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a b s t r a c t

Fragmentation patterns of doubly charged peptides containing serine (Ser), threonine (Thr), cysteine
(Cys), homoserine (Hse), methionine (Met), aspartic acid (Asp), or asparagine (Asn) and terminating
with arginine (Arg) were investigated. Stronger cleavages N-terminal to Ser, Thr, Cys, Asp, and Asn were
observed in comparison to their C-terminal cleavages. In contrast, stronger cleavages C-terminal to Hse
and Met were observed compared to their N-terminal cleavages. These fragmentation patterns can be
explained by the relative stabilities of intramolecular proton bridges that form between the side chain
roton bridge
olecular modeling

heteroatoms (hydroxyl oxygen, carbonyl oxygen or sulfur) and the neighboring backbone carbonyl oxy-
gens. Literature data and results from molecular dynamics are used to explain the stabilities of the proton
bridges with different ring sizes based on the site of the bridge. For Ser, Thr, Cys, Asn and Asp, the proton
bridge between the side chain and the adjacent N-terminal carbonyl is more stable and thus favored
over the one to the adjacent C-terminal carbonyl, resulting in N-terminal enhanced cleavage. For Met
and Hse, the proton bridge between the side chain and the C-terminal carbonyl is more stable, leading

leava
to C-terminal enhanced c

. Introduction

Mass spectrometry is a leading technology for proteomics and
ioscience research in the current postgenomic era. The great

mprovements in mass spectrometry over the last two decades
ave revolutionized the analysis of proteins and peptides. These

mprovements include the advent of the soft ionization meth-
ds electrospray ionization (ESI) [1] and matrix-assisted laser
esorption/ionization (MALDI) [2,3], the availability of diverse

nstruments [4–10], and the development of various dissociation
ethods [11–14]. The process of automated high throughput pep-

ide sequencing and protein identification by mass spectrometry
esults in massive amounts of MS/MS data. The use of computer
lgorithms was pioneered by Henzel, Watanabe, and Stults [15,16]
nd continued by Yates et al. [17] and Mann et al. [18], among

thers, and has allowed for the fast analysis necessary to handle
he data output. This is achieved by correlating the experimen-
al peptide spectra or peak lists with those of theoretical peptides
enerated from ‘in silico’ digests of proteins and translated DNA
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databases. Algorithms such as SEQUEST [19] and MASCOT [20]
incorporate some current knowledge regarding peptide fragmen-
tation gained from applied and fundamental research and have
proved highly useful. However, these and other current algorithms
such as X!Tandem [21,22], OMSSA [23], and Phenyx [24] give
only limited weight to the different chemical properties of amino
acids and their effects on peptide dissociation in the gas phase.
The utility of current algorithms might be enhanced if more rules
governing peptide fragmentation are explored and appropriately
incorporated into identification algorithms. Improving our current
knowledge of peptide fragmentation through a better understand-
ing of enhanced cleavage is thus highly desired.

Under most circumstances, fragment ions from MS/MS of pep-
tides are generated by charge-directed cleavages. According to the
mobile proton model [11,25–28], the ionizing proton is sequestered
by a basic site (e.g. the N-terminal amine group or the side chains of
basic residues) and cleavages are initiated after the ionizing proton
is transferred intramolecularly to heteroatoms along the peptide
backbone. It is also widely accepted that the ionizing proton tends
to be intramolecularly “solvated” by multiple heteroatoms in a
peptide in the gas phase [29]. Many other factors can also affect pep-

tide unimolecular dissociation in the gas phase, including peptide
length [30], charge state and the number of basic residues [25,31],
energy deposition and the instrument time frame [31,32], chemi-
cal properties of amino acids in the sequence [25,33–35], and the
secondary structure [25] of a peptide formed by a given amino acid

dx.doi.org/10.1016/j.ijms.2010.09.025
http://www.sciencedirect.com/science/journal/13873806
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equence. Peptides that give uniform (nonselective) cleavages can
e sequenced more readily because a full series of b ions and/or
ions are usually generated and algorithms are often written to

