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Abstract

The thiol group in cysteine residues is susceptible to several post-translational modifications 

(PTMs), including prenylation, nitrosylation, palmitoylation, and the formation of disulfide bonds. 

Additionally, cysteine residues involved in disulfide bonds are commonly reduced and alkylated 

prior to mass spectrometric analysis. Several of these cysteine modifications, specifically S-alkyl 

modifications, are susceptible to gas-phase oxidation via selective ion/ion reactions with periodate 

anions. Multiply protonated peptides containing modified cysteine residues undergo complex 

formation upon ion/ion reaction with periodate anions. Activation of the ion/ion complexes results 

in oxygen transfer from the reagent to the modified sulfur residue to create a sulfoxide 

functionality. Further activation of the sulfoxide derivative yields abundant losses of the 

modification with the oxidized sulfur as a sulfenic acid (namely, XSOH) to generate a 

dehydroalanine residue. This loss immediately indicates the presence of an S-alkyl cysteine 

residue, and the mass of the loss can be used to easily deduce the type of modification. An 

additional step of activation can be used to localize the modification to a specific residue within 

the peptide. Selective cleavage to create c- and z-ions N-terminal to the dehydroalanine residue is 

often noted. As these types of ions are not typically observed upon collision-induced dissociation 

(CID), they can be used to immediately indicate where in the peptide the PTM was originally 

located.
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INTRODUCTION

The alkylation of cysteine is important from both biological and chemical standpoints.1 

Prenylation is perhaps the most important biological alkylation of cysteine as it has been 

implicated in several cancers2–5 and other diseases,6–8 such as Hutchinson–Gilford progeria 

syndrome (HGPS), a genetic disease associated with premature aging in children.9–11 

Protein prenylation is the addition of one of two hydrophobic moieties (farnesyl or 

geranylgeranyl) to the sulfur atom of a cysteine residue.2,12 Prenylated cysteine residues are 

typically part of a C-terminal CAAX motif, where C is cysteine, A is an aliphatic amino 

acid, and X is variable and determines whether the protein is farnesylated or 

geranylgeranylated.2,13,14 Proteins with CXC and CC motifs can also undergo 

prenylation.12,15 Prenylation is thought to promote protein–membrane16,17 and some 

protein–protein interactions.18–20 Examples of proteins with several important protein–

protein and protein–membrane interactions21 that have been found in prenylated forms2,22 

are Ras proteins, the most common oncoproteins.3 Inhibiting Ras farnesylation has been 

shown to block the signal transduction pathway and halt tumor cell growth.23,24 Other 

proteins known to undergo prenylation include yeast mating factors,25,26 protein kinases,27 

and nuclear lamins.12,28

In addition to prenylation, S-alkylation is also important in the mass spectrometric (MS) 

analysis of disulfide bonds. Cysteine residues involved in disulfide bonds are commonly 

reduced and alkylated prior to tandem MS experiments to maximize sequence coverage. 

Collisional activation of disulfide bond-containing protonated peptides often does not result 

in cleavage of the disulfide bond, which can complicate the generation of information about 

residues contained within the region(s) protected by the disulfide bond. Several 

derivatization strategies have been developed, including protection with α-halocarbonyls 

(e.g., iodoacetamides),29,30 conjugation to Michael acceptors (e.g., maleimides),31,32 and 

aminoethylation, which is often used to convert cysteine to lysine mimics.33,34 Here, we 

demonstrate a robust method for the identification of S-alkyl cysteine-containing peptides 

and determination of the modifying alkyl group via gas-phase oxidation ion/ion reactions.

