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Disulfide cross-linkages stabilize the structure of many pro-
teins (Creighton, 1993). Therefore, knowledge of the disul-
fide linkages in a protein provides useful, albeit partial, high-
resolution structural information which can be obtained from
experiments that are much less time consuming than the X-
ray crystallography or NMR spectroscopy experiments
necessary for complete structure elucidation. Determination
of the disulfide bonds in recombinant or synthetic proteins is
also important, since formation of the correct disulfide cross-
linkages is an indication of proper folding and function. Tn
addition, protein folding can be studied by determining the
disulfide bonds in folding intermediates (Creighton, 1993).

The disulfide linkages in a protein can be determined by
proteolytically digesting the protein under conditions where
the disulfide bonds are stable, separating the proteolytic pep-
tides, and identifying those that contain disulfide linkages.
The identification can be performed by amino acid analysis,
amino-terminal sequencing, or mass spectrometry. Some-
times, a combination of these techniques is used. The advan-
tages of using mass spectrometry for disulfide mapping
(Smith and Zhou, 1990) include its speed, sensitivity, spe-
cificity and ability to analyze mixtures.

In a typical experiment for determining the disulfide link-
age pattern, the protein is digested with a proteolytic enzyme
and the reaction mixture analyzed with mass spectrometry
before and after reduction of the disulfide bonds. The two
mass spectra are compared and the masses of the peptides
that contain disulfide bonds are determined. If the mass spec-
tra are complicated, the reduced material can be alkylated
and a third mass spectrum acquired to identify the cysteine-
containing peptides. Also, the non-reduced sample can be
alkylated to determine the free cysteines in the protein. In
cases where the protein of interest is small, contains few dis-
ulfide linkages, and can be satisfactorily digested with a pro-
tease having high specificity, it is frequently feasible to ident-
ify the peptides that are cross-linked simply from the
mass(es) of the cross-linked peptides. In cases where more
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Fig. 1. (a) A protein sequence containing two enzymatic cleavage
sites and four cysteine residues that may or may not be involved in
disulfide bonds. (b) Enzymatic cleavage under reducing conditions
results in five possible peptide fragments. (¢) Calculation of
cleavages (allowed by the cleavage rules of the enzyme of interest)
under conditions that leave the disulfide bonds intact results in six
possible disulfide-linked peptides. The peptides containing two free
cysteines can form intra-chain disulfide bridges (not shown).

information is necessary for unambiguous identification of
the interconnected peptides, components of the proteolytic
digestion mixture can be separated and the fractions ana-
lyzed by mass spectrometry before and after reduction of the
disulfide bonds. Alternatively, the disulfide-containing pep-
tides can be isolated in the mass spectrometer and caused to
fragment. One difficulty with this method is that proteins fre-
quently have tightly folded domains that resist proteolysis by
enzymes with high specificity. This problem can be solved
by using enzymes with low specificity (e.g. thermolysin) or
enzymes that have both low specificity and the capability of
functioning under normally denaturing conditions (e.g. pep-
sin). However, the use of enzymes with low specificity re-
quires additional constraints for the identification of the con-
nected proteolytic peptides. Such constraints can be pro-
vided, for example, by amino-terminal sequencing (Burman
et al., 1989) or mass spectrometric fragmentation (Bean and
Carr, 1992). Another potential limitation of the proteolytic
strategy for disulfide mapping is that enzymes do not always
cut between all the half-cystine residues present in the pro-
tein, and so yield complex peptides that contain more than
two peptides connected by multiple disulfide bonds. Some of

© Oxford University Press

617



D.Fenyo

Disulfide mapping of SERUM ALBUMIN PRECURSOR - BOS TAURUS

’ Please choose gnzyme: V& (D, By -

i
Maximum number of cleavage sites not cleaved in o peptide:

Mass of peptide complex containing disulfide bonds: [ 1584 Mass wlerance:
i Masses of peptides after reduction: Matches: [A]]

i ™ Complete reduction Incomplete reduction (onty one disulfide reduced)

