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ABSTRACT
FURTHER DEVELOPMENT, APPLICATIONS, AND DATA PROCESSING
ALGORITHMS FOR DISULFIDE MASS MAPPING OF PROTEINS BASED ON
PARTIAL REDUCTION, CYANYLATION, AND CN-INDUCED CLEAVAGE
By

Jianfeng Qi

The location of the free cysteines in a protein can be determined by
cyanylation/CN-induced cleavage chemistry with subsequent analysis by mass
spectrometry. The free cysteines can be cyanylated and the protein backbone can be
cleaved in aqueous ammonia at the N-terminal side of the cyanylated cysteines. The
mass spectral data of the resulting mixture of cleavage fragments can be mass mapped to
the sequence of the protein by comparing the experimental mass of the cleavage
fragments with expected mass. The location of the free cysteines can then be deduced.

Partial reduction of a multi-disulfide protein with tris-carboxyethyl-phosphine
(TCEP) hydrochloride under kinetically limiting conditions can produce a mixture of
singly reduced isoforms of the protein. The location of the two nascent free cysteines in
a singly reduced isoform, resulting from reduction of a disulfide bond, can be determined
by mass mapping the cleavage fragments; thus, the connectivity of the disulfide bonds
can be deduced. Various aspects of this methodology were further investigated.
Utilization of doubly reduced isoforms offers flexibility in the chemistry of partial
reduction and provides complementary data to the previous partial reduction protocol,

which utilizes only singly reduced isoforms. An additional analysis step by mass



spectrometry after the CN-induced cleavage reaction of partially reduced/cyanylated
protein isoforms, but before complete reduction of the residual disulfide bonds, may
provide important diagnostic information. When CN-induced cleavage reactions are
conducted in aqueous ammonia, the resulting CN-induced fragments may have an amide
or a free acid C-terminus; thus, the mass of each form must be computed for use in data
interpretation. In cases of isomass CN-induced fragments, sequence analysis of such
fragments by low-energy collision induced dissociation (CID) -tandem mass
spectrometry (MS/MS) can be used to distinguish the isomeric species.

The cysteine-rich and apparently highly knotted anti-microbial peptide sillucin,
which is resistant to the proteolytic mapping approach to disulfide mapping, is amenable
to partial reduction/cyanylation/CN-induced cleavage mass mapping methodology. One
of four possible singly reduced isoforms and one of six possible doubly reduced isoforms
of sillucin generated sufficient information from mass mapping of the cyanylation/CN-
induced cleavage products to assign the disulfide connectivity (Cys2-Cys7, Cysl2-
Cys24, Cys13-Cys30, and Cys14-Cys21) and rule out the other 104 isomeric possibilities.

The cysteine status of the chloroplast glyceraldehyde-3-P dehydrogenase subunits
was determined by cyanylation, CN-induced cleavage, and mass mapping.

Algorithms for data processing for the disulfide mass mapping based on
cyanylation and CN-induced cleavages were proposed. The concept of using negative
signature masses (masses that can be used to reject certain disulfide linkages if present)
facilitates the disulfide assignment process and, in some cases, allows identification of

the disulfide structure even when an incomplete data set is obtained.
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CHAPTER 1
INTRODUCTION:

DISULFIDE MAPPING OF PROTEINS BY MASS SPECTROMETRY

I. Introduction

The molecular weight and amino acid sequence are available at an early stage in
characterizing a protein, while details of posttranslational modification usually require
more time and effort to elucidate. Determination of the cysteine status in a protein is an
important part of its structural characterization. Concerning cysteine status, there are
usually two simple questions: Are there any disulfide bonds? If there are, what is the
connectivity of the cysteines in each disulfide bond? A sense of the complexity of
possible disulfide bonding structures that must be considered for a given number of
cysteines can be gleaned from Figure 1.1.

The question of whether there are disulfide bonds is relatively easy to answer.
The difference in mass between a protein containing two free cysteines (“Free cysteines”
are cysteines that have free sulfhydryls and are not involved in disulfide bond formation.)
and that containing two disulfide cysteines (“Disulfide cysteines” are cysteines that are
involved in disulfide bonds.) forming a disulfide bond is two Daltons. However,
confidence in the experimental mass measurement will depend on the molecular weight
of the protein as well as the resolution and mass accuracy of the mass spectrometer. For
example, for a protein in excess of 10 kDa and a mass spectrometer with a resolving
power of 10,000 and a mass accuracy no better than 1 in 104, the analyst may wish to

chemically modify the protein in a way that will exaggerate the mass difference between



the oxidized and reduced state. Chemical reactions with sulfhydryls ranging from
alkylation with iodoacetamide to 4-hydroxymercuri-benzoic acid (1) would shift the mass
difference between a cystine (disulfide) and two free or modified cysteines from 2 Da to

116.1 Da up to 643.4 Da, respectively.

Possible Redox States in A Protein Containing Four Cysteines

02 N 4
SH SH SH SH

02 N 4 N2 0 4 10 20 30 4
| | | ]
S—S SH SH SH S§—S$ SH SH SH §—8
10 ZISOH I 10 sH 40 pH 2 i 4
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s—8§ §—8 s—2 N ¢ s—2A 5 X

Figure 1.1. Different congeners of a hypothetical protein with 4 cysteines: 1 completely
reduced form, 6 one-disulfide forms, and 3 two-disulfide forms. The number of
congeners increases geometrically with the number of cysteines. The straight line
designates the protein backbone; “S—S” designates a disulfide bond; “SH” designates a
free cysteine.

Disulfide bonds come in two forms, intramolecular and intermolecular disulfide
bonds. Recognition of intermolecular disulfide bonding can be accomplished by mass

analysis of the protein before and after treatment with an excess of a reducing agent. An

increase in the mass of the protein by only a few daltons (as each cystine acquires two



hydrogens upon reduction) will indicate intramolecular disulfides exclusively. On the
other hand, a dramatic shift (by hundreds to thousands of daltons) to lower mass for the
reduced species from the original protein indicates that at least one intermolecular

disulfide bond is present (see Figure 1.2, with further explanation in the next section).
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Figure 1.2. Conceptual representation of mass changes observed upon reduction of
peptides containing intermolecular vs. intramolecular disulfide bonds. “m/z” desiganates
mass to charge ratio.

Here, we will examine different analytical strategies and describe some
representative experimental protocols for determining the connectivity of various
disulfide bonds. The emphasis in this chapter will be on controlled modification and
degradation of the original protein with intervening analyses by mass spectrometry to
map the degradation products according to mass shift from that of the primary structure.
Three major strategies for controlled degradation of the protein will be highlighted: mass
mapping based on proteolysis (2-6), partial reduction coupled with chemical tagging and

mass mapping/Edman Sequencing (6-14), and partial reduction coupled with CN-induced



cleavage involving cyanylation followed by mass mapping (15-20). All mapping
strategies are based on a knowledge of the amino acid sequence and cleavage of the
protein backbone at specific sites; the involvement of particular disulfide cysteines in a

given disulfide bond is deduced from mass analysis of the cleaved fragments.

I1. Disulfide Mass Mapping Based on Proteolysis

1. Overview of the Method

Given the sequence of amino acid residues in a protein and an enzyme of known
specificity, one can anticipate the fragments (and thus, compute their masses) into which
the protein would be cleaved upon proteolytic digestion. The analytical process of
correlating experimentally detected fragments with those predicted based on a knowledge
of the sequence is called ‘mapping’. Experimentally, one subjects the protein to
proteolytic hydrolysis, analyzes the digestion mixture, and compares the experimental
results with the expected results. The larger the proportion (at least 25% coverage) of the
expected fragments detected, the greater the confidence in correct identification of the
protein. In early applications of this mapping strategy, the components of the digestion
mixture were separated analytically by HPLC with identification by Edman sequencing,
but more recently, the digestion mixture has been analyzed directly by mass spectrometry
(21), in which case the methodology is called ‘mass mapping’.

