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Mechanisms for the Selective Gas-Phase
Fragmentation Reactions of Methionine
Side Chain Fixed Charge Sulfonium
Ion Containing Peptides

Mahasilu Amunugama, Kade D. Roberts, and Gavin E. Reid*
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To enable the development of improved tandem mass spectrometry based methods for
selective proteome analysis, the mechanisms, product ion structures, and other factors
influencing the gas-phase fragmentation reactions of methionine side-chain derivatized
“fixed-charge” phenacylsulfonium ion containing peptide ions have been examined. Dissoci-
ation of these peptide ions results in the exclusive characteristic loss of the derivatized side
chain, thereby enabling their selective identification. The resultant product ion(s) are then
subjected to further dissociation to obtain sequence information for subsequent protein
identification. Molecular orbital calculations (at the B3LYP/6-31 � G (d,p) level of theory)
performed on a simple peptide model, together with experimental evidence obtained by
multistage dissociation of a regioselectively deuterated methionine derivatized sulfonium ion
containing tryptic peptide, indicate that fragmentation of the fixed charge containing peptide
ions occurs via SN2 reactions involving the N- and C-terminal amide bonds adjacent to the
methionine side chain, resulting in the formation of stable cyclic five- and six-membered
iminohydrofuran and oxazine product ions, respectively. These studies further indicate that
the rings formed via these neighboring group reactions are stable to further dissociation by
MS3. As a consequence, the formation of b- or y-type sequence ions are “skipped” at the site
of cyclization. Despite this, complete sequence information is still obtained because of the
presence of both cyclic products. (J Am Soc Mass Spectrom 2006, 17, 1631–1642) © 2006
American Society for Mass Spectrometry

Tandem mass spectrometry (MS/MS) methods ap-
plied to the gas-phase dissociation of proteolyti-
cally derived peptide ions, together with sophis-

ticated bioinformatic tools for interrogation of the
resultant product ion spectra against the available pro-
tein sequence databases, have become a major enabling
technology for protein identification, characterization,
and quantitative analysis in the emerging field of pro-
teomics� [1–�4].� However,� the� success� of� these� MS/MS
based approaches are highly dependant on the ability to
derive sufficient structural information from the pep-
tide dissociation reaction to either (1) determine the
amino acid sequence of the peptide of interest, via the
formation of “sequence” product ions resulting from
cleavages�along�the�peptide�amide�backbone�[5,�6],� (2)
selectively identify and characterize post translationally
modified (PTMs) peptides, via the formation of charac-
teristic “nonsequence” side-chain cleavage product ions
[7],� or� (3)� perform� quantitative� analysis� of� differential

protein expression levels, via measurement of the rela-
tive abundances of characteristic isotopically encoded
product� ions� [8,� 9].� Furthermore,� the� success� of� pro-
teomic approaches for protein identification based on
the database interrogation of uninterpreted MS/MS
product ion spectra are also highly dependant on the
ability to accurately predict in silico the types and
abundances of the various product ions that will be
generated� by� MS/MS� [10,� 11].� Although� database
search algorithms have been extended to account for
the changes in peptide mass occurring as a result of
common post-translational modifications, such as oxi-
dation, phosphorylation, acetylation, methylation, or
glycosylation�[12–16],�they�typically�do�not�account�for
changes in the MS/MS product ion spectra induced by
these modifications. For example, under “nonmobile”
proton� conditions� [17–19],� the� MS/MS� of� methionine
containing proteins oxidized as a result of post-transla-
tional modification or sample handling may result in
the dominant characteristic “nonsequence” neutral loss
of methane sulfenic acid (CH3SOH, 64 Da) from the
methionine sulfoxide side chain, via a “charge remote”
cis� 1,2� elimination� mechanism� [20].� Similarly,� phos-
phorylation of serine and threonine often leads to
“nonsequence” fragmentation reactions involving the
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neutral loss of phosphoric acid (H3PO4,� 98� Da)� [7].� In
these cases, the “nonsequence” product ion fragmenta-
tion pathways may dominate the spectrum, resulting in
the suppression of desired “sequence” ions. Therefore,
if the dominant “nonsequence” product ion fragmenta-
tion pathways are not taken into consideration by the
search algorithms, when the required “sequence” ions
are in low abundance or absent, low database search
scores may result.

Alternatively, it may be desirable to observe these
“nonsequence” cleavage product ions so that they could
be utilized as diagnostic “targets” for selective pro-
teomic analysis. For example, an approach has recently
been demonstrated to quantify protein phosphorylation
levels by differential stable isotope labeling and by
measurement of the relative abundance of the H3PO4

neutral loss product ions produced by MS/MS of the
singly protonated phosphopeptide ions formed by
MALDI�[21].

Unfortunately, therefore, the generally limited abil-
ity to control or direct the fragmentation reactions of
protonated peptide ions during tandem mass spectrom-
etry toward the formation of analytically useful frag-
mentation pathways places significant limitations on
the application of mass spectrometry and associated
methodologies for comprehensive proteome analysis
[10,� 11,� 22].� It� is� expected,� however,� that� a� detailed
understanding� of� the� mechanisms� and� other� factors
controlling the gas-phase dissociation of peptide ions
by� MS/MS� [17–20,� 23,� 24],� coupled� with� the� develop-
ment of chemical derivatization methods to direct these
fragmentation reactions toward desired fragmentation
pathways, could lead to significantly improved capabil-
ities for proteome analysis.