Ion/ion reactions have recently been used to carry out common solution-phase 

derivatizations in the gas phase.35 Benefits of this approach include significantly shorter 

reaction times, reduced chemical noise via mass selection of reactants, and control over the 

extent of modification.35 Recent examples of covalent modification ion/ion reactions include 

the synthesis of peptide bonds via N-hydroxysuccinimide36 and Woodward’s Reagent K37 

conjugation chemistry, “Click” chemistry reactions between alkynes and azides,38 and 

esterification of carboxylate groups via alkyl cation transfer from fixed charge cation 

reagents.39

The gas-phase oxidation of methionine and tryptophan side chains,40 as well as disulfide 

linkages,41 via ion/ion reactions with periodate anion IO4
− has been shown previously. 
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Similar to solution-phase oxidation,42–47 methionine sulfoxide-containing peptides yielded a 

signature loss of 64 Da upon collisional activation,40 corresponding to the ejection of 

methane sulfenic acid. Furthermore, the oxidation of peptides to [M + H + O]+, [M − H]+, 

and M+• species via reaction with a suite of reagents derived from persulfate has been 

demonstrated.48 Here, we extend the approach used to oxidize methionine to S-alkyl 

cysteine residues because they are similar in structure. The solution-phase oxidation of 

various S-alkyl cysteine residues has been investigated previously and can also undergo 

rearrangement upon activation to lose the alkyl sulfenic acid.49–52 The oxidation of 

farnesylated and geranylgeranylated peptides has been investigated by Bhawal et al., who 

proposed the identification and differentiation of farnesylated and geranylgeranylated 

peptides via the signature loss observed upon collision-induced dissociation (CID) of the 

sulfoxide derivatives.53 The gas-phase oxidation ion/ion approach retains the benefits of the 

solution-phase derivatization techniques while allowing control over the extent of 

modification (i.e., the number of oxygen addition events) and the species subjected to 

oxidation. We demonstrate this oxidation with a variety of alkyl groups, including ethyl, 

carbamidomethyl, and farnesyl groups. Furthermore, we show that further activation of the 

alkyl sulfenic acid loss species results in c- and z-type ions N-terminal to the modified 

cysteine residue due to generation of a dehydroalanine residue. These ions can be used to 

indicate the presence and location of an oxidized S-alkyl cysteine.

EXPERIMENTAL SECTION

Materials

Methanol and glacial acetic acid were purchased from Mallinckrodt (Phillipsburg, NJ, 

USA). Sodium periodate, iodoethane, dimethylformamide (DMF), trifluoroacetic acid 

(TFA), n-propanol, zinc acetate (Zn(OAc)2), and trans,trans-farnesyl chloride were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). RAKGCKGR was synthesized by 

CHI Scientific (Maynard, MA, USA). KGAILCGIALK was synthesized by CPC Scientific 

(Sunnyvale, CA, USA). A-factor was a generous gift from the Hrycyna Lab at Purdue 

University. The carbamidomethyl (cam)-modified BSA tryptic digest was purchased from 

ThermoFisher Scientific (Waltham, MA, USA). All peptide stock solutions for positive 

nanoelectrospray were prepared in a 49.5:49.5:1 (v/v/v) solution of methanol/water/acetic 

acid at an initial concentration of ~1 mg/mL and diluted 100-fold prior to use. The solution 

of sodium periodate (50:50 v/v methanol/water) anions was prepared at a concentration of 

~1 mg/mL and diluted 10-fold prior to use.

Syntheses

S-farnesyl KGAILCGIALK was prepared according to a previously published 

procedure.54,55 Briefly, a solution of 1 mg of KGAILCGIALK in 600 µL of 2:1 (v/v) 

DMF/n-propanol was prepared. Ten microliters of farnesyl chloride was added to the peptide 

solution, followed by 0.8 mg of Zn(OAc)2 in 200 µL of 0.1% aqueous TFA. The reaction 

was allowed to proceed at room temperature while shaking for 1 h before being concentrated 

and reconstituted in 200 µL of 50:50 (v/v) H2O/ACN. This solution was then separated on a 

reverse-phase HPLC (Agilent 1100, Palo Alto, CA) using an Aquapore RP-300 column 

(PerkinElmer, Wellesley, MA). A linear 30 min gradient from 0 to 100% B (A: 0.1% 
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aqueous TFA, B: 60:40:0.09 v/v/v ACN/H2O/TFA) was run with a flow rate of 1 mL/min. 