[ Ewae |

Disulfide mapping of SERUM ALBUMIN PRECURSOR - BOS TAURUS

1 . 10 . 20 . O 0 * 50
L DTHRSEIAHRFEDLGEEHFKGLVL IAFSQYLQOCPFDEHVKLYNELTEFA
51 KTCVADESHAGCERBLHTLFGPELCKVASLRETY GDMADCCEKQRPERNE
101 CFLSHKDDSPDLPRLKPDPRTLCDE FKADERKFOSKY LYEIARRHPY FYA
181 PELLYYANKYNGVPQECCOAEDKGA CLLPK IETMREX VLA E SARQRIR CA
L0l 8TQKFGERALKAWSVARLSCKFPRAEFVEVTRLVIDLTKVERECCHGDLL
251 ECADDRADLAKY ICDRQDTISSKLKE(CDKPLLEKSHC IAEVEKDA 1PEN
401 LPPLTABFAEBKDVCKNY QEAKDA FLGSFLYEY SRRHPEYAVSVLLRLAK.
351 EYEATLEECCAKDDPHACYSTVFDKLRKLVDEPQNL IKONCDQFEKLGEY
401 GPQNAL IVRY TRRYVPQVSTPTLVEVSRSIGRVGTRCE TR PES ERMPCTED
451 YLSLILNRLCVLREK TPVSEKVIKCCTESLVNRRPCEFSALTFDETY VENA
501 FDEKLFTFHADICTLPDIEXQIKKCTALVELLEHKPRA TEROLK TVMENF
551 VAFVDKCCAADDREACFAVEGFKLVVETQTALA

Residues

~§-§- ~SH
43-56,57-63 1 ©
49-56

Kasy Measured Mass
1583.72 1589 #/~ 2

Q 1 853.99 85d +/= 2

g ?:\\Q‘\:,«‘5"53‘3?‘3*?\‘\”5??\-;;rfx‘é':%é‘f."\}‘%?&'f??ﬁ}‘é&;»“fa\'flé;\,ii?x‘ﬁ*‘?‘ii‘ffi‘mﬁm&mf@

Fig. 2. This example shows a search performed with the mass of a
disulfide-linked multi-chain peptide (1584 £ 2 Da) from a hypotheti-
cal V8 protease (cleaves at the C-terminal side of glutarnic and
aspartic acid residues) digest of bovine serum albumin and the mass
of one of its component peptides (854 + 2 Da).

the resulting ambiguities in disulfide bond linkage for com-
plex proteolytic peptides containing more than two intercon-
nected peptides can be resolved by strategies that incorporate
partial reduction of the disulfide bonds (Gray, 1993).

Although mass spectrometric disulfide mapping is poten-
tially fast, the experimental results are usually analyzed man-
ually——a time-consuming task even for small proteins and
prohibitively so for larger proteins. Computer programs have
been written to simplify the analysis (e.g. Smith ez al., 1990;
Beavis, 1996), but these only provide partial solutions to the
disulfide mapping problem. Here, we present a general soft-
ware tool for the complete analysis of mass spectrometric
disulfide mapping experiments. The algorithm allows for
rapid disulfide linkage mapping of proteins that have under-
gone complete or partial digestion using enzymes with either
high or low specificity. In addition, the algorithm allows for
the incorporation of data from mass spectrometric frag-
mentation experiments.

Initially, a list is made from the amino acid sequence (Fig-
ure la) of all possible linear reduced proteolytic digestion
products that contain cysteine residues and can be generated
from treatment of the protein with the enzyme used, i.e. pep-
tides allowed by the specificity of the enzyme (Figure 1b).
All possible disulfide-linked multi-chain peptides (contain-

ing any number of proteolytic peptides) are identified and
their masses are calculated (Figure 1c). The calculated
masses are compared with the experimentally determined
masses and matches are found, allowing the amino acid se-
quences of the disulfide-linked multi-chain peptides to be
deduced. Finally, the algorithm tests whether the disulfide-
linked multi-chain peptides contain component peptide
chains with masses corresponding to the measured masses of
the reduced peptides.

The disulfide mapping tool is part of the PROWL environ-
ment (Feny6 et al., 1996). To reach the disulfide mapping
tool, first select ProteinInfo and search for the protein of in-
terest in a selected protein sequence database, and then click
on ‘sequence’. Select Disulfide mapping under Choose task.
The search constraints can be the mass of the disulfide-linked
multi-chain peptide either with or without the masses of one
or more of the component peptide chains (Figure 2). The pro-
teolytic enzyme can be selected from a list or the specificity
of the digestion can be specified, allowing for the use of mul-
tiple enzymes in the search. The degree of completeness of
the digestion can be selected, making the searches fast for
cases where complete digestion can be achieved, while per-
mitting the analysis of incomplete digestion products when
necessary.
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