data. Matches, to within a user-
specified error limit, indicate which fragments were
present in the cleavage reaction mixture. If cysteine
residues (nodes) containing a free sulfhydryl group are
part of a recognized fragment, the algorithm rules out
linkage (edge) between the terminal cysteines (those at
which CN-induced cleavage occurred) and the internal
cysteine residue(s) such as those shown at the top of
Scheme 4. For example, the CN-induced cleavage frag-
ment itz-26–83 serves as a negative signature mass.
Detection of the fragment itz-26–83, which as shown in
Scheme 4 contains internal sulfydryls at residues 40, 58,
65, and 72, means that no disulfide bond (edge) in the
original protein could have existed between Cys26 and
Cys40 or Cys58 or Cys65 or Cys72, nor between Cys84
and Cys40 or Cys58 or Cys65 or Cys72.
Had there been a disulfide (edge) between Cys26

and Cys40, quite a different cleavage product would
have resulted; partial reduction would have exposed

Scheme 3. Cleavage at cyanylated cysteines followed by complete reduction to yield three
CN-induced cleavage products.
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Cys40 as a free sulfhydryl simultaneously with Cys26,
and both Cys26 and Cys40 would have become cyany-
lated as shown near the bottom of Scheme 4. Subse-
quent CN-induced cleavage would have produced the
three fragments shown near the bottom of Scheme 4
(1–25, itz-26–39, and itz-40–124). Note that itz-26–83 is
not among them. Thus, in this way, itz-26–83 serves as
a negative signature mass for the otherwise theoreti-
cally possible linkage (edge) between Cys26–Cys40.
Similarly, detection of itz-26–83 (Scheme 4) also

rules out the existence of disulfides (edges) Cys26–
Cys58, Cys26–Cys65, etc. as listed near the top of
Scheme 4. This is the basis by which the NSMA elimi-
nates possible linkages (edges) from consideration,
thereby simplifying data interpretation.

Software Development

It is possible to manually apply the logic of “negative
signature mass” (Scheme 4) to carry out analysis of the
mass spectral data, but it is excessively tedious and time
consuming. For this reason, a program was written
using Microsoft Visual C�� 6.0 that allows the user to
input protein sequence information and mass spectral
data including error limits. The program then internally
performs mass mapping, and, using the “negative sig-
nature mass” logic, returns a list of possible disulfide
linkages (edges) and structures (matchings) that fit the
input data.

Results and Discussion

The NSMAwas tested with mass spectral data collected
during analysis of RNase A using CN-induced cleavage

products of singly reduced isoforms [4]. Heretofore, to
facilitate manual data interpretation, it has been our
practice to purify and physically isolate (by RP-HPLC)
isomeric forms of the partially reduced protein (differ-
ing by number and position of disulfide bond reduction
events). However, in the test of the NSMA described
below, the mass spectral data from analysis of the
various CN-induced cleavage products (listed in Table
3) were entered into the NSMA as a single batch even
though each of the four singly reduced isoforms had
been analyzed separately in previous work [4].
The NSMA first eliminates candidate disulfide link-

ages (edges) based on identified negative signature
masses. A visual summary of the work done by the
NSMA in the first step is provided in Table 2, which
shows a list of the 28 potential linkages for RNase A in
column 2. If a potential linkage has one X (or more) in
its row, the NSMA eliminates the linkage (edge) based
on recognition of the corresponding negative signature
mass. For example, detection of a peak at m/z 7083.9
corresponds to the CN-induced cleavage fragment con-
sisting of the first 64 residues of RNase A; this fragment
contains Cys26 as a free sulfhydryl, which means that
this residue could not have been connected to Cys65 in
the original molecule (otherwise, it would have become
available for cyanylation simultaneously with Cys65).
Linkages without any Xs in their row remain as candi-
date disulfide linkages (edges). As indicated in Table 2,
21 of 28 potential disulfide linkages (edges) were elim-
inated based on the detection of peaks for nine negative
signature masses.
After the disulfide linkage (edge) elimination step,

we need to deduce valid disulfide structures (perfect
matchings) from the remaining disulfide linkages (edg-
es). In graph theory, this corresponds to the problem of
finding all possible perfect matchings from the remain-
ing edges. Finding a single perfect matching can be
done in time polynomial in the number of nodes
(cysteines). However, if we have not eliminated enough

Figure 1. MALDI mass spectrum of the cleavage reaction mix-
ture of a singly reduced isoform of RNase A [4].