The collected fractions were dried under vacuum and reconstituted in 49.5:49.5:1 (v/v/v) 

MeOH/H2O/HOAc. For S-ethylation, RAKGCKGR (1 mg) was dissolved in 1 mL of 500 

mM Tris, 25 mM iodoethane. The reaction was allowed to proceed in the dark for 30 min at 

room temperature.49

Mass Spectrometry

All experiments were performed on a QTRAP 4000 hybrid triple quadrupole/linear ion trap 

(AB Sciex, Concord, ON, Canada) previously modified for ion/ion reactions.56 Multiply 

protonated S-alkylated peptides were mass isolated in Q1 and injected into the q2 reaction 

cell followed by periodate anions via alternately pulsed nanoelectrospray ionization 

(nESI).57 The S-alkyl peptide cations and periodate anions were allowed to react for a 

mutual storage reaction time of 20–1000 ms. The ion/ion reaction products were then 

transferred to Q3, where the complex was subjected to further characterization via MSn and 

mass analysis using mass-selective axial ejection (MSAE).58

RESULTS AND DISCUSSION

Demonstration of Phenomenology with an S-Ethylated Model Peptide

The gas-phase oxidation of S-alkyl cysteine residues is first demonstrated with ions derived 

from the S-ethylation of a synthetic peptide, RAKGCKGR (denoted as RAKGC(Et)KGR, 

structure shown in inset of Figure 1(a)), as S-ethyl cysteine both closely mimics the structure 

of and is isomeric with methionine. The [M + 2H]2+ species from RAKGC(Et)KGR was 

subjected to ion/ion reaction with IO4
−, and the resulting spectrum is shown in Figure 1(a). 

Upon ion/ion reaction, peptide cations can either transfer a proton to the reagent anion to 

yield the charge-reduced peptide and neutral periodic acid (namely, HIO4) or adduct to the 

reagent anion to generate a long-lived electrostatic complex of the form [M + 2H + IO4]+ 

(monoisotopic m/z = 1095). Generation of the long-lived complex is the main product upon 

the reaction between RAKGC(Et)KGR [M + 2H]2+ and IO4
−; proton transfer along with 

fragmentation of the complex (likely due to energetic transfer conditions between q2 and 

Q3) to generate the [M + H + O]+ (monoisotopic m/z = 919) are observed at very minor 

abundances. The efficiency of complex formation is a function of peptide size and, to some 

extent, peptide composition. Efficiencies in excess of 50% are typical for peptides with more 

than roughly six residues and particularly when they have at least one arginine residue. 

Collisional activation of the ion/ion complex between RAKGC(Et)KGR and IO4
− is shown 

in Figure 1(b). Although proton transfer from the peptide to the periodate anion is often 

observed upon CID of ion/ion complexes of this type, it is not observed for the system 

described here; activation of the ion/ion complex predominantly results in oxygen transfer 

from the reagent anion to the peptide to yield the [M + H + O]+ species (Figure 1(b)). 

Additionally, further fragmentation of the [M+H+O]+ species is observed, as indicated by 

the formation of the c4 (monoisotopic m/z = 430) and y7
□ (monoisotopic m/z = 685) ions 

(hollow square superscripts indicate fragments that have lost HOSR from oxidized S-alkyl 

cysteine residues to generate dehydroalanine residues) and by the loss of HOSEt from the 

[M + H + O]+ peak. The oxidized [M + H + O]+ species was then isolated and subjected to 

collisional activation (Figure 1(c)). Red squares in Figures 1–4 indicate loss of HOSR from 
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oxidized S-alkyl cysteine residues. In the case of RAKGC(Et)-KGR, the red square indicates 

loss of HOSEt (78 Da) from the oxidized side-chain to generate a dehydroalanine residue 

(monoisotopic m/z = 841). The spectrum resulting from activation of this species is shown in 

Figure 1(d). The c4 ion is the most abundant ion produced upon CID of both the [M + H + 

O]+ (Figure 1(c)) and the [M + H + O − HOSEt]+ species (red square, Figure 1(d)). This ion 

corresponds to cleavage of the N–Cα bond N-terminal to the newly formed dehydroalanine 

residue. Doubly protonated ARAC(Et)AKA was also subjected to ion/ion reaction with IO4
− 

(Figure S-1). Similar to the results described here for RAKGC(Et)KGR, activation of the 

oxidized species resulted in dominant loss of HOSEt (78 Da) to generate the dehydroalanine 

species (Figure S-1(b)). An additional step of activation on the HOSEt loss resulted in 

abundant formation of the c3 ion due to the dehydroalanine effect (Figure S-1(c)). The 

formation of c- and z-ions N-terminal to dehydroalanine has been observed previously upon 

activation of anions derived from asymmetric cleavage of disulfide bonds.59,60 Because c- 

and z-ions are not typically observed upon CID of protonated species, their presence could 

be used to easily identify and localize oxidized S-alkyl cysteines.