To this end, a number of different methods for
controlling the fragmentation reactions of peptide ions,
involving “fixed charge” derivatization, have been de-
veloped� [25–30].� Until� recently,� most� of� this� work� has
been directed toward derivatization of the N- and
C-termini of the peptide of interest, or the side chains of
lysine and arginine residues, and has largely been
focused on directing fragmentation toward the forma-

tion of a series of “sequence” ions via cleavage along the
amide backbone. For example, derivatization to yield
an N-terminal quaternary phosphonium or ammonium
ion results in the formation of a well controlled series of
N-terminal b- or a-type product ion series upon MS/MS
[26�–28],� while� N-terminal� sulfonic� acid� derivatization
results in the controlled formation of a series of C-
terminal� y-type� ions� [29].� These� methods,� as� well� as
analogous “nonfixed” charge chemical derivatization
approaches�[30,�31],�show�great�potential�to�enhance�the
specificity of database searches for protein identifica-
tion, by promoting the formation of a contiguous series
of product ions, or by promoting the formation of
specific� product� ions,� e.g.,� via� enhanced� C-terminal
aspartic� acid� cleavage� [30,� 32]� or� by� enhanced� N-
terminal�amino�acid�cleavage�[30,�31].

Recently, we described a novel strategy to selectively
control the formation of “nonsequence” side-chain frag-
mentation product ions, by “fixed-charge” sulfonium
ion derivatization of methionine containing peptides,
for use in selective protein identification, characteriza-
tion,� and� quantitative� analysis� [33].� In� contrast� to� the
fixed charge derivatization methods described above,
CID-MS/MS of the side-chain sulfonium ion containing
peptides results in the formation of a single character-
istic product via exclusive loss of the derivatized side
chain (Scheme 1). Thus, the fixed charge containing
peptide ions may be readily identified from complex
mixtures, for example, by selective neutral loss scan
mode MS/MS methods. This strategy was also ex-
tended to the quantitative analysis of differential pro-
tein expression, by measurement of the relative abun-
dances of neutral loss product ions formed by
dissociation of “light” and “heavy” isotopically en-
coded forms of the fixed-charge derivatives. This ap-
proach thereby offers the potential for significantly
improved sensitivity and selectivity for the identifica-
tion, characterization, and quantitative analysis of pep-
tides or proteins containing certain structural features,
without the requirement for extensive fractionation or
otherwise enrichment from a complex mixture before
analysis.
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Scheme 1. Fixed charge derivatization and selective gas-phase fragmentation of methionine fixed
charge sulfonium ion derivatized peptides.
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Although several mechanistic possibilities were pro-
posed in the above mentioned work to account for the
selective fixed charge side-chain fragmentation reac-
tions observed, involving intramolecular E2 or SN2
elimination reactions, extensive studies to determine
the operating mechanisms and the potential influence
of the resultant product ion structures on subsequent
fragmentation reactions were not performed. Determin-
ing these mechanisms and product ion structures is of
particular importance as characterization of the amino
acid sequence of the methionine containing peptides
initially identified by the diagnostic loss of the side
chain may readily be achieved by further subjecting the
initial MS/MS product ions to multistage MS/MS (MS3

in a quadrupole ion trap mass spectrometer, or by
energy� resolved� “pseudo”� MS3� in� a� triple� quadrupole
mass�spectrometer�[33].

Here, a combination of molecular orbital calculations
on a simple peptide model, as well as experimental
studies on the multistage dissociation of a regioselec-
tively deuterated methionine derivatized sulfonium ion
containing tryptic peptide, have been performed to
obtain evidence regarding the mechanism(s) involved
in the selective side chain fixed charge fragmentation
reactions. These studies indicate that CID-MS/MS of
the fixed charge containing peptide ions occurs via SN2
reactions involving the N- and C-terminal amide bonds
adjacent to the methionine side chain, resulting in the
formation of stable cyclic five- and six-membered imi-
nohydrofuran and oxazine product ions, respectively.
These studies further indicate that the rings formed via
these neighboring group reactions are stable to further
dissociation by MS3. As a consequence, the formation of
b- or y-type sequence ions are “skipped” at the site of
cyclization. Despite this, complete sequence informa-
tion is still obtained because of the presence of both
cyclic products.