Table 1. Summary of key mass spectral data from Figure 1
and the corresponding cleavage product

Figure 2. Graphical depiction of 3 of the 105 possible perfect
matchings (disulfide structures) for RNase A. Each matching
partitions the 8 nodes (cysteines) into 4 edges (disulfide linkages).
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edges (disulfide linkages) using the NSMA, the number
of perfect matchings (disulfide structures) can be expo-
nential in the number of nodes (cysteines) which means
identifying and listing all possible disulfide structures
will take time exponential in the number of cysteines.
An exhaustive matching algorithm was implemented to
enumerate all possible combinations of n (number of
disulfides in the protein) disulfide linkages from the
remaining ones that survived the elimination step by
negative signature masses and check the validity of
these combinations (disulfide structures). Obviously,
not all combinations are valid disulfide structures be-
cause one cysteine may appear to form disulfide link-
ages with more than one cysteine in some of these
combinations. These invalid combinations are ruled
out, and possible disulfide structure(s) are found from
among the remaining valid combinations. When
enough negative signature masses are detected, only
one disulfide structure, the correct one, will be de-
duced. Otherwise, several possible disulfide structures
will be found.
To illustrate the process of eliminating invalid com-

binations of disulfide linkages, consider the 28 possible
linkages available in a protein having the sequence for
RNase A as listed in Table 2. After applying the NSMA,
seven disulfide linkages remain (those in the shaded
rows in Table 2), leaving 35 possible combinations of
four linkages. Most of those combinations are invalid
disulfide structures. For example, disulfide linkages 5,

6, 7, and 12 in Table 2 cannot form a valid disulfide
structure because Cys26 would be linked to more than
one cysteine. Examination of all 35 possible combina-
tions by the exhaustive matching algorithm reveals that
only one (5, 12, 18, 19), is valid; thus, it is the correct
disulfide structure of RNase A.
At this stage of development of the NSMA, a stan-

dard maximum matching algorithm [11], more efficient
than the exhaustive matching algorithm, has been im-
plemented to find the valid disulfide structure for the
cases in which enough negative signature masses are
detected. We are in the process of extending the code to
efficiently determine all valid disulfide structures for
the cases in which not enough negative signature
masses are detected.
The NSMA does not require the detection of mass

spectral peaks for all possible negative signature masses
to eliminate enough disulfide linkages to deduce the
correct disulfide structure. This aspect can be seen in
Table 2, where most rows have more than two Xs,
indicating that the data set is highly redundant. This
degenerate feature provides considerable flexibility in
the partial reduction chemistry and subsequent analysis
by mass spectrometry. For example, if only three,
instead of nine, negative signature masses (namely,
those of 6547.3 Da calculated for itz-26–83, 5767.4 Da
for itz-58–109, and 6063.6 Da for itz-40–94) had been
detected due to less successful chemistry or mass spec-
tral analysis, the same 21 disulfide linkages would still
have been eliminated. Thus, the test of the NSMA
described here with data from the analysis of RNase A
demonstrates the power and great analytical advantage
of this approach to data interpretation. Namely, these
results show that from batch processing the mass spec-
tral data from all singly reduced and cyanylated iso-
forms, the disulfide structure of RNase A can be distin-
guished from the other 104 isomeric forms by detecting
mass spectral peaks for only three negative signature
masses: 6547.3 Da calculated for (itz-26–83), 5767.4 Da
for (itz-58–109), and 6063.6 Da for (itz-40–94).
In spite of the degenerate nature of some data used

by the NSMA, it is conceivable that signal suppression
in MALDI could preclude detection of critically impor-
tant cleavage products during batch analysis. In such
cases, the cleavage reaction mixture could be simplified
by HPLC to reduce the complexity of the mixture so
that signal suppression would be less likely. Alterna-
tively, analysis of the cleavage reaction mixture by
electrospray may be useful; furthermore, limited
LC/MS may be considered, not to achieve complete
separation of components, but to reduce the complexity
of the cleavage reaction mixture somewhat.
Manual interpretation of mass spectral data from

analysis of cyanylation-induced cleavage products, in-
cluding the direct ruling-in of disulfide linkages, is
simple provided that the corresponding partially re-
duced and cyanylated isoform is physically separated
from other partially reduced and cyanylated isoforms,
and its degree of reduction is known. These conditions

Scheme 4. The logic of the NSMA.
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become difficult to meet as both the number of cysteines
and protein size increase, and are nearly impossible to
achieve for proteins with more than 10 cysteine residues
because of the difficulty in separating all possible
partially reduced isoforms. The NSMA eliminates the
need for all of these conditions. The most useful feature
of the NSMA approach to solving disulfide structures,
besides automation, is its ability to select disulfide
linkage and structural candidates based on mass spec-
tral data obtained without physical separation nor
determination of the state of reduction of partially
reduced and cyanylated protein isoforms.
As with manual data analysis techniques, the success

of an experiment that utilizes the NSMA for data
interpretation depends on the prevailing chemistry and
success in producing multiple partially reduced protein
isoforms. In general, the NSMA is most effective and
productive when dealing with singly reduced species
because the peptides produced (CN-induced cleavage
products) from these species are likely to have the
greatest number of internal free cysteine residues, al-
lowing the NSMA to eliminate the highest number of
possible disulfide linkages. Because of the structural
diversity among cystinyl proteins, several adjustments
in conditions (pH, concentration, etc.) for partial reduc-

tion may be necessary before an optimal distribution of
partially reduced protein isoforms is obtained.
A prerequisite for using the NSMA approach to

solving disulfide structures is that the nascent free
sulfhydryl groups formed during partial reduction are
completely cyanylated prior to cleavage, full reduction,