Ideally, the protease (P) will cleave the protein at least once between the cysteines
as indicated by ‘P’ in the analytical scheme involving a hypothetical protein, as illustrated

Figure 1.3. Proteolytic cleavage gives a different array of fragments depending on the



connectivity of the disulfides. A tedious aspect of proteolytic disulfide mapping is the
isolation and identification of the cysteinyl and cystinyl peptide fragments from a usually
large group of non-sulfur containing peptides. A cysteinyl fragment usually contains a
free cysteine residue; whereas a cystinyl fragment usually contains an intra- or inter-
disulfide bond (Figure 1.2). Cysteinyl peptides that are ‘missing’ in the results of
analysis of the digestion mixture (compared to the list of anticipated proteolytic peptides)
indicate which cysteines are involved in the disulfides (cystines). Of prime importance is
the isolation and identification of the cystinyl proteolytic peptides, as these indicate
which two cysteines are involved in a particular disulfide bond. The cystinyl peptides
will be represented by unexpected HPLC peaks in a chromatogram of the digestion
mixture of the protein or by mass spectral peaks for fragments heavier than anticipated
from consideration of individual proteolytic fragments of the completely reduced protein.
Recognition of cysteinyl peptides can be facilitated by the clever stable-isotope labeling

strategies recently reported by Chen et al. (22) and Adamczyk (23).
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Figure 1.3. Conceptual illustration of the different array of fragments that can be used to
distinguish the three possible isomeric arrangements of two disulfide bonds in a
hypothetical protein containing four disulfide cysteines by the classic proteolytic
approach for disulfide mass mapping. Note that fragments C, C’, and C” have the same
mass in each case because they contain no cysteine, whereas the mass of the fragments
containing cysteines vary substantially for the different isomeric disulfide arrangements.
To the extent possible, it is prudent to perform confirmatory experiments on the
primary mapping results. For example, in Figure 1.2, even though the peak of the highest
m/z value in the first mass spectrum is consistent with the mass of the disulfide-linked
peptides, subjecting the putative structure to chemical reduction and detecting peaks for
the individual peptides, as illustrated in the bottom panel of Figure 1.2, substantially
increases confidence in the final results. Similarly, chemical reduction of the structure
containing an intramolecular disulfide in the top panel of Figure 1.2 should shift the mass
of the putative species by 2 Da, as illustrated in the lower panel. Alternatively, reduction
of disulfides during analysis by matrix assisted laser desorption/ionization (MALDI)

mass spectrometry (MS) (also called ‘prompt’ fragmentation; references 24-28) and

sequencing analysis by MALDI-post source decay (PSD)-MS (reference 17, 27-30) or



electrospray (ESI) tandem mass spectrometry (MS/MS) (references 31-35) can provide
confirmation for preliminary results based solely on mass; examples of these procedures
are described below in section 4: “Representative Application” and section 5: “Advanced

Topic™.

2. Constraints/Caveats

It is desirable, if not a requirement, that at least one proteolytic site be available
between each of the cysteines in the amino acid sequence of the protein. The lack of any
such cleavage site could complicate the analysis because it will not produce separate
proteolytic peptides for each of the cysteines (or cystines). A single proteolytic peptide
containing two or more cysteines (or cystines) will complicate the analysis and/or lead to
ambiguous results. The closer the cysteines are to one another in the sequence, the less
likely it will be to find a useful proteolytic site between them. In the extreme case of
adjacent cysteines, the proteolytic approach is unsatisfactory, if not useless (36).

A frequent concern in using the proteolytic approach to disulfide mapping is the
problem of disulfide scrambling or exchange. Most proteolytic digestions are conducted
in slightly alkaline conditions (e.g., pH 8), in which a significant fraction of any free
sulfhydryl group will be deprotonated to the thiolate form. An existing disulfide is
vulnerable to attack by a thiolate group that is in close proximity, resulting in formation
of a different disulfide bond; such ‘scrambling’ or interchange of native and non-native
disulfides can give rise to artifactual results. Frequently, the free sulfhydryls on free
cysteines are alkylated prior to proteolytic digestion to avoid scrambling; however, some

alkylation reactions themselves are conducted at high pH, e.g., the use of iodoacetamide



(37). During modification of the free cysteines, it was found that the alkylating reagent
with the lower optimal working pH (such as maleimide derivatives) more effectively
suppresses disulfide scrambling; the more commonly used iodoacetyl derivative
alkylating reagent, which works at more alkaline conditions, is more liable to generate
scrambled artifacts. It was also found that addition of the alkylating reagent prior to the
denaturant helps prevent scrambling to some extent (34). Disulfide scrambling also can
occur during proteolytic digestion. For the same reason, using sample-processing
proteases having a low working pH may be better to minimize the scrambling. However,
proteases that function well at low pH such as pepsin and thermolysin, usually cleave the
substrate with less specificity, which may bring other problems to mass mapping. For
those more specific proteases, like trypsin and Glu-C endoproteinase having an alkaline
working pH, use of an immobilized protease cartridge for digestion can effectively
reduce disulfide interchange because the higher enzyme-to-substrate ratio reduces the

digestion time from 2-18 hours to 5 minutes (38).

3. An Experimental Protocol

(1) Dissolve the protein in a suitable buffer, add alkylating reagent followed by
denaturant.

(2) Adjust the pH to digestion conditions and incubate the mixture in a thermal bath.
If limited digestion is found, the following approaches might be helpful: a)

Increase the protease concentration. b) Choose a different protease or use a



combination of two or more proteases. c) Pre-treat the protein with cyanogen
bromide, if methionine residues are present in the protein.

(3) Use HPLC to separate the digestion mixture. A comparative HPLC run after
treating the digestion mixture with an excess of reducing agent is helpful in
recognizing the disulfide-linked peptides.

(4) Use MS (MALDI-MS or ESI-MS) to analyze the HPLC fractions; compare the
experimental data with the mass values calculated for expected digestion fractions
of the protein. Absent fragments plus unexpected fragments (based on
consideration of the fully reduced protein) provide information relating to the
connectivity of disulfide cysteines involved in disulfide bonds.

(5) Reduce the disulfide-linked peptides and re-analyze them by mass spectrometry
or sequencing analysis by MALDI-PSD or ESI-collision induced dissociation

(CID)-MS/MS. These may help confirm the identification solely based on mass

mapping.

4. A Representative Application (39)
Testis angiotensin-converting enzyme (tACE) is a protein with 701 amino acid
residues including 7 cysteines, which were asserted by the authors to form three disulfide

bonds with one free cysteine as illustrated in the linear structure in Figure 1.4.



Putative disulfide structure of tACE:

1 l ! 1
—C—C C C KY C—K-C—C—
1 152 158 352 370 491492 496 511 538 550 701

Experimentally observed tryptic fragment :
492-511-- incorporating derivatized cys 496

492 496 511 Alkvlatio 492 496 511
Tyr— - —Cys- - —- —Lys _k_y__g Tyr—--- —Cys- - - —Lys
| R=IAEDANS |
SH SR
MH* = 21454 Da MH* = 2453.7 Da

Figure 1.4. Overall sequence of tACE showing tryptic cleavage sites at K491 and K511;
these define the origin of the tryptic fragment Tyr492-Lys511 at the lower left that shifts
from 2145.4 Da to 2453.7 Da upon alkylation of the free sulfhydryl on Cys496. The
mass of the protonated alkylated-peptide (2453.7 Da) is very close to the observed peak
at m/z 2453 .4 in Figure 1.6.

In general, a protein consisting of an odd number of cysteines will have at least
one free cysteine (maybe more) in its native form; a protein consisting of an even number
of cysteines might have no free cysteine. For a protein with one free cysteine and three
disulfide bonds, one must consider 105 different possible disulfide structures. (A
disulfide structure is defined as a particular arrangement of all the disulfide bonds in a

protein. The formula for calculating the number of possible isomers for this case is as

follows:

M!

a(M,n) =
2"n!(M - 2n)!

where a(M, n) represents the number of isomeric disulfide structures; n is the number of

disulfide bonds among M cysteines, and M>2n; see reference 40 for details.) All the 105
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possible disulfide structures need to be considered when computing the expected masses
for all possible proteolytic peptide fragments. Given the sequence of a protein and the
specificity of a protease, calculation of the masses of the expected proteolytic fragments
can be automated; several websites (http:/prosepctor.ucsf.edu, http://prowl.rockefeller.
edu, etc.) provide this service.