Experimental

Materials

Unless stated otherwise, all reagents were analytical
reagent (AR) grade and used as supplied without
further purification. The synthetic tryptic peptides
GAILMGAILK and GAILAGAILK were obtained from
Auspep (Melbourne, Australia). Phenacylbromide was
purchased from Fluka (St. Louis, MO). Fmoc-chloride,
methanol (HPLC grade), and d4-D,L-methionine were
purchased from CDN Isotopes (Pointe-Claire, Quebec,
Canada). Glacial acetic acid (ACS grade), P-dioxane,
magnesium sulfate, and sodium carbonate were pur-
chased from Spectrum Chemicals (Gardena, CA). Ace-
tonitrile (HPLC grade) was purchased from OmniSolv
(Gibbstown, NJ). Hydrochloric acid was purchased
from Columbus Chemical Industries (Columbus, WI).
Diethyl ether was purchased from Jade Scientific (Can-
ton, MI). Ethyl acetate was purchased from Mallinck-
rodt Chemicals (Phillipsburg, NJ). All solutions were

prepared using deionized water purified by a Barnstead
Nanopure diamond purification system (Dubuque, IA).

Synthesis of (d4-D, L)-Fmoc-Methionine

d4-D,L-methionine (100 mg), was dissolved in 10%
Na2CO3 (5 mL), to which P-dioxane (2.5 mL) was
added. Fmoc-chloride (170 mg) dissolved in P-dioxane
(5 mL) was added dropwise with stirring at 0 °C. The
reaction was allowed to proceed for one hour at 0 °C
and then continued for 24 h at room temperature. The
resulting mixture was poured onto 75 ml of ice water
and the chloroformate was extracted twice with diethyl
ether (40 mL). The aqueous layer was acidified to pH 2
with concentrated HCl at 0 °C then extracted twice
with diethyl ether (40 mL). The organic extracts were
combined, dried over MgSO4, then concentrated in
vacuo to give Fmoc-d4-D,L-methionine, which was re-
crystallized from EtOAc-hexane. The GAIL-(d4)-
MGAILK peptide was then synthesized by Syn Pep
Company (Dublin, CA).

Side Chain Fixed-Charge Derivatization
of Methionine-Containing Peptides

Side chain fixed-charge sulfonium ion derivatives of
synthetic methionine-containing model “tryptic” pep-
tides were prepared by the addition of 10 �L of a 1 M
solution of phenacylbromide to 100 �g of either
GAILMGAILK or GAIL-(d4)-MGAILK dissolved in 100
�L of aqueous 20% HOAc containing 30% CH3CN as
described� previously� [33].� The� reactions� were� allowed
to proceed for 24 h at room temperature after which the
samples were diluted and introduced to the mass
spectrometer without further purification. The peptide
product is abbreviated as GAILM(R)GAILK where R �
CH2COC6H6.

Mass Spectrometry

Peptides were introduced to a linear quadrupole ion
trap mass spectrometer (Thermo model LTQ, San Jose,
CA) by electrospray ionization (ESI). Samples, (0.02
mg/mL) dissolved in 50% MeOH, 1% AcOH were
introduced into the mass spectrometer at 0.5 �L/min.
The spray voltage was set at 1.8 kV. The heated capil-
lary temperature was 200 °C. CID MS/MS and MS3

experiments were performed on monoisotopically mass
selected ions using standard isolation and excitation
procedures.

Computational Methods

The model peptide N-acetyl methionine (S,S-di-methyl
sulfonium)-N-methyl amide (CH3CONHCH(CH2CH2S

�

(CH3)2)CONHCH3) was used for computational calcula-
tions. Low-energy transition-state structures related to the
possible mechanisms for dissociation of the methionine
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sulfonium ion side chain were initially found at the PM3
semiempirical level of theory, followed by further optimi-
zation at the B3LYP level of theory using the 6-31 � G(d,p)
basis set using the Gaussian 98 molecular modeling pack-
age�[34].�Intrinsic�reaction�coordinate�(IRC)�searches�were
then performed, followed by geometry optimizations to
locate the appropriate reactant and product ion structures
associated with each transition state. All optimized struc-
tures were subjected to harmonic vibrational frequency
analysis and visualized using the computer package
GaussView 2.1 to determine the nature of the stationary
points. Zero point energies were obtained from harmonic
frequency calculations without scaling.

Results and Discussion

Molecular Orbital Calculations to Examine
Mechanisms for the Loss of CH3SR from
Methionine Fixed Charge Sulfonium Ion
Containing Peptides

As shown in Scheme 2, the neutral loss of CH3SR from
the side chains of methionine fixed charge containing
peptide ions could occur via several different mecha-
nistic pathways. Pathways 1 and 2 of Scheme 2 show
neighboring group participation reactions involving
either nucleophilic attack from the carbonyl group of
the C-terminal amide bond or the carbonyl group of the
N-terminal amide bond, respectively. These reaction
pathways would result in the formation of protonated
five-membered iminohydrofuran or six-membered ox-
azine product ions, respectively. Alternatively, Path-

ways 3 and 4 of Scheme 2 show E2 elimination reactions
involving intramolecular proton transfer from the �
methyl group of the methionine fixed charge containing
side chain to the N- or C-terminal amide carbonyl
oxygens to yield protonated acyclic 3-amino-1-butenoic
acid (vinyl glycine) product ions. Furthermore, the
five-membered iminohydrofuran and the six-mem-
bered oxazine product ions formed from Pathways 1
and 2 in Scheme 2 could potentially undergo intramo-
lecular proton transfer ring opening reactions to yield
the vinyl glycine product ions (Pathways 1= and 2= in
Scheme 2, respectively).