Table 3. Mass spectral data from mass mapping the CN-
induced cleavage products of singly reduced isoforms of
RNase A [4]

m/z,
Experimental

Calculated
average

mass, Da

CN-induced
cleavage
product

2705.3 2706.8 1-25
4527.4 4526.0 itz-84-124
6548.5 6547.3 itz-26-83
7083.8 7083.9 1-64
Not detected 789.8 itz-65-71
5907.7 5906.5 itz-72-124
6351.1 6353.1 1-57
5766.8 5767.4 itz-58-109
1659.8 1659.8 itz-110-124
4414.4 4413.9 1-39
6061.2 6063.6 itz-40-94
3303.7 3302.7 itz-95-124

Table 2. List of possible disulfide linkages for a protein having the sequence of RNase A and the associated m/z value for the
corresponding negative signature mass

S-S
No.

Potential disulfide
linkages

Identified negative signature masses (Da)

4526.0 5906.5 7083.9 6547.3 3302.7 4413.9 6063.6 5767.4 6353.1

Itz-84-124 Itz-72-124 I-64 Itz-26-83 Itz-95-124 I-39 Itz-40-94 Itz-58-109 1-57

1 Cys26–Cys40 X X
2 Cys26–Cys58 X X
3 Cys26–Cys65 X X
4 Cys26–Cys72 X
5 Cys26–Cys84

6 Cys26–Cys95

7 Cys26–Cys110

8 Cys40–Cys58 X X
9 Cys40–Cys65 X X

10 Cys40–Cys72 X
11 Cys40–Cys84 X X
12 Cys40–Cys95

13 Cys40–Cys110

14 Cys58–Cys65 X X
15 Cys58–Cys72 X
16 Cys58–Cys84 X X
17 Cys58–Cys95 X X
18 Cys58–Cys110

19 Cys65–Cys72

20 Cys65–Cys84 X
21 Cys65–Cys95 X
22 Cys65–Cys110 X
23 Cys72–Cys84 X X
24 Cys72–Cys95 X X
25 Cys72–Cys95 X X
26 Cys84–Cys95 X X
27 Cys84–Cys110 X X
28 Cys95–Cys110 X X
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and mass spectral analysis. Otherwise, incorrect elimi-
nation of a candidate disulfide linkage may result due
to an incorrectly identified negative signature mass. As
shown in Scheme 5, Cys26–Cys84 is a valid linkage, but
if Cys84 had not been cyanylated, there would have
been no cleavage there, and the detection of itz-26–124
as a negative signature mass would have wrongly
eliminated Cys26–Cys84 as a valid linkage. To guard
against the consequences of incomplete cyanylation,
use of the NSMA approach will require additional
chemical treatment to remove any possible incom-
pletely cyanylated protein molecules.
Finally, as with any experiment based on mass

mapping, one should refrain from entering the mass
value corresponding to every observed peak into the
NSMA. Because they are readily identifiable, masses
resulting from �-elimination [4, 6, 12] of the thiocyanate
group or other incomplete cleavage [6] will not rule out
correct linkages. As is the case with manual interpreta-
tion, �-elimination products cannot be directly used in
the NSMA to help deduce the valid disulfide structure,
but they can be used to check the internal consistency of
the data processing. Other masses, however, such as
those of sodium adducts or those resulting from prompt
water or ammonia losses or methionine oxidation might
be isomass with sulfhydryl-containing cleavage prod-
ucts and thus, entering such data might unwittingly
rule out correct linkages. A safe rule of thumb is to enter
only the mass values corresponding to major peaks in
the mass spectrum, and to ignore, at least initially, the
small peaks that surround major peaks. Some informa-
tion may be lost by this procedure, but wrong conclu-
sions might be avoided by ensuring that correct link-
ages are not eliminated.

Conclusions

The NSMA provides an automated, powerful way to
solve protein disulfide structures based on partial re-
duction, cyanylation-induced cleavage, and mass map-

ping—a technique proven capable of handling the most
complicated of disulfide structures. The NSMA does
not require physical separation nor determination of the
state of reduction of partially reduced and cyanylated
protein isoforms, making it especially useful in solving
the disulfide structures of proteins containing many
disulfide bonds. In most cases, highly redundant cross
correlations exist between negative signature mass and
the candidate disulfide linkages so that irrelevant link-
age possibilities can be eliminated by detecting mass
spectral peaks for only a fraction of the possible nega-
tive signature masses. Proper use of the NSMA requires
complete cyanylation of nascent sulfhydryls, meaning
that no partially reduced and cyanylated protein mole-
cules undergoing analysis may contain free cysteine
residues prior to cleavage and complete reduction of
remaining disulfide bonds; chemical methodology to
ensure this goal is under development.
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