A general mechanism for the oxidation of a doubly protonated peptide containing an S-alkyl 

cysteine (R indicates any alkyl group) upon ion/ion reaction with periodate anion is 

presented in Scheme 1. The first step is presumed to proceed via nucleophilic attack by the 

sulfur atom on one of the neutral oxygen atoms on the periodate reagent with concurrent 

proton transfer from the peptide to the reagent, similar to the mechanism proposed 

previously for the oxidation of methionine residues via ion/ion reactions with periodate 

anions.40 Upon rearrangement, the S-alkyl cysteine is oxidized to the sulfoxide derivative 

with concurrent loss of iodic acid (HIO3). Following the loss of iodic acid, the neutral alkyl 

sulfenic acid is eliminated via a five-membered ring intermediate to generate the 

dehydroalanine residue as discussed previously by Froelich and Reid.49 Upon collisional 

activation, peptides containing dehydroalanine residues have been shown to undergo 

enhanced cleavage of the N–Cα bond of the dehydroalanine residue to create c- and z-

ions.59,60

Gas-Phase Oxidation of Cam-Protected Peptides

Collisional activation of protonated peptides and protonated proteins containing disulfide 

bonds results in fragmentation of the peptide or protein backbone; the disulfide linkage often 

remains intact, thus complicating analysis and inhibiting fragmentation in the regions 

protected by the disulfide linkages.61 For these reasons, disulfide bonds are commonly 

reduced and alkylated prior to analysis. One of the most common protecting reagents is 

iodoacetamide, which results in the formation of a stable S-carboxyamidomethylcysteine 

group (abbreviated as “cam”; structure shown in inset of Figure 2(a)).29,30 Here, we show 

that this group is susceptible to oxidation upon ion/ion reaction with periodate anion. 

Doubly protonated LFTFHADIC(cam)TLPDTEK, a tryptic peptide from BSA that has been 

protected via solution-phase reaction with iodoacetamide, was subjected to ion/ion reactions 

with IO4
−. Activation of the long-lived complex, namely [M + 2H + IO4]+, results in both 

proton transfer from the peptide dication to the reagent anion to return the charge-reduced 

[M + H]+ peptide and oxygen transfer from the reagent to the peptide to yield the oxidized 

[M + H + O]+ species (monoisotopic m/z = 1924) (Figure 2(a)). (Note that the lightning 
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bolts in all figures indicate the species that were activated in the respective CID experiments. 

The abundance of the residual precursor ion population is determined by the activation 

amplitude and time, which were not optimized here, to lead to 100% dissociation.) Isolation 

and activation of the [M + H + O]+ species results in dominant loss of HOSCH2CONH2 

(107 Da, red square in Figure 2(b), monoisotopic m/z = 1817). The c8 ion (monoisotopic 

m/z = 962) is the second most abundant ion in this spectrum and is derived from secondary 

fragmentation of the N–Cα bond on the newly formed dehydroalanine residue. Further 

isolation and activation of the dehydroalanine-containing species is shown in Figure 2(c). In 

addition to the c8 ion, several backbone fragments are observed, both containing (b11
□, 

b13
□, b15

□, and y14
□) and lacking (b7) the dehydroalanine residue. The peak 17 Da below 

the c8 ion can correspond to either the b8 ion or an ammonia loss from the c8 ion. An 

additional step of CID on the c8 ion was performed and yielded highly abundant ammonia 

loss (Figure S-2), indicating that this peak is likely a sequential fragment from the c8 ion. 

