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Abstract

The selective gas-phase oxidation of disulfide bonds to their thiosulfinate form using ion/ion
reactions and subsequent cleavage is demonstrated here. Oxidizing reagent anions are observed to
attach to all polypeptides, regardless of amino acid composition. Direct proton transfer yielding a
charge-reduced peptide is also frequently observed. Activation of the ion/ion complex between an
oxidizing reagent anion and a disulfide-containing peptide cation results in oxygen transfer from
the reagent anion to the peptide cation to form the [M +H+O]* species. This thiosulfinate
derivative can undergo one of several rearrangements that result in cleavage of the disulfide bond.
Species containing an intermolecular disulfide bond undergo separation of the two chains upon
activation. Further activation can be used to generate more sequence information from each chain.
These oxidation ion/ion reactions have been used to illustrate the identification of S-
glutathionylated and S-cysteinylated peptides, in which low molecular weight thiols are attached
to cysteine residues in peptides via disulfide bonds. The oxidation chemistry effectively labels
peptide ions with readily oxidized groups, such as disulfide bonds. This enables a screening
approach for the identification of disulfide-linked peptides in a disulfide mapping application
involving enzymatic digestion. The mixtures of ions generated by tryptic and peptic digestions of
lysozyme and insulin, respectively, without prior separation or isolation were subjected both to
oxidation and proton transfer ion/ion chemistry to illustrate the identification of peptides in the
mixtures with readily oxidized groups.
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The formation of disulfide bonds is a post-translational modification (PTM) that plays
critical roles in the formation and stabilization of peptide and protein native structures.’-2
Furthermore, peptides can form mixed disulfides with low molecular weight thiols, most
commonly glutathione (i.e., glutathionylation) and cysteine (i.e., cysteinylation), during
times of oxidative stress to prevent the irreversible oxidation of cysteine residues to their
sulfinic and sulfonic acid derivatives.3-8 For these and other reasons, the identification and
characterization of disulfide linkages is of widespread interest.” Tandem mass spectrometry
(MS”) has been used for the analysis of various PTMs in peptides and proteins.8-11 In the
case of protonated peptides and proteins containing disulfide linkages, collision-induced
dissociation (CID) often results in extensive backbone fragmentation with little to no
evidence for cleavage of the disulfide bond.” Additionally, intramolecular disulfide bonds
can stabilize the regions of the peptide that are contained between the linked cysteine
residues, thereby inhibiting detectable fragmentation within these regions and precluding the
extraction of primary sequence information obtained for these oftentimes biologically
relevant regions.12.13 For these reasons, a variety of approaches have been developed to
favor disulfide bond cleavage over the many other competitive channels that may be
available.

The selective cleavage of disulfide bonds in polypeptides can be done in a variety of ways.
The most commonly employed methods are solution-phase oxidation with performic
acid11:41.42 and solution-phase reduction with one of a variety of reagents, including
dithiothreitol (DTT)4 and tris(2-carboxyethyl)phosphine (TCEP).1°> Reduction is often
coupled with alkylation to prevent recombination of the disulfide bonds.1® Enzymatic
digestion and MS analysis can then be used to identify fragments containing disulfide bonds
by comparison with the spectrum of the nonreduced sample.”-17 The electrochemical
reduction of disulfide linkages in peptide and polypeptide ions just prior to electrospray
ionization has also been described,18-19 while oxidation of disulfide linkages in polypeptides
has been noted via exposure of species in a nanoelectrospray plume to hydroxyl radicals
generated via a low-temperature plasma.2%-22 Subsequent collisional activation of the
oxidized disulfide-linked radical peptides resulted in cleavage of the disulfide bond. Several
gas-phase approaches have also been shown to lead to cleavages along the disulfide linkage,
either at the S-S bond or at an adjacent C-S bond. For example, irradiation at 266 nm has
been observed to lead to selective disulfide bond cleavage,?? as has electron capture,24
electron transfer,2> and electron detachment?8 dissociation. Furthermore, collisional
activation of peptide or protein cations with low proton mobility,2” as well as peptide or
protein anions,28 has been noted to result in predominant cleavage of the disulfide bonds.
The “Route 66 Method” uses the highly selective ejection of hydrogen disulfide observed
upon CID of sodium- and calcium-adducted peptides to identify and localize disulfide
bonds.2? The incorporation of transition metal anions, such as Fe~ and Co™, has been used to
preferentially cleave the C-S bond in disulfide-containing molecules.3° The incorporation of
Fe™ into insulin anions via ion/ion reactions resulted in enhanced cleavage near cysteine
residues, either next to the disulfide-linked cysteine residue or at the disulfide bond.3! The
generation of aurated species, viz., [M+Au()]* and [M +Au(111)-2H]*, from multiply
protonated disulfide-containing peptides and proteins via gas-phase cation switching ion/ion
reactions has been used to selectively cleave the disulfide bonds in somatostatin and insulin
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upon CID.32:33 |n this work, we demonstrate the gas-phase oxidation of disulfide bonds to
thiosulfinate esters (e.g., S(O)-S linkages) as a means for labeling disulfide-linked
polypeptide chains. Subsequent collisional activation of these oxidized species results in
dominant cleavage of disulfide bonds.