To determine which of the mechanistic possibilities
described in Scheme 2 are energetically feasible, a series
of molecular orbital calculations were performed to
determine the transition-state barriers associated with
each reaction pathway. Potential transition-state struc-
tures for each of the possible mechanisms shown in
Scheme 2 were initially examined at the PM3 semiem-
pirical level of theory, using a simple peptide model,
N-acetyl methionine-N-methyl amide, containing a
fixed charge on the thioether side chain,
CH3CONHCH(CH2CH2S�(CH3)2)CONHCH3. Low-en-
ergy conformers were then reoptimized at the B3LYP/
6-31 � G (d,p) density functional level of theory.
Vibrational frequency analysis was then performed to
determine the nature of the optimized stationary point
structure. Then, intrinsic reaction coordinate searches
were performed, followed by geometry optimization at
the same level of theory to locate the appropriate
precursor and product ion structures associated with
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each transition state. The total energies, zero point
vibrational energies (ZPVE), and relative energies ob-
tained for each of the optimized transition-state struc-
tures, as well as those of the optimized precursor,
intermediate, and product ion structures are given in
Table�1.

Structure� (TS1)� in�Figure�1� (A)�shows�the�predicted
low-energy transition-state structure for the loss of
CH3SCH3 to form a protonated five-membered imino-
hydrofuran product ion via an SN2 neighboring group
participation reaction involving the amide bond C-
terminal to the methionine residue. After optimizing
this structure, IRC calculations followed by geometry
optimizations were performed to locate the precursor
ion (A) and the intermediate product ion (B) associated
with this reaction coordinate. The relative energies of
the transition state and the product ion were then
calculated with respect to the energy of the precursor

ion. The product ion (C) was then obtained by geometry
optimization following the removal of CH3SCH3 from
Structure (B). The relative energy of (C) was obtained
by summing the energy of the product ion (C) and the
energy of the geometry optimized CH3SCH3. Structure
(TS3)� in�Figure�1� (B)� represents� the� low-energy� transi-
tion-state structure for the neutral loss of CH3SCH3 via
a neighboring group participation reaction involving
the amide bond N-terminal to the methionine residue to
form a protonated six-membered oxazine product ion.
After performing IRC calculation on transition-state
(TS3), the optimized precursor ion, (E) the intermediate
(F) and the product ion (G) were obtained as described
above. The energies of all structures are given with
respect�to�the�energy�of�Structure�(A)�in�Figure�1.

According�to�Figure�1,�the�transition-state�barrier�for
Pathway 1, to yield the cyclic protonated five-mem-
bered iminohydrofuran ring, is predicted to be 14.3 kcal
mol�1 with respect to the energy of Structure (A),
whereas the transition-state barrier to form the six-
membered oxazine ring via Pathway 2 is predicted to be
16.2 kcal mol�1 relative to the energy of the Structure
(A). The slightly lower energy of transition-state (TS1) is
likely due to better hydrogen bonding between the
carbonyl oxygen and the amide nitrogen on the N- and
C-terminal amide bonds [1.93 Å in (TS1) versus 2.08 Å
in (TS3)]. The predicted difference in energies between
these transition states are not considered significant
enough to suggest that one of reaction Pathways, 1 or 2,
would be favored over the other for the loss of
CH3SCH3. Thus, both the five- and six-membered
rings could potentially be formed. Notably, the
neighboring group participation transition-state bar-
riers predicted here for cleavage of the sulfonium ion
derivatives are significantly lower than those pre-
dicted for the neighboring group participation reac-
tions associated with the analogous loss of methane
sulfenic acid (CH3SOH) from protonated methionine
sulfoxide containing peptide ions (previously pre-
dicted to be 22.6 kcal mol�1 and 22.4 kcal mol�1,
respectively� [20],� indicative�of� the� improved� leaving
group�ability�of� the�sulfonium�ion�[20].

Figure�2�(A)�shows�the�predicted�low-energy�transi-
tion-state Structure (TS5) found for the E2 elimination
reaction involving intramolecular proton transfer of one
of the two hydrogens from the � methyl group of the
methionine side chain to the C-terminal carbonyl group
to subsequently yield a vinyl glycine product ion. IRC
calculations were again performed to obtain the appro-
priate precursor and intermediate product ions (I) and
(J), respectively. The structure of product ion (K) was
obtained by optimization of intermediate Structure (J)
after removal of CH3SCH3, as described above. The
energies of these structures are given with respect to the
energy�of�Structure�(A)�in�Figure�1.�Figure�2�(B)�shows
the� predicted� low-energy� transition-state� Structure
(TS6) associated with the E2 elimination reaction in-
volving intramolecular proton transfer of one of the two
hydrogens from the � methyl group of the methionine

Table 1. Total energies (Etotal), zero point vibrational energies
(ZPVE) and relative energies (Erel) computed for the precursor
ions, transition states, intermediate product ions and product
ion structures associated with each reaction pathway at the
B3LYP/6–31 � G (d,p) level of theory