In an effort to simplify the assessment of cysteine status in a protein, the locus of
any free cysteines is usually determined first. In the case of tACE, the protein was
digested by endoproteinase Lys-C after the free cysteine was modified by a fluorescent
alkylating reagent, 5-([2-(iodoacetyl)amino]ethylamino) naphthalene-1-sulfonic acid
(IAEDANS) to facilitate detection of the alkylated cysteine-containing peptide. During
analysis of the alkylated digestion mixture by HPLC, because one of the detectors was
adjusted to 340 nm to measure the fluorescence of the 5-([2-(acetyl)amino]ethylamino)
naphthalene-1-sulfonic acid (AEDANS) group, only a single peak was observed in the
chromatogram at the top of Figure 1.5. The fraction corresponding to the single
fluorescence peak was collected and analyzed by MALDI-MS. The corresponding mass
spectrum (Figure 1.6) of the detected fraction (in the top panel of Figure 1.5) shows three
peaks indicating that the HPLC fraction actually consists of at least three coeluting
components. Two of the mass spectral peaks are consistent with the calculated masses of
two of the expected proteolytic peptides (GIn308-Lys317 and Val119-Lys137). The
peak at m/z 2453.4 represents the protonated peptide consisting of residues from Tyr492
to Lys511, which after alkylation of Cys496 with the fluorophore (AEDANS) as
illustrated in Figure 1.4, shift to a mass of 2453.7 Da for (calculated mass of the

protonated species = 2453.7 Da). Sequencing analysis of this peptide by MALDI-PSD-

11



MS also confirmed the above identification (data not shown). These data provide

convincing evidence that Cys496 in the native tACE is a free cysteine.
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Figure 1.5. HPLC chromatograms of the endoproteinase Lys-C digestion mixture of
AEDANS-labeled tACE as recorded by two different detectors. The upper panel was
monitored at 340 nm for the fluorescence of the AEDANS fluorophore to selectively
detect the peptide with the AEDANS-modified cysteine; the lower panel was monitored
at 214 nm to detect all the digestion peptides (adopted from reference 39).
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Figure 1.6. The MALDI mass spectrum of the HPLC fraction represented by the single peak
in the top panel of Figure 1.5. The peak at m/z 2453.4 represents the protonated proteolytic
fragment containing the modified cysteine as illustrated in Figure 1.4 and described in the
text. The other two peaks represent other proteolytic peptides that coelute with the alkylated
one (adopted from reference 39).

Having identified the locus of the free cysteine in tACE, attention can now be
focused on determining the connectivity of the other six disulfide cysteines to form three
cystines (recall that there are 15 isomeric possibilities; see also in Figure 1.7). It is
desirable to degrade the protein by cleaving the peptide backbone at least once between
every two disulfide cysteine residues. In this case, alkylated tACE was digested with
cyanogen bromide and, subsequently, further digested with endoproteinase Lys-C.
Cyanogen bromide (CNBr) is a chemical reagent that cuts the peptide backbone
specifically at the C-terminal side of methionine; because of its small size, CNBr can
readily penetrate to interior cleavage sites that sometimes are less accessible to proteases

of much larger size. There are 19 methionine residues in tACE; a perfect CNBr digestion

with no miscleavages will generate 20 fragments if no disulfide bonds link them together.
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As shown at the top of Figure 1.7, three of the CNBr fragments contain cysteines; two of
these fragments contain two cysteines each and one contains three cysteines, including
Cys496, the alkylated (AEDANS) cysteine. The disulfide cysteines in those three
fragments can form disulfide bonds in a variety of ways as shown by three categories in
the lower portion of Figure 1.7. In category (i), each of these of the three pairs of
disulfide cysteines forms an intra-molecular disulfide bond. In category (ii), two pairs of
the disulfide cysteines form two inter-molecular disulfides; there are six possibilities. In
category (iii), all three CNBr fragments are linked by three inter-molecular disulfide
bonds; there are eight possible isomeric arrangements. Fortunately for the authors, the
MALDI-MS mass spectral data showed peaks corresponding to the three separate intra-
molecular disulfide peptides represented in category (i), indicating that the three intra-

molecular disulfide bonds in tACE are isolated or do not overlap one another.
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Three cysteine-containing fragments from CNBr digestion
of tACE without regard for cysteine status:

AEDANS
-C—C— —Cc—C— —C—c—-cC-
152 158 352 370 496 538 550

Possible disulfide structures
(without consideration of cys 496 as it's alkylated):

() —c—c— M-q—c— @  / \a
—C—C— | iI _ /°< /\C’
(Y O\

—e—f— —p—g—

Figure 1.7. Conceptual representations of the disulfide arrangement among the six
cysteines in the three cysteine-containing fragments from CNBr digestion of tACE.
Category (i) shows the simplest arrangement, which derives from three isolated disulfides
in tACE; experimental results indicate that this category represents the disulfide
arrangement in native tACE. Categories (ii) and (iii) consist of six and eight isomeric
arrangements, respectively, some of which involve overlapping disulfide bonds
(indicated, in part for two possibilities, by dashed lines).

Mass spectral data (not shown) from analysis of the reaction mixture from CNBr
digestion of AEDANS-alkylated tACE include peaks that correspond to the calculated
masses of the three cysteine-containing fragments in Figure 1.7. While these data
strongly suggest three isolated disulfides between the pairs of cysteines within the three
fragments at the top of Figure 1.7., it is prudent to seek confirmatory evidence. The
following text describes an additional experiment to confirm the putative connectivity in
the CNBr digestion fragment Ala451-Met566, which contains the alkylated cysteine, as
illustrated in Figure 1.9. Subsequent digestion of this fragment (the 2nd structure in
Figure 1.9) by trypsin generates a fragment (the 3t structure in Figure 1.9) consisting of

two peptides linked by a disulfide (Cys538-Cys550) and having a calculated mass (for
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singly protonated species MH*) of 5243.1 Da. Analysis of an HPLC fraction (not
shown) of the trypsin digest of the putative CNBr fragment (the 2™ structure in Figure
1.9) by MALDI-MS produced the mass spectrum in Figure 1.8. The peak at m/z 5242.3
in Figure 1.8 corresponds well to the calculated mass of the protonated fragment (5243.1
Da). Furthermore, prompt fragmentation (also called in-source fragmentation, see
references 24-28) of the disulfide bond in this fragment (bottom of Figure 1.9) during
MALDI-MS analysis provided evidence (peaks at m/z 856.6 and m/z 4388.0) for the
individual peptides. Overall, these results provide convincing evidence for the structure

of tACE at the top of Figure 1.9.
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Figure 1.8. The MALDI mass spectrum of the putative peptide of a CNBr fragment (see
Figure 1.9) of the tACE protein. Peaks at m/z 856.6 and m/z 4388.0 correspond to the
individual peptides connected by the disulfide that was cleaved during the MALDI
process (adopted from reference 39).
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Putative Disulfide Structure of the Alkylated tACE:

AEDANS
1 I 1 1
—_Cc — c—c-——c—-MA— —KF— C—KC—K—M
1 152 158 352 370 450, 451 496 511,512 538 549,550 556 566 701

| e

Cyanogen Bromide Cleavage/HPLC

AEDANS

A——c —KF—Cﬂc—K—M
451 496511512 538 549 550 556 566

Trypsin Cleavage/HPLC
511 538 549
Tyr- - —Cys- - - —Lys
Ht — T aser
Cys- — —~ —Lys
550 556
MH*: 5243.1 Da
Prompt Fragmentation during
analysis by MALDI-MS
511 538 549 550 556
H* Tyr-- —Cys- - - —Lys H* Cys- - - —Lys
MH*: 4388.1 Da MH*: 856.0 Da
+ or +
S
il 556 511 ﬁ 549
Cys- - —~ —Lys Tyr— - —Cys- — — —Lys
550 538

Neutral Peptided with Dehydrated Cysteines
Figure 1.9. Conceptual illustration of the digestion of tACE by CNBr and trypsin to

produce two peptides linked by a disulfide bond, the analysis of which by MALDI-MS
identifies the disulfide Cys538-Cys550.
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5. Advanced Topics: Using MALDI-PSD-MS and ESI-CID-MS/MS to Obtain
Additional Information on Disulfide-Linked Peptides

Fragmentation of the protonated-disulfide-linked peptides by metastable decay
during analysis by MALDI-PSD-MS (17, 27-30) or by collision-induced dissociation
(CID) during ESI-MS/MS (31-35) sometimes provides sequence information on
disulfide-linked proteolytic peptides. This second dimension of mass spectrometric
information can be used for confirmation of the identity of some disulfide-linked
peptides.