lon/ion reactions have recently been used to carry out some common solution-phase
derivatizations in the gas-phase.34 These gas-phase reactions have several benefits over their
solution-phase counterparts including faster reaction times, greater control over the extent of
modification via control of both reactant concentrations and reaction times, and, perhaps
most significantly, the avoidance of complicating the sample mixture due to unwanted side
reactions or the introduction of species that adversely affect ionization yields.3* Recent
examples of the manipulation of ion-type via ion/ion reactions include the selective removal
of alkali metal adducts from multiply charged peptides,3® the charge-inversion of
phosphatidylethanolamine and phosphatidylcholine lipid cations to form structurally
informative anions3® and to differentiate isomers,3” and “Click” chemistry reactions between
azides and alkynes.38

In addition to the reactions described above, we have reported two methods for generating
oxidized peptides via ion/ion reactions. Both the selective oxidation of methionine residues
to the sulfoxide form via ion/ion reactions with periodate anions®? and the oxidation of
multiply protonated polypeptides to various forms, including [M+H+0]*, [M-H]*, and M**,
via ion/ion reactions with a suite of anionic reagents derived from persulfate? have been
described. Here, we show disulfide bonds are also readily susceptible to oxidation via
ion/ion reactions with periodate and persulfate anions. While oxidation is a common
solution-phase method used to cleave disulfide bonds, the thiosulfinate form is rarely
seen.16:41.42 |nstead, multiple oxygen atoms are added to the cysteine residues involved in
the disulfide bond to form the cysteic acid derivatives.#! In the gas-phase ion/ion reactions
described here, the addition of one oxidizing reagent anion results in the transfer of precisely
one oxygen atom, thus limiting the oxidation to the thiosulfinate form. The thiosulfinate can
then undergo rearrangement to cleave the disulfide bond upon CID. Whereas one of the most
common conventional approaches to disulfide mapping, i.e., enzymatic digestion of
disulfide-linked species followed by LC-MS comparison of reduced and nonreduced
samples, requires multiple injection steps, the ion/ion reaction approach described here
enables the screening of polypeptide cations for the presence of readily oxidized structural
features, such as disulfide bonds, within the context of an MS" experiment.

EXPERIMENTAL SECTION

Materials

Methanol and glacial acetic acid were purchased from Mallinckrodt (Phillipsburg, NJ,
USA). Sodium periodate, sodium persulfate, lysozyme, somatostatin, trypsin, pepsin,
insulin, cysteine, methionine, S-nitrosoglutathione, and ammonium bicarbonate were
purchased from Sigma-Aldrich (St. Louis, MO, USA). ARACAKA was synthesized by
Pepnome Ltd. (Shenzhen, China). S-Glutathionylated ARACAKA was prepared by
incubating 1 mg of ARACAKA with 1 mg of S-nitrosoglutathione in 1 mL of water at 37 °C
for 1 h. S-cysteinylated ARACAKA was prepared by combining 1 mg of ARACAKA with 1
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mg of cysteine in water for 1 week at room temperature. All peptide stock solutions for
positive nanoelectrospray (nESI) were prepared in a 49.5/49.5/1 (vol/vol/vol) solution of
methanol/water/acetic acid at an initial concentration of ~1 mg/mL and diluted 100-fold
prior to use. Solutions of sodium persulfate (aqueous) and sodium periodate (50/50 vol/vol
methanol/water) anions were prepared at concentrations of ~1 mg/mL and diluted 10-fold
prior to use. Sodium periodate was incubated with 1 mg/mL of methionine (50/50 vol/vol
methanol/water) to yield the iodate (103™) anion.