Structure Etotal (Hartree)
ZPVE

(kcal mol-1)
Erel

(kcal mol-1)a,b

A �1012.103755 178.01581 0.0
TS1 �1012.080944 176.84406 �14.3
B �1012.112208 178.01406 �5.3
C �534.1521621 177.46909 �0.9
TS2 �534.081918 124.64946 �45.0
D �534.1330484 128.06278 �12.9
E �1012.100463 177.68801 �2.1
TS3 �1012.07791 176.74105 �16.2
F �1012.114764 178.32422 �6.9
G �534.150836 130.07242 �1.7
TS4 �534.0813041 124.88532 �45.3
H �534.1325096 127.84273 �13.2
I �1012.096112 177.93925 �4.8
TS5 �1012.060713 173.96721 �27.0
J �1012.092994 176.09255 �6.7
K �534.1324999 127.8488 �13.2
L �1012.101371 177.91885 �1.5
TS6 �1012.053067 173.63621 �28.7
M �1012.09511 175.66895 �5.4
N �534.1330465 128.06403 �12.9
O �1012.107568 178.4326 �2.3
TS7 �1012.058023 173.90797 �28.7
P �1012.09213 175.65843 �7.3
Q �534.1306281 128.0657 �14.4
R �1012.09593 178.13605 �4.9
TS8 �1012.058689 173.865 �28.3
S �1012.088737 175.95845 �9.4
T �534.1281226 127.75565 �16.0
U �534.1478423 129.97671 �3.6
TS9 �534.0731113 124.95592 �50.5
V �534.1404751 127.10571 �8.2
TS10 �534.0641064 124.99521 �56.1
W �534.1249397 127.93632 �18.0
S(CH3)2 �477.9502026 47.51316 45

aErel � total energy � (ZPVE).
bEnergy relative to Structure A.
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side chain to the N-terminal carbonyl group. The ener-
gies of this transition state relative to Structure (A) in
Figure�1�was�predicted�to�be�28.7�kcal�mol�1.�As�there
are two hydrogens on the � methyl group in the
methionine side chain, transition-state calculations pre-
dicting the barriers to the E2 elimination reactions
involving the alternate hydrogens to those shown in
Figure� 2� were� also� determined.� The� structures� associ-
ated with these transition states [Structure (TS7) in
Pathway 3-2 and structure (TS8) in Pathway 4-2] are
shown in Supplementary Material Figure 1S (which can
be found in the online version of this article). The
relative energies of these transition states were pre-
dicted to be 28.7 and 28.3 kcal mol�1, respectively. Thus,
the four E2 elimination reaction pathways all have
comparable activation barriers.

Pathways� 1� and� 2� illustrated� in� Figure� 1� can� be
compared� with� Pathways� 3� and� 4� in� Figure� 2� and
Pathways 3-2 and 4-2 in Supplementary Figure 1S to
predict the favorable mechanistic pathway for the loss
of CH3SCH3. The transition states associated with the

neighboring group participation processes (TS1) and
(TS3) both have energies �10 kcal mol�1 lower than
those for the E2 elimination reactions (TS5), (TS6), (TS7),
and (TS8). Thus, given that the significant difference in
transition-state barriers between the neighboring group
and E2 elimination reaction pathways suggest that
Pathways 1 and 2 are likely to be more favorable, it is
expected that the loss of CH3SR from the side chain of
the methionine fixed charge sulfonium ion peptides
will result in the formation of the five-membered imi-
nohydrofuran and/or six-membered oxazine product
ions.

Examination of the Potential for Ring Opening
of the Five and Six-Membered Cyclic Product Ions
via Intramolecular Proton Transfer Reactions

Having established that the initial loss of CH3SR from
the side chain fixed charge sulfonium ion containing
peptides following MS/MS is likely to occur via neigh-

Figure 1. Optimized precursor, transition-state, and product ion structures (at the B3LYP/ 6-31 � G
(d,p) � ZPVE level of theory) for the loss of CH3SCH3 from the simple model peptide N-acetyl
methionine-N-methyl amide, due to a neighboring group participation reaction involving (A) the
C-terminal carbonyl group to form a five-membered iminohydrofuran product ion (Pathway 1) or (B)
the N-terminal carbonyl group to form a six-membered oxazine product ion (Pathway 2). The
transition-state and product ion structures for ring opening of the initial product ion formed from
Pathways 1 and 2, involving intramolecular proton transfer (�1-H) to the N-terminal carbonyl group
(Pathway 1=) or the C-terminal carbonyl group (Pathway 2=) to yield protonated vinyl glycine product
ions, are also shown. The energies of all molecules are given relative to Structure (A) (0.0 kcal mol�1).
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boring group participation mechanisms involving Path-
ways 1 or 2 in Scheme 2, it was then considered whether
the resultant cyclic product ions could undergo ring
opening to yield the acyclic vinyl glycine containing
product, via intramolecular proton transfer reactions
according to Pathways 1= and 2= of Scheme 2, before
their further dissociation by MS3. Structure (TS2) in
Figure�1�(A)�shows�the�predicted�low-energy�transition
state for the ring opening reaction of the five-membered
iminohydrofuran product ion via Pathway 1= of Scheme
2. The activation barrier for Pathway 1= was predicted
to be 45.0 kcal mol�1 with respect to the energy of