The first example here involves the analysis by MALDI-PSD-MS of a digestion
product consisting of three peptides linked by two disulfide bonds as shown by the
structure insert in the mass spectrum in Figure 1.10. The proteolytic fragment of interest
here derives from the thermolysin digestion of a tryptic fragment of the recombinant
human tumor necrosis factor binding protein (TNFbp in reference 28), a cysteine-rich
protein with 13 disulfides among 26 cysteines across 162 residues. In this special case,
there are two possible disulfide structures; the alternative to the structure shown in Figure
1.10 would involve switching positions of linking the tetrapeptide and the pentapeptide to
the central peptide. During analysis of the disulfide-linked peptides by MALDI-PSD-
MS, it is likely that some of the disulfide bonds as well as some of the peptide bonds will
fragment. While the peaks at m/z 242.9 and m/z 1350 in the mass spectrum (Figure 1.10)
do not distinguish the two isomeric disulfide structures under consideration, the peaks at

m/z 825.6, 940, and 1027 uniquely correspond to the structure shown in Figure 1.10.
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Figure 1.10. The MALDI-PSD-MS mass spectrum of a disulfide-linked proteolytic fragment
from dual digestion of the TNFbp protein with trypsin and thermolysin. The numbers by the
structure give the mass of the indicated fragment ions; the peaks marked by an asterisk at m/z
825.6, 940, and 1027 confirm the disulfide structure shown (adopted from reference 28).
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Cysteines occur in a protein less frequently on average than those residues serving
as proteolytic cleavage sites. If cysteines are somewhat evenly distributed within a
protein (the above example is an exception to this assertion, as the cysteine content of
TNFbp protein is abnormally high), there is often more than one cleavage site between
the cysteines. As a result, a less complicated situation involving a disulfide-linked
proteolytic fragment consisting of only two peptides linked by one disulfide is usually
observed. An example of such a structure is inserted into the ESI-CID-MS/MS mass
spectrum (Figure 1.11) of a disulfide-linked tryptic fragment of beta-1,4-
galactosyltransferase (34). In describing their mass spectral data, the authors used a
hybridization of the Roepstorff et al. (41) and Biemann (42) nomenclature to designate
ions from the two peptides linked by a disulfide bond. The peaks labeled with an upper
case Y denote the y-ions from the fragmentation of the lower peptide; peaks with the
lower case y and b denote the y- and b-series of ions from fragmentation of the upper

peptide. (Yq1by2)>* denotes a doubly charged b ion of the upper peptide with 12 residues
from the N-terminus that was linked by a disulfide bond to the Yy, ions from the lower
peptide ( with 11 residues). Most of the fragmentation occurred on the C-terminal side
of the cysteine (residue 5) in the upper peptide, namely, the y,, series and Y{1b, series of
ions. Only the ions [(Y11by)2* and (Y¢by3)2* ions] containing the intermolecular
disulfide provide information on the disulfide connectivity. The mass of the lower

peptide can be deduced by subtracting the mass of the by, series of ions (to the right of
Cys5) of the upper peptide from the mass of the b,Y;; ions as observed in the

experiment. Ions such as Yob,3 are not observed often, possibly because they require

fragmentation of two peptide bonds.
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Figure 1.11. The ESI-CID-MS/MS mass spectrum of a triply charged ion [M+3H*]3* at m/z
1406.1 corresponding to a disulfide-linked tryptic fragment (in which a disulfide bond links

two peptides, S130-K156 and Y171-K181) of bovine beta-1,4-galactosyltransferase (adopted
from reference 34).

It is important to note the following observations about sequencing analysis of
disulfide-linked peptides by MALDI-PSD-MS and ESI-CID-MS/MS. First, although

several successful examples by both techniques had been shown (17, 27-35), both
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techniques failed to provide diagnostic information in other cases (28). In addition, more
diverse disulfide-linked peptides need to be studied by both techniques to optimize the
experimental parameters and determine the limitations of the techniques. For example,
while intermolecular disulfide bonds in the disulfide-linked peptides are usually
fragmented during analysis by MALDI-PSD-MS, fragmentation of disulfide bonds does
not always occur during analysis by ESI-CID-MS/MS of disulfide-linked peptides. No
indication of the fragmentation of the intermolecular disulfide bond, either symmetrical
or non-symmetrical was found in the example described above and several other
examples (34, 35); whereas fragmentation of such disulfide bonds in other disulfide-
linked peptides during ESI-CID-MS/MS was observed (27-32, 43). It seems that what
controls the fragmentation at various sites of the disulfide-linked peptides would be the

key to solve this problem.

6. Conclusions

The proteolytic approach to disulfide mapping has been used for many years, first
with only chromatographic and sequencing analyses, but these have been combined with
analyses by mass spectrometry in recent applications. The proteolytic approach can be
time- and labor-intensive primarily because of the effort in recognizing and isolating the
cysteinyl and cystinyl peptides from the often-large number of other proteolytic peptides
generated upon digestion of a large protein.

Disulfide mapping of proteins containing adjacent cysteines is impractical, if not

impossible, by the proteolytic approach. Proteins containing nearby cysteines in their
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amino acid sequence may also present intractable problems for the proteolytic approach
because of the lack of a trustworthy proteolytic site between the cysteine residues.
Concerns about disulfide scrambling are always an issue in the proteolytic
approach to disulfide mapping because of the susceptibility of an existing cystine to
attack by a thiolate ion produced from significant dissociation of any cysteine under the
slightly alkaline conditions required for the enzymatic digestion. Alkylation of free
cysteines is effective in some case in suppressing artifact formation due to disulfide
scrambling; thiolate-disulfide exchange was observed during some of the thiolate

alkylations under alkaline pH (9).

II1. Determination of Disulfide Bonds by Partial Reduction, Chemical Tagging,

Edman Sequencing Analysis and Mass Spectrometry

1. Overview of the Method

Free cysteines in the native protein are modified with a particular alkylating
reagent, e.g., with iodoacetamide, to prevent disulfide scrambling. As the multiple
disulfide bonds are progressively reduced by partial reduction with tris-(2-carboxyethyl)-
phosphine (TCEP) hydrochloride, the nascent sulfhydryls are modified with different
alkylating reagents to chemically tag the products at different stages of reduction. The
modified cysteines produce distinguishing responses during separation of the
phenylthiohydantoin (PTH) derivatives by HPLC following Edman degradation. Thus,
this analytical strategy permits recognition of free cysteines in the original protein as well

as the locus of disulfide cysteines that were coupled into specific disulfide bonds.
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Partial reduction of the protein is accomplished with an excess amount of
reducing agent, but under kinetically limiting conditions (6, 7). In this way, products
isolated from the reaction mixture at an early stage will consist principally of one or more
of several different singly reduced isoforms of the protein (e.g., a protein containing four
disulfides can produce as many as four singly reduced isoforms). At a later stage during
the dynamic process of partial reduction, doubly reduced isoforms (e.g., a protein
containing four disulfides can produce as many as six doubly reduced isoforms) as well
as triply reduced isoforms will appear in the reaction mixture.

This partial reduction/chemical modification is especially advantageous in the
analysis of small cysteine-rich proteins, which do not respond well to proteolytic
digestion due to inaccessibility of the protease to sites that are in the closely packed core
region. For proteins consisting of fewer than 50 residues, Edman degradation performed
on the protein after the cysteines have been modified by different alkylating reagents
provides information on the cysteine status (free cysteines or disulfide cysteines involved
in disulfide bonds) (reference 44). Mass spectrometry is helpful in verifying that proper
alkylation has been performed after appropriate stages of partial reduction of the disulfide
bonds in the protein (9, 12-14). For proteins consisting of more than 50 residues,
partially reduced/alkylated species of the protein are usually cleaved into smaller sized
fragments by proteolyses to allow different “tags” on various alkylated cysteines residues

to be identified by Edman sequencing and mass spectrometry (12-14).
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2. Constraints/Caveats

Because different proteins have different disulfide structures, the reduction yields
vary accordingly. Some proteins can be converted into some of each of the possible
singly reduced isoforms because all the disulfides are accessible to the reducing agent.
For other proteins, however, only certain disulfides are readily accessible to the reducing
agent. In such a case, a stepwise reduction/alkylation approach may be useful in which
the available singly reduced isoforms of the protein are alkylated before the reducing
conditions are strengthened to force some of the protein to the doubly reduced stage (8).
Different alkylating reagents can be used after different stages of reduction, thereby
chemically ‘tagging’ specific cysteines as a function of time during the dynamic
reduction process (8, 44). The temporal relationship of certain cysteines as manifested
via chemical 'tagging' can provide a basis for deducing the connectivity of cysteines
involved in a particular disulfide bond.

Many widely used alkylating reagents work under slightly alkaline conditions that
bring about the possibility of disulfide scrambling. Usually, a reactive reagent like
iodoacetamide is preferred over a less reactive reagent such as iodoacetic acid (7).
Nonetheless, scrambling is sometimes observed if the kinetics of the disulfide exchange
(scrambling) reaction is faster than that of the alkylation reaction. In those cases, an
alkylating reagent, such as N-ethylmaleimide (NEM), that can be used under acid
conditions is preferred (44). Other complications may arise during the use of alkylating
reagents, such as the formation of isomeric products that give multiple peaks during
HPLC separation as has been reported for N-ethylmaleimide, a problem related to the

prochiral nature of the reagent (44).
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Sometimes there is a problem in separating the partial reduction products by
HPLC, due to their being structurally similar. While coelution of structurally similar
partially reduced species can complicate data interpretation, the involvement of mass

spectrometry can provide useful information regarding the disulfide status (9, 12-14).

3. An Experimental Protocol

(1) Dissolve the protein in the appropriate buffer to alkylate any free cysteines.

(2) Use the reducing agent (TCEP) to partially reduce the protein. The amount of
reagent and the incubation time as well as the temperature should be controlled to
optimize the yield of the partially reduced products. Alkylate the products with a
alkylating reagent.