Enzymatic Digestions

Similar to a previously published procedure,*3 1 mg of lysozyme or somatostatin was
dissolved in 0.5 mL of 200 mM aqueous ammonium bicarbonate. One milligram of TPCK-
treated trypsin was dissolved in 1 mL of water. Twenty microliters of this solution was
added to the lysozyme or somatostatin solution. The lysozyme reaction mixture was
incubated at 38 °C for ~18 h, while the somatostatin mixture was incubated at 38 °C for ~30
min. The peptic digest was performed by combining 0.1 mg of insulin with 0.025 mg of
pepsin in 1% acetic acid at 37 °C for 6 h.2% The digestion mixtures were diluted to 1-5 zM
in 49/49/2 vol/vol/vol methanol/water/acetic acid and used without further purification.

Mass Spectrometry

Experiments were performed on either a QTRAP 4000 hybrid triple quadrupole/linear ion
trap or a TripleTOF 5600 mass spectrometer (Sciex, Concord, ON, Canada), both previously
modified for ion/ion reactions.** For experiments using the QTRAP platform multiply
protonated peptides were isolated in the Q1-mass filter and injected into the g2 reaction cell
followed by singly charged reagent anions via alternately pulsed nESI.#> The peptide cations
and reagent anions were allowed to react for a mutual storage reaction time of 20 ms—-1000
ms. The ion/ion reaction products were then transferred to Q3, where the complex was
subjected to further characterization via MS” and mass analysis using mass-selective axial
ejection (MSAE).46

For experiments performed in the TripleTOF 5600 mass spectrometer the tryptic and peptic
digestion mixtures of lysozyme and insulin, respectively, were subjected to positive nESI
and accumulated in the g2 reaction cell without any isolation. The reagent anions (either
104~ or 1037) were isolated in Q1 prior to injection into g2 where they were allowed to react
for <100 ms. The ion/ion reaction products were then subjected to activation via dipolar
direct current (DDC) CID, a broadband heating technique where the ions are moved from
the center of the trap toward one of the rods to induce RF heating, to remove neutral HIO4
and HIO3 adducts prior to mass analysis in the TOF.4” The spectrum resulting from DDC of
the post-ion/ion products from reaction with 103~ was subtracted from the analogous 104~
spectrum using the subtraction tool in Sciex PeakView software (version 1.1.1.0), and the
remaining peaks with positive abundance were plotted as a function of mass to create the
difference spectrum.
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RESULTS AND DISCUSSION

Periodate anion and intact persulfate anion have both been shown to oxidize polypeptides in
the gas-phase, with persulfate anion being the stronger oxidizing agent.3%40 For the
reactions shown here, these reagents are, for the most part, interchangeable. As the stronger
oxidizing agent of the two, persulfate tends to lead to more reactive pathways than periodate.
For this reason, the periodate anion was used here for most of the reactions, but some data
using persulfate are included to demonstrate that it also can be used for disulfide oxidation.

Demonstration of Phenomenology: Peptides Resulting from a Tryptic Digest of
Somatostatin

The gas-phase oxidation of intermolecularly disulfide-linked polypeptide chains is
illustrated with ions derived from the tryptic digestion of somatostatin, a 14-residue peptide
with the majority of the amino acids contained within a disulfide bridge between Cys-3 and
Cys-14. The product generated from complete tryptic digestion (i.e., no missed cleavages) is
indicated as AGCK/TFTSC, where the slash indicates the presence of separate peptides
connected by a disulfide bond. Two isomeric products can arise from tryptic digestion with
one missed cleavage, depending upon which lysine is cleaved: AGCK/NFFWKTFTSC or
AGCKNFFWK/TFTSC. Formation of the AGCKNFFWK/TFTSC peptide appears to be
favored as CID of the [M+H]* species shows very few fragments corresponding to the
AGCK/NFFWKTFTSC peptide (Supplemental Figure S-1). The [M+2H]%* species from
both AGCK/TFTSC and AGCKNFFWK/TFTSC were subjected to ion/ion reactions with
oxidizing anions. A greater degree of oxidation was observed for the smaller peptide with
persulfate than with periodate, whereas both reagents lead to highly efficient oxidation of the
larger peptide.