Structure (A). The structure of transition-state (TS2)
associated with Pathway 1= is similar to the structure of
transition-state (TS6) associated with Pathway 4, and
result in the formation of identical product ions [com-
pare� Structure� (D)� in� Figure� 1� and� Structure� (N) in
Figure� 2].� However,� transition-state� (TS2)� is� predicted
to have a significantly higher energy (45.0 kcal mol�1)
compared with transition-state (TS6) (28.7 kcal mol�1).
Justification for this difference may be obtained by
consideration of the bonds being cleaved in each case,
i.e., transition-state (TS2) involves cleavage of a strong
carbon oxygen bond, whereas transition-state (TS6)
involves cleavage of a weak carbon sulfur bond.

The predicted transition-state barrier for Pathway 2=
of�Scheme�2�[transition-state�(TS4)�in�Figure�1],�involv-
ing ring opening of the six-membered oxazine was
predicted to be 45.3 kcal mol�1 with respect to the
energy of Structure (A), which is comparable to that
predicted for ring opening of the five-membered ring in
Pathway 1=. Similar to that discussed above, the struc-
ture of transition-state (TS4) is similar to the structure of
transition-state (TS5) associated with Pathway 3, and
again results in the formation of identical product ions
[compare�Structure�(H)�in�Figure�1�and�Structure�(K) in
Figure� 2].� However,� the� relative� energy� of� the� ring
opening transition-state (TS4) was predicted to be sig-
nificantly higher than that for the E2 reaction transition-
state (TS5).

The transition-state barriers for ring opening of the
five-membered iminohydrofuran product ion via in-
tramolecular proton transfer Pathways 1=-2 and 2=-2 of
Scheme 2, involving the alternate hydrogens to those
shown� in� Figure� 1� were� also� determined� [Structures

Figure 2. Optimized precursor, transition-state, and product ion structures (at the B3LYP/ 6-31 � G
(d,p) � ZPVE level of theory) for the loss of CH3SCH3 from the simple model peptide N-acetyl
methionine-N-methyl amide due to intramolecular proton (�1-H) transfer to (A) the C-terminal
carbonyl group (Pathway 3) or (B) the N-terminal carbonyl group (Pathway 4) to yield protonated
vinyl�glycine.�The�energies�of�all�molecules�are�given�relative�to�Structure�(A)�in�Figure�1.

Vinyl Glycine

(45  kcal mol-1)

(27  kcal mol-1)

(14.3  kcal mol-1)

Amide bond cleavage (25 – 40) kcal mol-1

Neighboring Group

E

Vinyl Glycine

E2 elimination

Iminohydrofuran /
Oxazine

Intramolecular Proton Transfer

Figure 3. Summary of the predicted low-energy transition-state
barriers (at the B3LYP/6-31 � G (d,p) � ZPVE level of theory) for
the dissociation of methionine side chain fixed charge containing
sulfonium ion peptides. The energies of all molecules are given
relative�to�Structure�(A)�in�Figure�1.
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(TS9) and (TS10) in Supplementary Figure 2S).] The
predicted barriers relative to Structure (A) for these
pathways were found to be 50.5 and 56.1 kcal mol�1,
respectively. Thus, each of the transition-state barriers
predicted for Pathways 1=, 1=-2, 2=, and 2=-2 are all
significantly higher in energy than those associated
with Pathways 1, 2, 3, and 4.

The transition-state barriers for amide bond cleavage
reactions have been determined by numerous experi-
mental studies and theoretical calculations to range
from �25 to 40 kcal mol�1, depending on proton
mobility, amino acid composition, and the specific
amide� bond� cleavage� reaction� under� examination� [24,
35–�40].�Thus,�the�predicted�low-energy�transition-states
(TS1) and (TS3) for the neutral loss of CH3SR via the
neighboring group participation reactions discussed
above are around 15 kcal mol�1 lower than these
predicted�amide�bond�fragmentation�barriers�(Figure�3).
Therefore, it is expected that fragmentation of the
methionine fixed charge sulfonium ion containing pep-
tide precursors under the “slow heating” collision in-
duced dissociation methods commonly employed for
tandem� mass� spectrometry� [41]� would� preferentially
result in formation of the five-membered iminohydro-

furan and six-membered oxazine product ions. Further-
more, given that the barriers to amide bond cleavage
are expected to be much lower than the barriers pre-
dicted for the ring opening reactions of these initial
cyclic product ions, it is expected that these ring open-
ing reactions are unlikely to occur. Thus, further disso-
ciation of the initial product ions would involve frag-
mentation of a mixture of both five- and six-membered
ring containing ions. A summary of the predicted
activation barriers associated with the various mecha-
nistic pathways for dissociation of methionine side
chain fixed charge containing sulfonium ion peptides
discussed�above�is�given�in�Figure�3.