(3) Subject the mixture to HPLC separation. If a poor yield is observed; repeat step
(2) with stronger reducing conditions.

(4) Use a different alkylating reagent at each progressive stage of reduction/
alkylation.

(5) To each HPLC fraction, add an excess of reducing agent to totally reduce the
residual disulfide bonds. Alkylate the nascent free cysteines (from complete
reduction of the residual disulfides) with a unique alkylating reagent.

(6) If the protein is small enough, use Edman degradation to sequence the whole
partially reduced/alkylated protein species. If the protein is large (>50 residues), a
combination of proteolytic mapping and Edman degradation is preferred.
Because there is no disulfide left at this stage, there is little resistance to the

proteolytic digestion.
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4. A Representative Application (44)

The AVRY elicitor protein from Cladosporium fulvum has three disulfide bonds
across the 28-residue structure (44). The AVRY protein was partially reduced with TCEP
and the nascent free cysteines were modified with N-ethylmaleimide (NEM) under acidic
conditions. The reaction mixture was then separated by HPLC; major fractions were
collected and subjected to complete reduction (of residual disulfides)/alkylation with 4-
vinyl pyridine (4-VP). This second alkylating reagent (4-VP) tagged the cysteines in
disulfides that survived the partial reduction procedure, while the first reagent (NEM)
tagged the cysteines from disulfides that had been reduced during partial reduction. In
this way, the nascent cysteines in the singly or doubly reduced species (tagged as NEM)
could be distinguished from those cysteines (eventually tagged as 4-VP) remaining as
disulfides after the initial step involving partial reduction.

The doubly modified protein was then subjected to Edman sequencing directly due to its
small size. The retention times for PTH-NEM-modified cysteine and PTH-4-VP-
modified cysteine in HPLC are different from one another as well as different from that
for PTH-unmodified cysteine; thus, the sequencing results of the doubly modified protein
provide a temporal record of its exposure to reduction/alkylation. The chemical tagging
of various cysteines in the sequence allows the connectivity in disulfide bonds to be
deduced because certain pairs of cysteines became available for simultaneous alkylation.
For example, during the second cycle of Edman sequencing of the partially
reduced/alkylated species of AVR9 represented by HPLC peak 2 in Figure 1.12, a peak
having the retention time of PTH-NEM-cysteine was observed. As Edman degradation

progressed to cycle 6, a 4-VP-cysteine was observed, and so forth. As Edman
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degradation progressed to cycle 6, a 4-VP-cysteine was observed, and so forth. Thus, the
diagram of sequencing results for the species represented by the HPLC peak 2 (in Figure
1.12) indicate that it is a singly reduced species, from which it can be deduced that AVR9

contains a disulfide bond between Cys2 and Cys16.

2 NEM 2 NEM 2 NEM
6 4VP 6 4vP 6 NEM
12 4vpP 12 NEM 12 4VP
16 NEM 16 NEM 16 NEM
19 4VP 19 4VP 19 NEM
26 4VP 26 NEM 26 4vP

native
AVR9

1

p——— ]

2 4
3 56
tcePmem |\ K A }l M
1 4 T L} L L] 1 ] 1
10 15 20 25 30 35 40
HPLC elution time (min)

Figure 1.12. A diagrammatic presentation of sequencing results for the partial
reduction/alkylated species of AVR9 represented by the peaks in the HPLC
chromatogram. Peak 2 represents a singly reduced speceis from partial reduction and
indicates that AVR9 contains a disulfide bond between Cys2-Cys16. Peak 3 represents a
doubly reduced isoform containing a residual disulfide bond between Cys6-Cys19 before
complete reduction; peak 4 represents another doubly reduced isoform containing a
residual disulfide Cys12-Cys26 before complete reduction. Peaks 5 and 6 represent the
completely reduced/NEM-modified species (as determined by mass spectrometry); both
species have the same mass and apparently result from epimeric forms of the prochiral
alkylating reagent (adapted from reference 44).
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From the sequencing results for the species represented by the HPLC peaks 3 and
4 (in Figure 1.12), it can be deduced that these are two doubly reduced isoforms. Thus,
each of the three fractions represents a different disulfide, thereby identifying the three

disulfides as Cys2-Cys16, Cys6-Cys19, and Cys12-Cys26.

5. Conclusions

The partial reduction/alkylation approach is suitable for disulfide assignment in
small cysteine-rich proteins. For larger proteins, this approach will require more steps
than either the proteolytic approach or the partial reduction/cyanylation approach that

will be discussed in the next section.

IV. Disulfide Mass Mapping Based on Partial Reduction, Cyanylation and CN-

induced Cleavage

1. Overview of the Method

This novel approach to disulfide mapping is based on chemical cleavage of the
peptide backbone on the N-terminal side of cyanylated cysteines (Figure 1.13). The first
step in the process is cyanylation of free cysteines by a suitable reagent, e.g., 1-cyano-4-
dimethylamino-pyridium (CDAP) tetrafluoroborate (45), as shown in Figure 1.13. The
cyanylated cysteine is susceptible to nucleophilic attack, e.g., by ammonia, as shown in
the second chemical reaction illustrated in Figure 1.13, producing a truncated peptide and

an iminothiazolidine (itz)-carboxyl-blocked peptide (46).

29



SH

|
0 H, 0
H N+—-—H—NH—EH—&—NH—-_ 7
? o

(A) Cyanylation +
pH3-7: it 15' CDAP, Me,)N ON—CN

\

N=C—g
0 H
bt /
H)N+ —- —C-NH-CH-C—-NH—-—
O-
- NH,
(B) Cleavage
1 M NH,OH,
~1h, rt.
¥
0 HN S
74 0]
H3N+—-—C/\ + Y | Il //O
NH, HN C—NH —---C\
O-
peptide itz-peptide
0 CH 0
I 23
+ (H3N+—-_C—NH_3— —NH—-—C< )
O-

B-elimination peptide
Figure 1.13. (A) Cyanylation of sulfhydryl group by CDAP and (B) peptide bond

cleavage by ammonia. (itz = iminothiazolidine-carboxyl; B-elimination = loss of HSCN
from a cyanylated cysteine residue.) (adopted from reference 47)
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The cyanylation reaction is specific for cysteine; it does not modify methionine,
nor does it react with hydroxylated, nor acidic nor basic side chains under analytically
useful conditions (47). Furthermore, the cyanylating reagent will not react with a cystine
(disulfide bond)! How, then, can the cyanylation reaction be used in disulfide mapping?
It is first necessary to reduce a particular disulfide bond, then cyanylate the nascent free
cysteines to promote cleavage at the sites previously tied up as a cystine. (Free cysteines
in the native protein should be alkylated as described earlier in the previous section, or by
use of the CDAP methodology prior to partially reducing the cystines as described
below.) The analytical challenge comes with proteins containing more than one cystine,
in which case the process of partial reduction (with TCEP) is used to generate a singly
reduced isoform corresponding to each cystine (16).

Partial reduction (6, 7, and 16) is achieved under kinetically limiting reduction
conditions using a phosphine-derived reducing reagent (e.g., tris-carboxyethyl-phosphine,
TCEP). The concept of partial reduction is illustrated in Figure 1.14 with a hypothetical
protein containing two cystines. The cyanylation/CN-induced cleavage chemistry is
applied to each singly reduced isoform. Note that late in Figure 1.14, two or more of the
expected three CN-induced cleavage products of the cyanylated protein might still be
connected by residual disulfide bonds; complete reduction at this stage produces three
individual fragments. Also note at the bottom of Figure 1.14 that each cystine is ideally
represented by a unique set of fragments, the composition of which can be anticipated
because the sequence of the original protein is known. For some disulfide proteins,
doubly reduced isoforms, in addition to the singly reduced isoforms, may be utilized to

determine their disulfide structure (reference 48, Chapter 2, and Chapter 3). Guidelines
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for optimizing the partial reduction of disulfide proteins was discussed in references 6, 7,

16 and 48.
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Figure 1.14. Chemical overview of the partial reduction/cyanylation/CN-induced
cleavage methodology using singly reduced isoforms of a hypothetical 2-disulfide
protein. “SCN” designates a cyanylated cysteine residue. (adopted from reference 16).
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The individual partially reduced species of the protein can be isolated (either
before, but preferably after cyanylation) usually by reversed phase (rp)-HPLC. In
principle, such an isolation of the partially reduced species is not necessary, but doing so
can simplify data interpretation (Chapter 5). Furthermore, such a separation leads to less
complex mixtures of cleavage products, thereby minimizing the possibility of signal

suppression for some components during analysis by MALDI or ESI mass spectrometry.