These losses can be used to further confirm the location of the original S-cam cysteine 

residue. Doubly protonated KGAILC(cam)GIALK was also subjected to ion/ion reaction 

with IO4
− (Figure S-3). As expected, activation of the oxidized species resulted in dominant 

loss of HOScam (Figure S-3(b)), and further activation of the HOScam loss resulted in 

dominant formation of the c5 ion due to the dehydroalanine effect (Figure S-3(c)).

Application to Prenylated Peptides

The prenylation of proteins is one of the most important post-translational lipid 

modifications and results in addition of one of two hydrophobic moieties (either a farnesyl 

or geranylgeranyl group) to the sulfur atom on a cysteine residue.1,2,12,62 Several 

biochemical methods, such as metabolic labeling63,64 and modification of isoprenoid groups 

of prenylated peptides to alkyne or azide functionalities for click chemistry reactions with 

modified biotin or fluorophores,65,66 have been developed to study prenylation. However, 

these methods are not efficient at identifying prenylation and are unable to distinguish 

between farnesylation and geranylgeranylation.53 Bhawal et al. recently demonstrated a 

method to both identify the presence of prenylated peptides and differentiate between the 

two different types of prenylation through the solution-phase oxidation of the prenylated 

peptides to the sulfoxide derivative.53 Collisional activation of these oxidized peptides then 

resulted in a signature loss of the prenyl sulfenic acid, the mass of which was used to 

distinguish between farnesylation and geranylgeranylation. Here, we extend this chemistry 

to the gas-phase, which allows the facile comparison of species before and after 

derivatization.

Doubly protonated S-farnesyl KGAILCGIALK (referred to as KGAILC(far)GIALK) was 

subjected to ion/ion reactions with periodate anion. Activation of the ion/ion complex is 

shown in Figure 3(a) and results in dominant formation of the oxidized species with proton 

transfer observed as a minor pathway. Cleavage on either side of the oxidized sulfur atom is 

also observed without the need for further activation. These cleavages become the dominant 

pathways when the [M + H + O]+ species is isolated and subjected to CID, as shown in 

Figure 3(b). The red square indicates the loss of HOSR (monoisotopic m/z = 1053), where R 

is the farnesyl group, and occurs via the mechanism shown in Scheme 1. The blue square 

indicates cleavage on the other side of the oxidized sulfur atom to lose the farnesyl group. 
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This loss occurs via abstraction of one of the protons on the farnesyl chain and generates a 

cysteine sulfenic acid. Additionally, the c5 ion (monoisotopic m/z = 500) is present upon 

CID of the [M + H + O]+ species and indicates cleavage of the N–Cα bond on the newly 

formed dehydroalanine. This ion becomes the most dominant ion in the spectrum when the 

dehydroalanine-containing peptide (red square) is subjected to CID, as shown in Figure 3(c). 

Additionally, there are other backbone fragments both containing (b6
□, b7

□-H2O, b8
□-H2O, 

b9
□-H2O, and y10

□) and lacking (b4, b5, and c5) the dehydroalanine residue, which can be 

used to further confirm the location of the modified residue.

A-factor is a yeast mating pheromone that is secreted by one of two haploid cell mating 

types and, along with α-factor, promotes mating and diploid formation in yeast.67 It is a 

peptide of the sequence YIIKGVFWDPACVIA, where the cysteine is farnesylated. Doubly 

protonated A-factor was subjected to ion/ion reactions with IO4
−. Activation of the resulting 

ion/ion complex resulted in dominant formation of the oxidized [M + H + O]+ (Figure 4(a)). 

Some sequential fragmentation to generate cleavages on either side of the oxidized sulfur 

atom were observed along with the b9 fragment ion. The b9 ion corresponds to cleavage 

between the aspartic acid and proline residues. Facile cleavages at Asp-Pro and Asp-Xxx, 

where Xxx refers to other amino acids, have been investigated previously.68 It was 

determined that the activation energy required to cleave Asp–Xxx bonds is lower than the 

activation energy required to cleave the average peptide bond with the Asp–Pro bond being 

the most labile combination studied.68 Thus, formation of this b9 ion is an unusually facile 

pathway. The spectrum corresponding to isolation and activation of the [M + H + O]+ 

species is shown in Figure 4(b) and results in dominant loss of the HOSfar group. This 

cleavage is more dominant than even the b9 ion, demonstrating how favorable the sulfenic 