Regioselective Deuterium Labeling Experiments
to Determine Mechanisms for the Side-Chain
Fragmentation Reactions of Methionine Fixed
Charge Containing Peptide Ions

It can be seen from Scheme 2 that loss of the methionine
fixed charge containing side chain via either an E2 elimi-
nation reaction would involve transfer of one of the
�-methyl hydrogens in the methionine side chain, result-
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Figure 4. Linear ion trap CID MSn analysis of a methionine side chain phenacyl sulfonium ion fixed
charge derivative of GAIL(d4-M)GAILK. (a) CID MS/MS product ion spectrum of the [M� � H�]2�

ion. (b) CID MS/MS product ion spectrum of the [M� � 2H�]3� ion. (c) CID MS3 product ion
spectrum of [M� � H� � CH3SR]2�� ion�from�Figure�4(a).
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ing in “mobilization” of this hydrogen along the peptide
backbone. This “mobilization” would also occur if either
of the �-methyl hydrogens were involved in intramolec-
ular proton transfer ring opening reactions of the cyclic
five- or six-membered iminohydrofuran or oxazine prod-
uct ions initially formed via the neighboring group par-
ticipation reactions. In either case, facile migration or
“scrambling” of this hydrogen (proton) along the peptide
backbone would be expected before or during further
dissociation of the side-chain cleavage product ion by MS3

[42].� Therefore,� to� obtain� experimental� evidence� to� sup-
port the results from the theoretical calculations discussed
above, and to determine whether or not facile scrambling
of the methionine side chain �-methyl hydrogens does
occur before or during MS3 dissociation, the MS/MS and
MS3 fragmentation reactions of the synthetic peptide
GAIL(d4-M)GAILK, containing a methionine side chain
fixed charged phenacylsulfonium ion derivative, and
where the hydrogens at the � and � carbon positions of
the methionine side chain were regioselectively ex-
changed for deuterium, were examined.

Figure� 4a� and� b� show� the� CID� MS/MS� product� ion
spectra of the doubly [M� � H�]2� and triply [M� �
2H�]3� charged precursor ions of GAIL(d4-M(R))GAILK,
where R � CH2COC6H5. For the doubly charged precur-
sor� ion� product� spectrum� (Figure� 4a),� exclusive� neutral
loss of the fixed charge methionine side chain CH3SR was

observed. By examination of the product ion spectra
obtained�from�the�triply�charged�precursor�(Figure�4b),�it
can be seen that the neutral loss of CH3SR is also accom-
panied by “charged” loss of the fixed charge methionine
side chain, giving rise to complementary �(CH3SR � H�)
and CH3SR � H� product ions. The formation of these
protonated “charged loss” product ions indicates that the
transfer of a deuterium atom via an intermolecular deu-
terium transfer from the � methyl group of the methionine
side chain similar to Pathways 1= or 2= in Scheme 2 (see
Scheme 3) does not occur. This result, therefore, provides
experimental evidence to support the data from the theo-
retical predictions that fragmentation of the fixed charge
methionine side chain results in the formation of stable
cyclic product ions.

Figure� 4c� shows� the� MS3� product� ion� spectrum
obtained by dissociation of the neutral loss [M� � H� �
CH3SR]2� product ion of the [M� � H�]2� precursor of
GAIL(d4-M(R))GAILK� from� Figure� 4a,� from� which� a
clear series of b- and y-type ions are observed. As
discussed above, if dissociation of the fixed charge
containing precursor ion occurs via an E2 elimination
reaction, or if ring opening of the initial cyclic product
ion occurs via intramolecular proton transfer, a deute-
rium atom from the � methyl group of the methionine
side chain would be mobilized in the resultant product
ion to a position along the peptide backbone. As a

Scheme 3. Potential intermolecular deuterium transfer reactions for the charged loss of CH3SR�D�

from methionine side chain fixed charge containing peptide ions.
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result, statistical “scrambling” of this deuterium along
the peptide backbone would be expected. However, it
can�be�seen�from�Figure�4c�that�a�mass�difference�of�87
Da is observed between the y5 and y6 product ions, as
well as between the b4 and b5 product ions. These ions
represent product ions formed by fragmentation of the
amide bonds on the N- and C-terminal sides of the
methionine residue. This mass difference, as well as the
lack of evidence for deuterium incorporation into any of
the other product ions formed, indicates that all four
deuterium atoms are located in the side chain of the
product ion, and are, therefore, not involved in the
initial fragmentation reaction. This data further indi-
cates that the E2 elimination and ring opening reactions
are not involved in fragmentation of the fixed charged
methionine side chain sulfonium ion peptides, and is
therefore strongly suggestive of the formation of cyclic
iminohydrofuran and oxazine product ions.

Multistage Tandem Mass Spectrometry
Experiments to Examine the Structure(s) of the
Product Ions Formed by Side-Chain Fragmentation
of Methionine Fixed Charge Containing Peptides

The MS/MS and MS3 data obtained from the deuterium
labeling experiments above indicate that fragmentation of
methionine side chain fixed charge sulfonium ion contain-
ing peptides results in the formation of cyclic five- and/or
six-membered iminohydrofuran or oxazine containing
product ions via neighboring group participation reaction
mechanisms. Furthermore, these product ions do not
undergo ring opening via intramolecular proton transfer
reactions before further dissociation.