2. Constraints, Caveats, and Other Aspects

In addition to, and in competition with, the desired cleavage reaction illustrated at
the bottom of Figure 1.13, the cyanylated cysteine can undergo B-elimination expelling
HSCN producing a dehydroalanine peptide as illustrated. Observing the B-elimination
product provides a ‘parity check’ on mass spectral signals by representing the sum of all
residues in the expected cleavage fragments for a given cyanylated cysteine, a useful
accounting feature when two or more cyanylated cysteines are present. The extent of -
elimination ranges from a minor to a major process depending mainly on the type of
amino acid residue on the N-terminal side of the cyanylated cysteine (47); when proline
is on the N-terminal side of a cyanylated cysteine, B-elimination is the dominant process.

Other side reactions, such as incomplete cyanylation and incomplete CN-induced
cleavage, could occur and may complicate data processing (48). How to deal with such
side reactions is discussed in reference 48 and Chapter 3.

In the case where there is an odd number of cysteines or where all the cysteines
are not involved in cystines, the positions of the free cysteines in the original protein can

be determined by immediate cyanylation and mass analysis of CN-induced cleavage
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products after complete reduction of the residual disulfide bonds, which may still link the
cleavage products together (49). If only two disulfide cysteines are involved as a cystine,
the connectivity of the involved disulfide cysteines can be deduced by default. If four or
more disulfide cysteines are involved as cystines, the partial reduction scheme can be
invoked as described above. Alternatively, the initially free cysteines can be marked by
alkylation as described earlier (37) (a process that renders them unavailable to the
subsequent cyanylation reaction).

The strategy for determining the connectivity of disulfide cysteines involved in an
intermolecular cystine is the same as that pursued in analysis of intramolecular cystines.
That is, given the sequence of the polypeptide chains, one would use initial cyanylation
or alkylation (if free cysteines are present), followed by the use of complete or partial
reduction (depending on the number of cystines) and cyanylation/CN-induced
cleavage/mass mapping.

The classic problem of adjacent cysteines is amenable to the cyanylation/cleavage
approach (18), thereby providing a viable opportunity to solve disulfide étructures that

have hitherto been refractory to the proteolytic approach.
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3. Experimental Protocols

A. A Protocol for Determining the Location of Free Cysteines by Alkylation/

Cyanylation/CN-Induced Cleavage

(1) Dissolve the protein in an appropriate buffer and mix it with alkylating reagent to
alkylate (37) any free cysteines. Remove the reagents by using rp-Zip tips or rp-
HPLC.

(2) Completely reduce the disulfide bonds in the alkylated protein with TCEP (49).

(3) Cyanylate the nascent free cysteines in the alkylated protein with CDAP (47).
Because CDAP reacts with TCEP, an excess amount of CDAP is needed.

(4) Purify the product by rp-HPLC; collect and dry the HPLC fractions under
vacuum.

(5) Reconstitute a solution of the product in 1 M aqueous ammonia to cleave the
peptide bond on the N-terminal side of the cyanylated cysteines (47).

(6) Analyze the mixture by MALDI-MS or liquid chromatography (LC)-MS using

ESL

B. A Protocol for Determining the Location of Free Cysteines by Cyanylation/CN-
Induced Cleavage
(1) Dissolve the protein in an appropriate buffer and mix it with CDAP to cyanylate
(47) any free cysteines.
(2) Purify the cyanylated protein by rp-HPLC; collect and dry the HPLC fractions

under vacuum.
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(3) Reconstitute a solution of the cyanylated protein in 1 M aqueous ammonia to
cleave the peptide bond on the N-terminal side of the cyanylated cysteines (47).

(4) Completely reduce any residual disulfide bonds in the cleaved protein with TCEP
under strong reducing conditions (49).

(5) Analyze the mixture by MALDI-MS or LC-MS using ESI.

C. A Protocol for Determining the Location of Disulfide Bonds by Partial

Reduction/ Cyanylation/CN-Induced Cleavage

(1) Dissolve the protein in an appropriate buffer and mix it with an appropriate
reagent to alkylate (37) or cyanylate (47) any free cysteines. Remove the reagents
using rp-Zip-tips or rp-HPLC.

(2) Use the reducing agent (TCEP) to partially reduce the alkylated or cyanylated
protein. The amount of TCEP and the incubation time as well as the temperature
should be adjusted to optimize the yield of the partially reduced products (6, 7, 16
and 48).

(3) Cyanylate the products with CDAP (47). Because CDAP reacts with TCEP, an
excess of CDAP is needed.

(4) Separate the mixture by rp-HPLC. If a poor yield is observed, repeat step (2) with
stronger reducing conditions. Collect and dry the HPLC fractions.

(5) Reconstitute a solution of the cyanylated protein species in 1 M aqueous ammonia
to cleave the peptide bond on the N-terminal side of the cyanylated cysteines (47).

(6) Completely reduce any residual disulfide bonds in the cleaved protein mixtures

with TCEP under strong reducing conditions (16, 49).

36



(7) Analyze the mixture by MALDI-MS or LC-MS using ESI.

4. A Representative Application: Disulfide Mass Mapping Using Singly

Reduced/Cyanylated Isoforms (16)

Bovine ribonuclease A (molecular mass for MH* = 13,683 Da) (50) contains 124
amino acids including eight disulfide cysteines that are linked by four disulfide bonds:
Cys26-Cys84, Cys40-Cys95, Cys58-Cys110, and Cys65-Cys72.

When ribonuclease A (RnaseA) was subjected to the partial reduction/CN-
cleavage/mass mapping methodology under conditions in reference 16, essentially equal
amounts of the four possible singly reduced/cyanylated isoforms were produced. Figure
1.15 is the chromatogram of the residual intact RnaseA and its singly reduced/cyanylated
isoforms, which resulted from partial reduction and cyanylation reactions of RnaseA.
Only one equivalent of TCEP relative to the total cystine content in RnaseA was used
during partial reduction for 15 minutes at room temperature; analysis by MALDI-MS
showed that each of the four products produced (represented by HPLC peaks 1-4 in
Figure 1.15) had a molecular weight 52 Da higher than the intact RnaseA (2 Da for
reducing a cystine plus 25 Da net shift of each of the two nascent free cysteines upon
cyanylation; see Figure 1.13.) as expected for singly reduced/cyanylated isoforms of
RnaseA.

Table 1.1 lists the calculated m/z values for possible protonated fragments (MH")
due to CN-induced cleavage of the peptide chains at different sites depending on which
disulfide bond was reduced and cyanylated in forming the singly reduced/cyanylated

isoform of ribonuclease-A.
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Figure 1.15. The HPLC chromatogram of the denatured ribonuclease-A and its singly
reduced/cyanylated isoforms. The separation was done by reversed-phase HPLC on a
Vydac C18 column (5um, 4.6mmx250mm) at a flow rate of 1.5 ml/min with a linear
gradient 20-40% B in 90 minutes, where A = 0.1% TFA in water and B = 0.1% TFA in
90% CH3CN. The peak marked by IP is the intact protein (ribonuclease-A). Peaks 1-4
represent singly reduced/cyanylated ribonuclease-A isoforms, as determined by MALDI-
TOF-MS (adopted from reference 16).
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Table 1.1. Calculated m/z values of protonated CN-induced cleavage fragments from all
possible singly reduced/cyanylated isoforms of an unknown protein having the same
sequence as RnaseA. The boldface entries correspond to native RnaseA, one of the 105
possible isomeric arrangements of the four cystines in a protein with this sequence.