The spectrum obtained following the ion/ion reaction between doubly protonated
AGCKNFFWK/TFTSC and periodate anion is shown in Figure 1(a). In general, direct
proton transfer and complex formation (i.e., attachment of the reagent anion to the cation)
are the two main competing reaction channels observed upon ion/ion reaction with these
reagents. Generation of the electrostatic complex is the dominant pathway observed in this
case, with proton transfer observed at a very minor abundance. Collisional activation of this
complex (Figure 1(b)) results in both proton transfer from the peptide to the reagent and
oxidation of the peptide to form the [M+H+0O]* species. Loss of carbonic acid from the
complex and from the [M+H+O]* species, which could be distinguished from loss of
CH,SO0 on the basis of exact mass, is also observed in Figure 1(b). The loss of carbonic acid
was observed only when a C-terminal disulfide-linked cysteine was present. A plausible
mechanism for this loss is provided in Scheme S-1. Additionally, activation of the complex
results in cleavage of the disulfide bond as the protonated A-chain (AGCKNFFWK) is
observed. The protonated B-chain is not observed, likely because of the expected lesser
proton affinity of the B-chain due to the absence of a basic side chain. Cleavage of the
disulfide bond becomes the dominant pathway when the oxidized [M+H+0]" species is
isolated and subjected to CID (Figure 1(c)). Some minor fragments with the disulfide bond
still intact are observed (i.e., AbyB, Ays+0O, Ay;B+0, nomenclature: capital letters refer to
the peptide chain while lowercase letters next to them refer to peptide backbone fragments
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along that chain, e.g., Ab7B corresponds to the b7 ion from the A-chain connected to the
intact B-chain via disulfide bond); these may well be derived from oxidation of the
tryptophan residue instead of the disulfide bond. The peptide corresponding to no missed
cleavages from the tryptic digest of somatostatin, AGCK/TFTSC, was also subjected to
ion/ion reactions with oxidizing anions (persulfate, in this case). Activation of the [M+H
+0]* species from AGCK/TFTSC is shown in Figure 1(d) and predominantly yields peaks
corresponding to cleavage of the disulfide bond. An additional stage of isolation and
activation of the [A-H]* ion was done to confirm the sequence and identity of the peak
(Supplemental Figure S-2).

Plausible mechanisms for the oxidation of a disulfide bond with periodate and the resulting
rearrangements that result in cleavage of the disulfide bond are shown in Scheme 1(a)—(d).
Similar to the mechanisms proposed for the oxidation of methionine residues via gas-phase
ion/ion reactions with periodate anion,39 and the solution-phase oxidation of disulfides with
periodate,*8 the reaction is presumed to proceed via nucleophilic attack by one of the sulfur
atoms in the disulfide bond on one of the oxygen atoms on the periodate reagent (Scheme
1(a)). Activation of post-ion/ion oxidized species of peptides containing intermolecular
disulfide bonds results in a cluster of peaks arising from cleavage of the S-S(O) and C-S
bonds (Figure 1(b)-(d)). For two identical peptides, M, linked by a disulfide bond, the
cluster of peaks consists of several complementary ions, including the [M-H]*/[M+H +O]*,
[M-H-S]*/[M+H+S+0]*, and [M+H]*/[M-H+O]* species, and results from the abstraction
of hydrogen atoms at different locations by one of the sulfur atoms in the oxidized disulfide
bond. A mechanism for the formation of the [M-H]*/[M+H+O]" pair is proposed in Scheme
1(b) and results from abstraction of the hydrogen atom on the carbon adjacent to the
nonoxidized sulfur atom. It is also likely that the [M+H+O]* species undergoes facile water
loss to generate the [M-H]* species, as supported by the high abundance of the [M-H]*
species relative to the other possible fragments. A mechanism for the formation of the [M-
H-S]*/[M+H+S+0]"* pair is proposed in Scheme 1(c) and results from abstraction of the
hydrogen atom on the a carbon of the oxidized sulfur atom. A mechanism for the formation
of the [M+H]*/[M-H+O]* pair is proposed in Scheme 1(d) and results from abstraction of
the hydrogen atom on the carbon adjacent to the oxidized sulfur atom. The pattern of
complementary cleavages associated with each of the initially linked peptide chains makes
de novo identification of a disulfide-containing peptide straightforward.

Identification of S-Glutathionylated and S-Cysteinylated Peptides via Oxidation lon/lon

Reactions

Oxidative stress in cells can lead to the reversible oxidation of cysteine thiols to the sulfenic
acid derivative (-SOH), which can be further, irreversibly, oxidized to the sulfinic (-SO,H)
and sulfonic (-SO3H) acid derivatives.34 Cysteine thiols play important roles in the
structure and stability of proteins, and, thus, changes in their oxidation state can greatly
modify protein structure and physiological activity.>6 In order to prevent the irreversible
oxidation of cysteine, free thiols can form mixed disulfides with low molecular weight
thiols, most commonly glutathione (S-glutathionylation) and free cysteine (S-
cysteinylation). 56 Glutathionylation has also been implicated in the regulation of various
proteins, including signaling molecules, cytoskeletal proteins, transcription factors, and
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enzymes.#%-51 Here, we show that gas-phase oxidation of S-glutathionylated and S-
cysteinylated peptides yields dominant cleavage of the disulfide bond and ejection of the
glutathione or cysteine moieties resulting in easy to identify signature losses.