acid loss pathway is. Cleavage on the other side of the sulfur atom (namely, the side farthest 

from the peptide backbone) is also observed along with some internal fragments that result 

from cleavage of the aspartic acid–proline peptide bond and an additional peptide bond 

elsewhere in the peptide. Isolation and activation of the dehydroalanine residue dominantly 

yields the b9 ion (Figure 4(c)). The c11 ion, which is the signature cleavage indicating the 

presence and location of a dehydroalanine residue, is present, though at a lower abundance 

than observed for previous systems. This is likely due to the majority of the fragmentation 

occurring through the extremely low energy pathway to generate the b9 ion. There are some 

additional backbone fragments (b11, y12
□, b13

□ + H2O, b14
□) that can be used to aid in the 

localization of the modification. Activation of protonated A-factor, which was not subjected 

to any ion/ion reactions, is shown in Figure 4(d). Once again, the b9 ion is highly dominant 

along with some sequential internal fragments. Some additional b-ions are observed (b8, b13, 

and b14) in lower abundance as well. Loss of the farnesyl group is extremely low in 

abundance (indicated by the yellow square) and is close in mass to that of the b13 ion, which 

could result in misidentification. It is apparent that the oxidation chemistry described here 

makes identification and localization of various S-alkyl cysteine PTMs facile and 

straightforward compared to traditional CID of the protonated species. The mass of the 

sulfenic acid (HOSR) loss can be used to determine the identity of the alkyl group bonded to 

the cysteine sulfur atom.
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CONCLUSIONS

The gas-phase oxidation of various S-alkyl modifications of cysteine sulfur atoms upon 

ion/ion reactions with IO4
− has been demonstrated. Ion/ion reactions between doubly 

protonated peptide cations, and IO4
− results in generation of a long-lived complex of the 

form [M + 2H + IO4]+. Activation of this complex typically results in abundant formation of 

the sulfoxide derivative, namely [M + H + O]+, via oxygen transfer from the reagent to the 

alkylated sulfur atom. Activation of the oxidized [M + H + O]+ species results in ejection of 

the oxidized, alkylated sulfur atom as a sulfenic acid (HOSR, where R is an alkyl group) to 

generate a dehydroalanine residue in place of the S-alkyl cysteine residue. Activation of the 

dehydroalanine-containing species often results in cleavage of the N–Cα bond of the 

dehydroalanine residue to generate c- and z-type ions. Because these types of ions are rarely 

observed upon CID of protonated peptides, they can be used to indicate the presence and 

location of a dehydroalanine residue and, thus, locate the position of the original S-alkyl 

modification. This chemistry was illustrated here with S-ethylated, S-carbamidomethylated, 

and S-farnesylated peptides.

There are a number of options for how this chemistry might be implemented in a proteomics 

experiment, depending upon the level of automation available with the instrumentation (e.g., 

data-dependent scanning) and the objectives of the study. If the main objective is to focus on 

S-alkylated cysteines, a single data-dependent MS/MS scan could be used whereby the most 

abundant precursor ions are selected for interrogation. Selection of the precursor ion would 

be followed by an ion/ion reaction with periodate followed by a short broad-band activation 

step (e.g., dipolar DC, broad-band waveform, or HCD) to fragment all ions present in the 

post-ion/ion reaction ion population. Activation conditions could be established to fragment 

all of the species in the spectrum and also drive facile sequential reactions that would lead to 

both the sulfenic acid loss and the dehydroalanine cleavage. (Note that single frequency 

resonance excitation was used here to demonstrate the sequential nature of the structurally 

informative cleavages. The intervening isolation steps used to illustrate the chemistry here 

would not be needed in a proteomics workflow.) The subsequent broad-band fragmentation 

of the ion/ion complex as well as the first generation products would yield structural 

information for all components, not just the modified peptides. The majority of ion/ion 

peptide/periodate complexes, which would presumably not contain a modified cysteine, 

would fragment to give a protonated peptide. Under broad-band activation conditions, the 

protonated peptide (and any residual unreacted multiply protonated peptide ion population) 

would undergo fragmentation that could be used for peptide identification. The ion/ion 

MS/MS scan described above would be longer than a conventional CID MS/MS scan by the 

times required for anion fill and mutual storage. If an additional isolation step to throw out 

residual unreacted ions were to be used after the ion/ion reaction and prior to the broad-band 

activation step, this additional isolation step (roughly 10–30 ms) would also add to the 

overall time. Overall, these steps would typically add roughly 50–200 ms to a typical 

MS/MS scan, depending upon the times required for anion fill and mutual storage time. 