No. Cysi-Cysj MH[1-(i-1)] MH "[itz-i-(j-1)] MH [itz-j-124]
1 Cys26-Cys40 270487  1750.05 932244
2 Cys26-Cys58 2704.87 3689.27 7383.23
3 Cys26-Cys65 2704.87 4420.1 6652.39
4 Cys26-Cys72 2704.87 5165.91 5906.58
5 Cys26-Cys84 2704.87 6546.42 4526.08
6 Cys26-Cys95 2704.87 7769.74 3302.75
7 Cys26-Cys110 2704.87 9412.68 1659.81
8 Cys40-Cys58 4411.89 1982.25 7383.23
9 Cys40-Cys65 4411.89 2713.09 6652.39
10 Cys40-Cys72 4411.89 3458.89 5906.58
11 Cys40-Cys84 4411.89 4839.4 4526.08
12 Cys40-Cys95 4411.89 6062.73 3302.75
13 Cys40-Cys110 4411.89 7705.66 1659.81
14 Cys58-Cys65 6351.11 773.87 6652.39
15 Cys58-Cys72 6351.11 1519.68 5906.58
16 Cys58-Cys84 6351.11 2900.18 4526.08
17 Cys58-Cys95 6351.11 4123.51 3302.75
18 Cys58-Cys110 6351.11 5766.45 1659.81
19 Cys65-Cys72 7081.94 788.84 5906.58
20 Cys65-Cys84 7081.94 2169.35 4526.08
21 Cys65-Cys95 7081.94 3392.67 3302.75
22 Cys65-Cys110 7081.94 5035.61 1659.81
23 Cys72-Cys84 7828.75 1423.54 4526.08
24 Cys72-Cys95 7828.75 2646.87 3302.75
25 Cys72-Cys110 7828.75 4289.8 1659.81
26 Cys84-Cys95 9208.26 1266.36 3302.75
27 Cys84-Cys110 9208.26 2909.3 1659.81
28 Cys95-Cys110 10431.58 1685.97 1659.81
* “Cys i — Cys j” designate the disulfide bond that was reduced to form the

corresponding singly reduced/cyanylated isoform of ribonuclease-A.
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Figure 1.16. The MALDI mass spectra of four peptide mixtures resulting from the CN-
induced cleavage of the singly reduced/cyanylated ribonuclease-A isoforms. Spectra a-d
correspond to the HPLC peaks 1-4 in Figure 1.15, respectively. The symbols # and *
represent the doubly charged fragments and protonated B-elimination products,
respectively. The double mark #* in spectrum ¢ shows a doubly charged B-elimination
product (adopted from reference 16).
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Figure 1.16a-d are four MALDI-MS spectra of peptide mixtures resulting from
CN-induced cleavage of singly reduced/cyanylated isoforms of RnaseA corresponding to
HPLC peaks 1-4, respectively, in Figure 1.15. By comparing the experimentally obtained
m/z values for the protonated peptide fragments (MH") with the calculated values in
Table 1.1, assignments of cysteine connectivity can be made. For example, the mass
spectrum in Figure 1.16a (three peaks at m/z 2705.3, 6548.5, and 4527.4) agrees well
with entry No. 5 in Table 1.1, which corresponds to fragments 1-25, itz-26-83, and itz-
84-124, respectively (calculated m/z: 2704.87, 6546.42, and 4526.08) with a relative mass
deviation of less than 0.05%. From these data, one can deduce that peptide chain
cleavages occur at Cys26 and Cys84. Additionally, the MALDI-MS peak at m/z 9176.7
corresponds to an overlapped peptide, 1-B@26-83 (calculated m/z for MH* = 9174.26),
resulting from peptide chain cleavage at Cys84, but with B-elimination at Cys26.
Likewise, the MALDI peak at m/z 10998.6 is another overlapped peptide, itz-26-p@84-
124 (calculated m/z for MH* = 10990.45), with cleavage at Cys26, but B-elimination at
Cys84. Overall, a disulfide bond between Cys26-Cys84 can be unambiguously deduced.

Using a similar strategy, three other disulfide bond linkages, Cys 65-Cys72,
Cys58-Cys110, and Cys40-Cys95, also can be recognized from Figure 1.16b, Figure

1.16¢ and Figure 1.16d, respectively.

5. Advanced Topic: Combining Partial reduction/Cyanylation/CN-induced Cleavage
with Proteolytic Mass Mapping
Proteins that have closely-spaced cysteine residues, are often resistant to

proteolysis; even prolonged incubation may produce only big fragments having two or
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more intra-disulfide bonds (17) or consisting of three or more smaller digested peptides
linked by more than two inter-disulfide bonds (27). We can call these big fragment
proteolytic fragment assemblies. Analyzing these proteolytic fragment assemblies
directly by mass spectrometry may not provide suitable information for deducing the
disulfide linkages. In some cases, partial reduction of these large proteolytic fragment
assemblies may be used to open one of the disulfide bonds; subsequent cyanylation and
CN-induced cleavage of the partially reduced proteolytic fragment assemblies followed
by mass mapping could provide useful information about the connectivity of the
constituent disulfide bonds.

In one example, a fragment of GM2-activator protein (GM2AP, a protein of 162
amino acids, 8 of them are disulfide cysteines in the form of 4 disulfide bonds), 110-H
FC(112)DVLDMLIP TGEPC(125)PEPLR TYGLPC(136)HC(138)PF KE-142, was
obtained by S. aureus V8 digestion (17). Since there are no free cysteines in the native
GM2AP, the presence of this proteolytic fragment indicates that Cys112, Cys125,
Cys136, and Cys138 form two disulfide bonds. This proteolytic fragment, GM2AP(110-
142), was subjected to partial reduction by TCEP and cyanylation by CDAP. Two singly
reduced/cyanylated isoforms, as determined by MALDI-TOF-MS, were isolated (Figure
1.17). The results of analysis by MALDI-TOF-MS also showed that cyanylation was
incomplete, because species with two nascent free sulfhydryls cyanylated and with only
one cyanylated were both detected (data not shown). Therefore, one would expect singly
cleaved as well as doubly cleaved products, and also products of the side-reaction (-
elimination) after CN-induced cleavage in 1 M NH4OH and complete reduction of the

residual disulfide bond. For example, when Cys125-Cys136 was reduced to produce one
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isoform, only Cys125 was cyanylated (Cys136 was not cyanylated because of incomplete
cyanylation), a singly cleaved product, itz-125-142 (cleaved at cyanylated Cys125, but
not at Cys136 because it was not cyanylated), was produced. This was confirmed in the
analysis by MALDI-TOF-MS (Table 1.2). From the data in Table 1.2, one can deduce

that the two disulfide bonds in GM2AP(110-142) are Cys125-Cys136 and Cysl112-

Cys138.
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Figure 1.17. C18-RP-HPLC separation of singly reduced and cyanylated isoforms of
GM2AP(110-142) (adopted from reference 17).
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Table 1.2. m/z values of CN-cleavage products of two singly reduced/cyanylated
isoforms GM2AP(110-142) after reduction of the residual disulfide bond (adopted from
reference 17).

Reduced/cyanylated Cys125-Cys136(isoform 1) Reduced/cyanylated Cys112-Cys138(isoform 2)
CN-cleavage Calculated | Experimental 3 CN-cleavage Calculated | Experimental 2
products m/z m/z products m/z m/z

110-124 1686.79 1686.5 110-111 303.15 b
Itz-125-136 1270.63 1269.6 Itz-112-137 2894.33 2893.40
Itz-136-142 888.35 b Itz-138-142 648.28 b

110-135° 2913.40 2913.23 110-137¢€ 3153.47 3152.18
Itz-125-142¢ 2114.96 2114.77 Itz-112-142 € 3498.60 3498.04
110-p@125-135 2879.41 2878.30 110-p@112-142 3119.48 3118.48
Itz-125-p@136-142 | 2080.97 2080.10 Itz-112-B@138-142 | 3464.62 3464.06

a. Average mass deviation < 500 ppm.
b. Not detected possibly due to signal suppression by matrix molecules used in MALDI.
c. Singly cleaved products from singly reduced but incompletely cyanylated species.

6. Conclusions

The partial reduction/CN-induced cleavage/mass mapping method is simple,
specific, and applicable to proteins with adjacent cysteines. With appropriate planning,
the cyanylation approach to disulfide mapping can be applied to highly knotted compact
systems that are usually resistant to proteolytic attack. Although there has been a
preliminary report on the determination of disulfide connectivity from analysis of an

intact protein by mass spectrometry (51), it was not elaborated here because the new




technologies of electron capture dissociation and very high resolution (R = 109) flourier
transform ion cyclotron resonance (FTICR)-MS are either in their infancy or not readily

available in most laboratories.
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CHAPTER 2
DEVELOPMENT OF MORE FLEXIBLE PROTOCOLS FOR THE PARTIAL
REDUCTION AND SUBSEQUENT CYANYLATION/CN-INDUCED

CLEAVAGE/MASS MAPPING METHODOLOGY

I. Introduction

As described in Chapter 1, identification of a particular disulfide bond can be
achieved by detecting an anticipated array of fragments that derive from the CN-induced
cleavage of its corresponding singly reduced/cyanylated isoform and complete reduction
of the residual disulfide bonds (Figure 1.14 in Chapter 1). In principle, partial reduction
of a protein with n disulfide bonds can produce as many as n singly reduced isoforms. If
the determination of cysteine status is based solely on singly reduced isoforms, at least n-
1 of them must be isolated and analyzed to deduce the linkage of n-1 disulfide bonds; the
remaining disulfide can be identified by default. This strategy has been successfully
applied to several proteins, such as ribonuclease-A (1) and long insulin-like growth
factor-1 (LR’IGF-1) (2). However, certain proteins, especially those with a cysteine-rich
knotted arrangement, are resistant to reduction, making it difficult, if not impossible, to
prepare even as many as n-1 of the n possible (predicted) singly reduced isoforms (3). In
these situations, doubly reduced isoforms of the original protein (as well as the available
singly reduced isoforms) may be used to solve the disulfide structure of the protein. In
addition to n singly reduced isoforms, n*(n-1)/2 doubly reduced isoforms are possible for
a protein containing n disulfide bonds. The possibility of using both doubly reduced and

singly reduced isoforms, provides flexibility in applying the chemistry of partial
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reduction, and increases the possibility of successful identification of the linkages of all
the disulfide bonds in the protein.