The model peptide ARACAKA was incubated with S-nitrosoglutathione to make S-
glutathionylated ARACAKA (structure shown in the inset of Figure 2(b)). Activation of
protonated S-glutathionylated ARACAKA is shown in Figure 2(c) and consists of several
neutral losses characteristic of glutathionylated species (e.g., neutral loss of 129 Da
corresponding to pyroglutamic acid).>2:3 While these neutral losses are often used to
identify S-glutathionylated peptides, these losses are not always present and can lead to false
negatives when trying to identify S-glutathionylation.>* The doubly protonated S-
glutathionylated peptide was subjected to ion/ion reactions with periodate anion. Generation
of both the proton transfer product and the oxidized species is seen upon activation of the
ion/ion complex (Figure 2(a)). Additionally, cleavage of the disulfide bond is already
observed as indicated by the presence of the [A-H]* peak, where A is ARACAKA. Isolation
and activation of the oxidized [M+H+O]* species results almost exclusively in peaks
corresponding to cleavage of the disulfide bond (Figure 2(b)).

Similarly, ARACAKA was incubated with free cysteine to produce S-cysteinylated
ARACAKA (structure shown in the inset of Figure 2(d)). Doubly protonated S-cysteinylated
ARACAKA was subjected to ion/ion reaction with periodate anion, and the resulting ion/ion
complex was subjected to CID. Both the proton transfer [M+H]* and oxidation [M+H+0O]*
species are produced upon activation of the [M+2H+10,4]*, along with the [A-H]* species (A
indicates ARACAKA) indicating cleavage of the disulfide bond. It is important to note that
activation of oxidized S-glutathionylated and S-cysteinylated peptides exclusively results in
neutral loss of the glutathione or cysteine modification with water (323 and 137 Da,
respectively) due to the low proton affinities of the modifications compared to the peptide.
Several additional model peptides were modified via S-glutathionylation or S-cysteinylation,
a few of which are shown in Supplemental Figure S-3, and subjected to ion/ion reactions
with oxidizing reagent anions. All peptides studied reacted similarly to S-glutathionylated/
cysteinylated ARACAKA as they underwent cleavage of the disulfide bond (as indicated by
the signature losses of 323 and 137 Da for S-glutathionylation and S-cysteinylation,
respectively, to return the [Peptide-H]* species) upon activation of the oxidized species.
These signature losses can be used to identify doubly protonated S-glutathionylated and S-
cysteinylated peptides without prior knowledge of the sequence.

Identification of Disulfide-Linked Peptides in a Tryptic Digest of Lysozyme

Enzymatic digestion of proteins leads to another common scenario for the observation of
disulfide-linked polypeptide chains. The behavior of such peptides is illustrated here with
tryptic peptides generated from lysozyme, a ~14.3 kDa protein with four disulfide bonds.
Tryptic digestion of lysozyme results in three peptides containing disulfide bonds with one
peptide containing an intermolecular and an intramolecular disulfide bond, as well as
peptides that do not contain disulfide linkages. All of the peptides obtained from the tryptic
digestion that were observed as multiply protonated species (all peptides greater than five
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residues in length were observed, 88% sequence coverage) were isolated and subjected to
ion/ion reactions with oxidizing reagent anions.

Product ion spectra resulting from CID of adducted ions generated from periodate anion
reactions with the three digestion products containing disulfide linkages are shown in Figure
3. Due to the facile nature of the disulfide bond cleavages, cleavage of disulfide bonds was
observed upon CID of the ion/ion complexes, without the need for further activation of the
[M+H+0]" ions that were generated as first generation products. The peptide of Figure 3(a),
GYSLGNWVCAAKI/CK, contains a tryptophan residue, which has been shown to be
marginally susceptible to gas-phase oxidation with periodate anion.3° Here, however, the
disulfide bond is a more reactive site as it is preferentially oxidized upon the addition of one
periodate anion (Figure 3(a)). The second peptide shown, CELAAAMK/GCR, contains a
methionine residue, which has the most readily oxidized side chain among the amino acids.
In this case, the methionine residue is more reactive than the disulfide bond and is
preferentially oxidized upon the addition of one periodate anion, as reflected by products
that show loss of 64 Da corresponding to the loss of methanesulfenic acid from oxidized
methionine side chains upon CID of the ion/ion complex with one periodate anion
(Supplemental Figure S-4). There is a minor population where the disulfide bond undergoes
oxidation, however, as some separated A- and B-chains are observed. For more complete
cleavage of the disulfide bond, a complex between the peptide and two periodate anions was
generated. In order to add two periodate anions the triply charged peptide precursor must be
used to avoid neutralization. The activation of the complex between triply charged
CELAAAMKI/GCR and two periodate anions is shown in Figure 3(b). Ramped CID, where
the amplitude of the rf is ramped to bring a range of /m/zvalues into resonance with the
auxiliary waveform used for ion trap CID, was done in order to activate each loss of iodic or
periodic acid to yield the oxidized peptide. Cleavage of the disulfide bond is observed, as
indicated by the presence of the separated A-chain. The complementary ion pairs (viz., [A-H
+O]/[A+H+S+2(0)]* and [A-H-S+0]*/[A+H+S+2(0)]") indicating the cleavage of a
disulfide bond are observed. Different from before, however, is the addition of oxygen to
each of the peaks in the motif. This is because the A-chain contains the methionine residue,
which was also oxidized by one of the periodate anions.