Scheme 4 shows the proposed structures of the
five- and six-membered product ion formed via the
loss of CH3SR from GAILM(R)GAILK, where R �
CH2COC6H5 (Structures 1 and 2 in Scheme 4, respec-
tively) and the structure of a “control” peptide GAIL-
AGAILK (Structure 3 in Scheme 4). The fragmenta-
tion of product ions containing these cyclic
structures, (e.g., the y6 and y7 ions from Structure 1,
and the y7 ion from Structure 2), should differ from
the fragmentation of the same product ions formed
from the “control” peptide lacking these cyclic struc-
tures. Therefore, to gain further insights into the
structure(s) of the initial product ions formed by
side-chain fragmentation of methionine fixed charge
containing peptides, the multistage (MS3 and MS4

product ion spectra of the doubly charged neutral
loss product ion from the GAILM(R)GAILK peptide,
as well as the MS/MS and MS3 product ion spectra of
the doubly charged “control” peptide GAILAGAILK
peptide have been obtained.

Figures�5a�shows�the�MS3�product�ion�spectra�obtained
from the neutral loss [M� � H� � CH3SR]2� product ion
from the doubly charged precursor of GAILM(R)GAILK
(note that this spectra is the nonisotopically labeled vari-
ant� of� that� shown� in� Figure� 4c),� while� Figure� 5b� and� c

show�the�product� ion�spectra�obtained�by MS4 of the y6

and y7� product� ions� from�Figure�5a,�respectively.�Figure
5d�shows�the�MS/MS�spectrum�obtained�from�the�[M��
2H�]2��precursor� ion�of�GAILAGAILK,�while�Figure�5e
and�f�show the MS3 spectra obtained from the resultant y6

and y7� ions�from�Figure�5d.�Clearly,�the�spectra�obtained
by dissociation of the [M� � H� � CH3SR]2� ion from
GAILM(R)GAILK and the [M � 2H�]2� ion of GAIL-
AGAILK are quite similar, with a complete series of b- and
y-type ions observed in each case. Although y5 and y6

product ions corresponding to fragmentation on either
side of the methionine side chain in the GAILM(R)GAILK
peptide are both observed, fragmentation to yield the y5

ion is unlikely for the cyclic five-membered iminohydro-
furan containing product ion (Scheme 4, Structure 1), due
to the double-bond character of the amide bond. Likewise,
fragmentation to yield the y6 ion is not likely to occur in
the cyclic six-membered oxazine containing product ion
(Scheme 4, Structure 2) due to the presence of the carbon
nitrogen double bond in the oxazine ring. Thus, the fact
that�both�ions�are�observed�in�Figure�5a�suggests�that�both
cyclic products may be formed, consistent with the similar
activation energies predicted by the theoretical transition-
state calculations described earlier.

It� can� be� seen� by� comparison� of� Figure� 5b� with� e
and� Figure� 5c� with� f� that� the� product� ion� spectra
obtained by dissociation of the y6 and y7 ions from
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the two peptides are very different. It is expected that
these differences are due to the presence of the cyclic
structures in the GAILM(R)GAILK peptide upon loss
of the side chain. The series of product ions observed
in�Figure�5e�and�f�by�dissociation�of�the�y6 and y7 ions
from the [M � 2H�]2� ion of the GAILAGAILK
peptide correspond to a relatively complete series of
a-, b-, and y-type ions. In contrast, the y6 ion from the
[M� � H� � CH3SR]2� ion of the GAILM(R)GAILK
peptide may contain only the five-membered iminohy-
drofuran ring, whereas the y7 product ion may contain
either the five-membered iminohydrofuran or the six-
membered oxazine rings. The dominant product ions

observed by dissociation of these y6�and�y7�ions�(Figure
5b� and� c,� respectively)� correspond� to� the� loss� of� NH3

and/or the formation of a y5 ion. The loss of NH3 in
Figure�5b� is� consistent�with� fragmentation�of� the� five-
membered iminohydrofuran ring containing y6 precur-
sor ion, while the formation of the y5� ion�in�Figure�5c�is
consistent with fragmentation of the six-membered
oxazine ring containing y7 product ion.

Conclusions

Taken together, the results obtained from the theoretical
calculations and experimental data presented here indi-
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cate that the loss of CH3SR from methionine side chain
fixed charge sulfonium ion containing peptide ions occurs
via neighboring group participation SN2 elimination reac-
tions, resulting in the formation of a mixture of both
five-membered iminohydrofuran and six-membered ox-
azine product ions. The data obtained also indicates that
these cyclic product ions do not rearrange by intermolec-
ular proton transfer reactions before or during further
dissociation. However, the resultant product ion spectra
obtained by MS3 are not significantly different from the
spectra obtained from “control” acyclic peptides, particu-
larly with respect to the formation of product ions result-
ing from cleavage of amide bonds either side of the site of
the loss of the fixed charge. This is likely due to the
presence of a mixture of both cyclic structures formed
from the initial neutral loss.
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