There are, of course, other possibilities for incorporating this chemistry into a proteomics 

workflow, but the procedure just described would likely require the least time. Although this 
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method is longer than a conventional CID MS/MS scan, it is clearly executable on a 

chromatographic time scale.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Oxidation of doubly protonated S-ethyl RAKGCKGR upon ion/ion reaction with IO4

−. (a) 

Ion/ion reaction between RAKGC(Et)KGR [M + 2H]2+ and IO4
−. Activation of the (b) 

ion/ion complex, (c) [M + H + O]+ species, and (d) HOSEt loss. Insets show structures of (a) 

S-ethyl cysteine, (b, c) oxidized S-ethyl cysteine, and (d) dehydroalanine product formed 

upon loss of HOSEt. Symbols are as follows: (red squares) loss of HOSR to form the 

dehydroalanine product, (○) water losses, (*) ammonia losses, (lightning bolts) species 

subjected to CID, and (□) fragment ions that have lost the HOSR group.
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Figure 2. 
Oxidation of LFTFHADIC(cam)TLPDTEK via ion/ion reaction with IO4

−. Activation of (a) 

[M + 2H + IO4]+, (b) [M + H + O]+, and (c) dehydroalanine product formed upon HOScam 

loss from the [M + H + O]+ species. Insets show structures of (a) cam-modified cysteine, (b) 

the modified side-chain upon oxidation, and (c) the dehydroalanine residue produced upon 

loss of HOScam. Symbols are as follows: (red squares) loss of HOSR to form the 

dehydroalanine product, (○) water losses, (*) ammonia losses, (lightning bolts) species 

subjected to CID, and (□) fragment ions that have lost the HOSR group.
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Figure 3. 
Oxidation of KGAILC(far)GIALK via ion/ion reaction with IO4

−. Activation of (a) [M + 2H 

+ IO4]+, (b) [M + H + O]+, and (c) dehydroalanine product formed upon HOSfar loss from 

the [M + H + O]+ species. Insets show structures of (b) oxidized farnesylated cysteine and 

(c) the dehydroalanine residue produced upon loss of HOSfar. Symbols are as follows: (red 

squares) loss of HOSR to form the dehydroalanine product, (blue squares) cleavage on the 

other side of the sulfur atom, (○) water losses, (*) ammonia losses, (lightning bolts) species 

subjected to CID, and (□) fragment ions that have lost the HOSR group.
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Figure 4. 
Oxidation of A-factor (sequence YIIKGVFWDPAC(far)VIA) via ion/ion reaction with IO4

−. 

Activation of (a) [M + 2H + IO4]+, (b) [M + H + O]+, and (c) dehydroalanine product 

formed upon HOSfar loss from the [M + H + O]+ species. The control spectrum (d) is the 

activation of the [M + H]+ species not subjected to ion/ion reactions. Insets show structures 

of (a) oxidized farnesylated cysteine and (c) the dehydroalanine residue produced upon loss 

of HOSfar. Symbols are as follows: (red squares) loss of HOSR to form the dehydroalanine 

product, (blue squares) cleavage on the other side of the oxidized sulfur atom, (yellow 

squares) loss of the farnesyl group in the nonoxidized species, (○) water losses, (*) 

ammonia losses, (lightning bolts) species subjected to CID, and (□) fragment ions that have 

lost the HOSR group.
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Scheme 1. Proposed Mechanism for the Ion/Ion Reaction between Periodate Anion and an S-
Alkylated Cysteine Residue in a Doubly Protonated Peptide Followed by Loss of the Sulfoxide 
Group as HOSRa
aR indicates an alkyl group attached to the cysteine residue. See ref 49 for further discussion 

of the last step to lose the alkyl sulfenic acid.
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