The third disulfide-linked peptide, WWCNDGR/NLCNIPCSALLSDITASVNCAK, contains
one intramolecular (Cys-B3 to Cys-B21) and one intermolecular (Cys-A3 to Cys-B7)
disulfide bond. While the doubly protonated peptide was observed upon positive nESI, the
singly charged post-ion/ion product would have been outside of the mass range of the
instrument so the triply protonated peptide was used instead. Activation of the ion/ion
complex shows separation of the peptide chains into clusters of peaks consistent with the
pattern previously described (Figure 3(c)). Further CID of the [A-H]* and [B-H]* peaks is
consistent with the presence of an additional intramolecular disulfide bond containing most
of the residues in the B-chain, as there are no peaks corresponding to cleavage within this
region (Supplemental Figure S-5). It is possible that the addition of two periodate anions to
the triply protonated species might show evidence for cleavage of both disulfide linkages,
but this product was outside of the upper mass/charge range of the instrument used for these
experiments.
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The nondisulfide containing peptides resulting from the tryptic digest of lysozyme were also
subjected to ion/ion reactions with persulfate anions to contrast their behaviors with those of
the disulfide-linked peptides. Three of these peptides, FESNFNTQATNR (Supplemental
Figure S-6(a)), HGLDNYR, and NTDGSTDYGILQINSR (data not shown), did not contain
any readily oxidized residues (methionine or tryptophan) and did not undergo any oxidation
upon activation of the ion/ion complex. Proton transfer was observed exclusively. One of the
peptides, GTDVQAWIR (Supplemental Figure S-6(b)), contained a tryptophan residue and
underwent very minor oxidation upon activation of the ion/ion complex. The minor
oxidation and lack of the product ion patterns observed for disulfide-containing peptides
reflects the lack of a disulfide bond in this peptide in de novo sequencing applications. The
final peptide, VSDGNGMNAWVAWR (Supplemental Figure S-6(c) and (d)), contained
one methionine residue and two tryptophan residues. This peptide almost exclusively
yielded oxidation upon CID of the ion/ion complex (Supplemental Figure S-6(c)). Further
activation of the [M+H+O]* species yielded a dominant 64 Da loss indicating that the
oxidation occurred at a methionine side chain (Supplemental Figure S-6(d)). No evidence
for a disulfide bond upon activation of the ion/ion complex or the [M+H+O]* species was
noted for this peptide. Based on the behavior of the singly oxidized CELAAAMK/GCR
product ion mentioned above, a minor contribution of CID products showing the pattern for
disulfide bond cleavage (see Supplemental Figure S-4) would be expected if it were present.
Further evidence could be obtained by the addition of more oxidizing anions to more highly
charged species. These three classes of peptides (lacking easily oxidized residues, containing
a tryptophan, and containing a methionine) can be easily distinguished from disulfide bond-
containing peptides via the absence of the pattern derived from symmetric and asymmetric
cleavage of a disulfide bond.

Labeling Experiments Using Entire Enzymatic Digestion Mixtures without Separation or