In the previous proposed disulfide mass mapping methodology based on partial
reduction and cyanylation/CN-induced cleavage (1), the mixture of CN-induced
fragments were analyzed by mass spectrometry only after the complete reduction of the
residual disulfide bonds that are either within the fragments or linking some of the
fragments together (Figure 1.14 in Chapter 1). If a CN-induced fragment contains one or
more intra-molecular disulfide bonds, it is defined as an oxidized CN-induced
fragment; if two or more CN-induced fragments are linked by one or more inter-
molecular disulfide bonds, such an assembly is defined as an oxidized CN-induced
fragment assembly. If there are no disulfide bonds in a CN-induced fragment (all the
cysteine residues within the fragment are free cysteines), the CN-induced fragment is
defined as a reduced CN-induced fragment. An additional analysis step of the oxidized
CN-induced fragments or oxidized CN-induced fragment assemblies by mass
spectrometry prior to the complete reduction step may provide extra information about
the linkages of the residual disulfide bonds within various oxidized CN-induced
fragments or CN-induced fragment assemblies.

Preliminary data (not shown) indicated that CN-induced cleavage on the N-
terminal side of the cyanylated cysteine residues might produce CN-induced fragments
with either an amide or a free acid C-terminus. The mass of a particular CN-induced
fragment having an amide C-terminus is one dalton lower that the one with a free acid C-
terminus. Therefore, the status of the terminus (amide or free acid) for CN-induced

fragments need to be further investigated.
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Iminothiazolidine (itz)-blocked peptides constitute the majority of the final
products from the cyanylation/CN-induced cleavage reactions. In the disulfide mass
mapping methodology based on cyanylation and CN-induced cleavage, the connectivity
of cysteines in the disulfide bonds is deduced from the mass of cleavage products (itz-
peptides) expected for a particular partially reduced species (a singly, doubly, or triply
reduced species) of the native protein. The identification of the CN-induced fragments
(mostly itz-peptides) is usually based on the matching of an experimental mass spectral
peak and the corresponding calculated values. In most cases, this is successful because
each of the possible itz-peptides has a unique mass. However, we may run into cases of
isomass, where two CN-induced fragments have the same or very close masses, but they
have different sequences. In those cases, we need to obtain additional evidence to assign
the correct fragment to the experimental mass spectral peak. Collision induced
dissociation (CID) mass spectrometry/mass spectrometry (MS/MS) of itz-fragments was
investigated to determine if it can provide some evidence to distinguish a particular itz-
fragment from its isomass isomers.

All of the aspects introduced above are described in detail in the following

sections.
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I1. Materials and Methods

Chemicals

Bovine pancreatic ribonuclease-A type III-A was purchased from Sigma. Tris(2-
carboxyethyl)phosphine (TCEP) hydrochloride was purchased from Pierce Chemical Co.
(Rockford, IL). Guanidine hydrochloride is a product of Boehringer-Mannheim
Biochemicals (Indianapolis, IN). 1-Cyano-4-dimethylamino-pyridinium (CDAP)
tetrafluoroborate was purchased from Sigma. Water, acetonitrile, and trifluoroacetic acid
(TFA) were of HPLC grade. TCEP and CDAP solutions were freshly prepared in 0.1 M
sodium citrate buffer (pH 3.0) prior to use. Because of the instability of CDAP in
aqueous solution, solid CDAP was dissolved in pH 3 sodium citrate buffer just before

use.

Optimize Partial Reduction to Produce Doubly Reduced/Cyanylated Ribonuclease-
A Isoforms

Approximately one equivalent of TCEP for the total disulfide bond content in the
proteins was used for the conditions optimized for producing singly reduced/cyanylated
protein isoforms (see reference 1 for details). However, a 10-fold equivalent excess of
TCEP over the disulfide content in ribonuclease-A was used to increase the yield of
doubly reduced/cyanylated isoforms. A solution containing 10 nmol ribonuclease-A was
prepared in 10 puL of 0.1 M pH 3.0 sodium citrate buffer containing 6 M guanidine

hydrochloride. Partial reduction of ribonuclease-A was carried out by adding 400 nmol
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of TCEP (4 uL of 0.1 M TCEP solution), followed by incubation at room temperature for

15 minutes.

To the TCEP reaction mixture containing partially reduced ribonuclease-A species
were added 2000 nmol of CDAP (20 puL of 0.1 M CDAP solution). Cyanylation of the
nascent free cysteines was accomplished during incubation at room temperature for 15

minutes.

HPLC Separation of Partially Reduced and Cyanylated Protein Species

Mixtures of partially-reduced and cyanylated species were separated by reversed
phase HPLC using a linear gradient elution of 20%-40% B in 90 minutes (B is 90% (v/v)
acetonitrile/0.1% TFA; A is 0.1% TFA in water.) with Waters model 6000 pumps. UV
detection was done at 215 nm. A Vydac C18 (#218TP54, 5-um particle size, 300-A
pores in a 4.6 x 250 mm) column was used. The predominant HPLC fractions were
collected manually and the masses of the collected species in each fraction

(approximately 0.8~1.0 mL) were determined by MALDI-MS.

CN-induced Cleavage of Partially Reduced and Cyanylated Protein Species

A solution of a dried HPLC fraction was reconstituted in 2 pL of 6 M guanidine
hydrochloride in 1 M aqueous ammonia to dissolve the partially reduced and cyanylated
ribonuclease-A species; to this solution was added another 8 uL of 1 M aqueous
ammonia. CN-induced cleavage of the peptide bond on the N-terminal side of cyanylated
cysteine residues was accomplished during reaction at room temperature for one hour.

Excess ammonia was removed in a vacuum system. Truncated peptides, still linked in
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some cases by residual disulfide bonds depending on the extent of partial reduction, were

dissolved in 10 puL of water; 1 puL of this solution was further diluted with 9 pL of 50%
(v/v) acetonitrile/0.1% TFA, and analyzed by MALDI-MS. The other 9 pL of the

solution were dried in a vacuum system for future use.

Complete Reduction of the Residual Disulfide Bonds

Truncated peptides, from the CN-induced cleavage reaction, some still linked by
residual disulfide bonds, were completely reduced by reaction with 200 nmol of TCEP (2
pL of 0.1 M TCEP solution) at 37 °C for 30 minutes. Samples were then diluted with 90
pL of 50% (v/v) aqueous acetonitrile/0.1% TFA solution prior to analysis by MALDI-

MS.

Production of CN-Induced Fragments from Sillucin
The details of producing the CN-induced fragments (from sillucin) that are used

in section V can be found in the “Materials and Methods” section of Chapter 3.

MALDI-MS

MALDI mass spectra were obtained on a Voyager Elite or Voyager DE-STR time-
of-flight (TOF) mass spectrometer (Perkin Elmer Biosystems Inc., Framingham, MA)
equipped with a 337-nm nitrogen laser. The accelerating voltage in the ion source was
set at 25 kV. Except for accurate mass measurement of intact sillucin that was done in
positive reflectron mode, all other data were acquired in the positive linear mode of

operation. Protein standards of bovine bradykinin (monoisotopic mass of the protonated
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molecule (MH*): 1060.569 Da; average mass of MH*: 1061.217 Da), bovine pancreatic
insulin chain B oxidized (monoisotopic mass of MH*: 3494.651 Da; average mass of
MH*: 3496.903 Da), bovine insulin (monoisotopic mass of MH*: 5§730.609 Da; average
mass of MH*: 5734.6 Da) and Equine Apomyoglobin (average mass of MH*: 16952.6
Da) obtained from Sigma Chemical Co. (St. Louis, MO). All experiments were
performed using a-cyano-4-hydroxycinnamic acid (Aldrich Chemical co., Milwaukee,
WI) as the matrix. Saturated matrix solutions were prepared in a 50% (V/V) aqueous
solution of acetonitrile/0.1% TFA. Just prior to analysis, 0.5 pL of matrix solution was
applied to the stainless steel sample plate and allowed to air-dry; then 1 pL of sample
solution was added to the top of it, and finally another 1 pL of matrix solution was added
to the same spot. The mixture was allowed to air-dry before being introduced into the

mass spectrometer.

CID-MS/MS of itz-peptides

The itz-peptides resulting from the CN-induce<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>