Isolation

An interesting characteristic of the gas-phase oxidation chemistry is that it effectively labels
polypeptide ions that contain readily oxidized groups, with methionine residues and
disulfide linkages being the most reactive species. The tryptophan side chain is only
modestly reactive. Peptide ions that lack these sites undergo proton transfer exclusively. By
comparing postion/ion reaction data using an oxidizing reagent anion with results generated
using a reagent that leads exclusively to proton transfer, it is straightforward to identify ions
that have undergone oxidation via the mass increase of 16 Da. To explore the utility of this
method as a rapid method to identify analytes of interest (viz., disulfide-linked peptides) via
oxidative labeling, the entire tryptic digest of lysozyme was subjected to ion/ion reactions
with periodate and iodate anions. The positive nESI spectrum of the digest can be seen in
Figure 4(a). The three disulfide-linked peptides are all observed; each linked peptide is
indicated with a different color. The entire ion population shown in Figure 4(a) was then
subjected to ion/ion reaction with periodate anion to generate the spectrum shown in Figure
4(b). Some proton transfer species (i.e., HGLDNYR™* and GTDVQAWIR™) are observed
along with ion/ion complexes. The post-ion/ion spectrum was then subjected to DDC CID to
activate all of the ions simultaneously (Figure 4(c)).
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This process was then repeated using 103~ instead of 1047, and the postion/ion DDC CID
spectrum generated using 103~ was subtracted from the analogous spectrum generated using
104 to generate the spectrum shown in Figure 5. Since 103~ is incapable of oxidation
chemistry, the oxidized analytes of interest should remain in the difference spectrum, while
species resulting from the proton transfer pathway are present in both postion/ion DDC CID
spectra and, as such, are not observed in the difference spectrum. Indeed, the peaks
remaining in the Figure 5 difference spectrum are of three main types: (1) residual ion/ion
complexes with 10,4~ that survived the DDC CID step, (2) disulfide-linked peptides that have
undergone oxidation (i.e., the [M+H+O]* species generated from HIO3 loss from the
complex), and (3) peptides that were originally involved in disulfide linkages and underwent
oxidative disulfide cleavage to separate the peptides upon DDC CID (i.e., ions that arise
from complexes that underwent successive loss of HIO3 and disulfide bond cleavage). Of the
three disulfide-linked peptides, two, CELAAAMK/GCR and WWNCDGR/
NLCNIPCSALLSDITASVNCAK, are observed in Figure 5 in their oxidized form. Evidence
for oxidative cleavage of the disulfide bonds in both of these peptides is also observed (e.g.,
[CELAAAMK-H+QO]*, [WWCNDGR-H]*, and [WWCNDGR +H+S+0]*). The species
corresponding to [WWNCDGR/NLCNIPCSALLSDITASVNCAK+H+0]2* overlaps with
the [FESNFNTQAWIR+H+Na+10,4]* species. The isotopic distribution at this mass
indicates the presence of both doubly charged and a singly charged species and CID results
in both loss of HIO, from the [FESNFNTQAWIR+H+Na+10,4]* species and oxidative
cleavage of the disulfide bond in WWCNDGR/NLCNIPCSALLSDITASVNCAK, thus
confirming the presence of both species. While the third disulfide-linked peptide,
GYSLGNWVCAAKI/CK, is not observed in its intact oxidized form, peaks corresponding to
the oxidative cleavage of its disulfide bond are apparent (e.g., [GYSLGNWVCAAK-H]*
and [GYSLGNWVCAAK+H+0]*). In this case, all of the initially formed complexes
underwent sequential cleavages. (The DDC CID conditions can be tuned to decrease the
amount of secondary fragmentation that occurs to increase the amount of intact oxidized
peptide in the spectrum and, thus, increase the likelinood of the [M+H+O]* appearing in the
difference spectrum.) The remaining peaks correspond to ion/ion complexes that did not
undergo dissociation (i.e., [HGLDNYR+H+Na+104]", [GTDVQAWIR+H+Na+104]", etc.).
Once again, the DDC CID conditions could be tuned to enhance dissociation of these
complexes; it is apparent that there is a compromise between increased dissociation of
ion/ion complexes and the prevention of secondary fragmentation of species containing
oxidized disulfide bonds. The peaks present in the difference spectrum indicate analytes of
interest that should be subjected to further analysis. Activation of the remaining ion/ion
complexes will result in loss of the periodate adduct. Activation of the oxidized, mass-
shifted peaks will result in oxidative cleavage of the disulfide bond, and intermolecularly
linked peptides will separate. Activation of the peaks corresponding to oxidative cleavage of
the disulfide bond will result in cleavage of the newly separated peptide along the peptide
backbone to provide further sequence information.

This procedure for labeling disulfide linked peptides in digest mixtures was repeated with a
peptic digest of insulin, a peptide hormone containing one intramolecular and two
intermolecular disulfide bonds. The disulfide bonds in insulin are notoriously difficult to
characterize due to the close proximity of Cys-A6 and Cys-A7 (capital letters indicate
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peptide chain while number indicates location within the specified chain, e.g., Cys-A6 is the
sixth residue on the A-chain of insulin), where Cys-A6 is intramolecularly disulfide-linked
to Cys-All and Cys-A7 is intermolecularly disulfide-linked to Cys-B7 (see the structure in
Supplemental Figure S-7). The difference spectrum generated for the peptic digest of insulin
is shown in Supplemental Figure S-7 and is dominated by oxidized disulfide-linked species
and species derived from the oxidative cleavage of disulfide bonds. Table S-1 lists the
sequences associated with the indicated ions in Figure S-7. The insulin data further
illustrates the straightforward nature of this method of labeling peaks of interest in
enzymatic digestion mixtures.

CONCLUSIONS

The gas-phase oxidation of intermolecular disulfide bonds to the thiosulfinate ester form is
demonstrated here using gas-phase ion/ion reactions with periodate and persulfate anions.
lon trap CID of the long-lived complex generated upon ion/ion reaction between disulfide-
containing species and oxidizing reagent monoanions results in oxygen transfer from the
reagent to the peptide to form the [M+H+0O]" species. The oxidized thiosulfinate species
undergoes rearrangement to cleave the oxidized disulfide bond, either at the S(O)-S bond or
the C— S(O) bond. These cleavages result in the generation of a pattern that can easily be
recognized to indicate the presence and cleavage of a disulfide bond. This phenomenology
was demonstrated here with S-glutathionylated and S-cysteinylated peptides as well as
intermolecularly linked peptides derived from tryptic digestion of somatostatin and
lysozyme. Relative to other approaches for the selective gas-phase cleavage of disulfide
linkages, the oxidation approach is unique in that it can be used to label species with readily
oxidized sites. This characteristic enables an approach for screening mixtures of ions for
disulfide linkages, without multiple injection steps or solution-phase reduction. lons derived
from the entire tryptic digest of lysozyme were subjected to oxidation ion/ion reactions
without prior separation or isolation of peaks, resulting in oxidative labeling of the disulfide-
linked peptides that could be easily identified by the 16 Da mass shift or by comparison with
the analogous spectrum derived from ion/ion reaction with a nonoxidizing reagent anion.
This provides a novel means for disulfide mapping studies that can be executed exclusively
via MS", thereby avoiding sample manipulation in solution other than digestion. The
application of oxidation via ion/ion reactions to species with intramolecular disulfide bonds,
which might be useful within the context of top-down structural characterization, is
currently under investigation.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Oxidation of two disulfide-linked peptides derived from a tryptic digest of somatostatin. (a)
lon/ion reaction between AGCKNFFWK/TFTSC [M+2H]?* and 10,4~. Activation of the (b)

[M+2H+104]* and (c) [M+H+0]* from the ion/ion reaction between doubly protonated
AGCKNFFWK/TFTSC and 104™. (d) Activation of the [M+H+O]* derived from the
reaction between doubly protonated AGCK/TFTSC and HS,Og™. Asterisks indicate
ammonia losses, degree signs indicate water losses, and lightning bolts indicate species

subjected to CID.
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CID of ion/ion complex between periodate anion and doubly protonated (a) S-
glutathionylated ARACAKA and (d) S-cysteinylated ARACAKA. (b) CID of [M+H+0]*
species of S-glutathionylated ARACAKA. (c) Control CID of the [M+H]* species of S-
glutathionylated ARACAKA. Structures of S-glutathionylated and S-cysteinylated
ARACAKA inset in (b)/(c) and (d), respectively. ‘A’ refers to the peptide ARACAKA,;
“Glu”, and “Cys” refer to glutathione and cysteine, respectively. Lightning bolts indicate the
species subjected to CID, while degree signs indicate water losses. Pyroglutamic acid loss
indicated by -pyr.
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Figure 3.
Activation of the ion/ion complexes between

periodate anion and (a) doubly protonated
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WWCNDGR/NLCNIPCSALLSDITASVNCAK is indicated in the figure by the shortened

(a) Positive nESI spectrum of the tryptic digest of lysozyme, (b) ion/ion reaction between
form, WWCNDGR/NLC-C-CAK.

the entirety of (a) and 1047, and (c) DDC CID of the entirety of (b). The peptide

Figure 4.
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Figureb.
Difference spectrum where the DDC CID spectrum resulting from the ion/ion reaction with

103" is subtracted from that with 104™. The peptide WWCNDGR/
NLCNIPCSALLSDITASVNCAK is indicated in the figure by the shortened form,
WWCNDGR/NLC-C-CAK.
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a) Oxidation of a disulfide bond via ion/ion reaction with 104
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Scheme 1.
Proposed Mechanisms for the Oxidation of Disulfide Bonds and Cleavage of the Oxidized

Disulfide Bonds
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