avor contiguous series. In contrast, selective cleavages may make
eptide sequencing troublesome by only giving strong cleavages at
ertain amino acids. It has been observed that selective cleavages
ominate in the presence of certain amino acids. For example, if Asp

s present in a peptide, cleavage C-terminal to Asp is preferential if
he ionizing proton is sequestered by a basic residue (e.g. arginine)
35–37], cleavage C-terminal to histidine is favored by protona-
ion at His [34] and cleavage N-terminal to proline is enhanced
y the presence of at least one mobile proton [37,38]. These stud-

es not only benefit peptide sequencing and protein identification,
ut also improve our general understanding of the unimolecular
issociation process in the gas phase.

This study investigates the role of proton bridges in initiating
nhanced cleavage within peptides containing serine (Ser), thre-
nine (Thr), cysteine (Cys), methionine (Met), homoserine (Hse),
spartic acid (Asp) and asparagine (Asn). Recently, it was found by
ata mining of a large set of doubly charged peptide MS/MS spec-
ra that cleavages N-terminal to Ser and Thr are slightly enhanced
ompared to cleavages C-terminal to these residues [37,39,40]. This
pecific cleavage pattern of Ser and Thr has already been noticed
y other researchers and incorporated into a de novo sequenc-

ng algorithm, Pepnovo [41]. Because the side chains of Cys, Met,
nd Hse can also interact with backbone carbonyl groups via their
eteroatoms, studying these residues may help elucidate the mech-
nism for enhanced cleavage. The side chain of Asp can attack a
ackbone carbonyl and cause enhanced C-terminal cleavage when
he ionizing proton is not involved [35,36], but in this paper we
eport that cleavage N-terminal to Asp is enhanced when a mobile
roton is present. In the case of Asn, a suppressed cleavage at its
-terminal side was observed for doubly charged Asn-containing
eptides [37], but the cause has not been studied. In order to
urther understand and explain these observations, a series of Arg-
ontaining doubly charged peptides containing the residues of
nterest were fragmented in an ion trap mass spectrometer. The
nteraction of backbone carbonyls and side chains through proton
ridges and the effect of the bridge on spectral appearance were
robed by examining the fragmentation patterns and calculating
he stability of the resulting proton bridges.

. Experimental methods

.1. Peptide synthesis

The synthetic peptides used were prepared using multiple
olid-phase synthesis protocols outlined by Atherton and Shep-
ard [42]. The 9-fluoroenylmethoxycarbonyl (Fmoc) derivatives of
everal required amino acids (Fmoc-l-alanine, Fmoc-l-glycine and
moc-O-tert-butyl-l-threonine) were purchased from Advanced
hemtech (Louisville, KY). Fmoc derivatives of other amino acids
Fmoc-O-trityl-l-homoserine, Fmoc-O-tert-butyl-l-serine, Fmoc-O-
ert-butyl-d-serine, Fmoc-S-trityl-l-cysteine,) were purchased from
ovabiochem (La Jolla, CA). Fmoc-S-methyl-l-cysteine was pur-
hased from Bachem (Torrance, CA). The C-terminal residues
equired for peptide synthesis were purchased already attached to
esins (Fmoc-pentamethylchroman(PMC)-Arg-Wang resin) from
dvanced Chemtech (Louisville, KY). All other reagents required
uring synthesis were from Aldrich (Milwaukee, WI). Removal of

moc during the synthesis was performed using piperidine (20%)
n dimethylformamide (DMF). Coupling reactions between suc-
essive l-amino acid residues were performed in a solution of
MF containing 2-fold molar excess N-hydroxybenzotriazole dihy-
rate (HOBt) and benzotriazole-1-yl-oxy-Tris-(dimethyamino)-
ss Spectrometry 300 (2011) 108–117 109

phosphonium hexafluorophosphate (BOP; Castro’s reagent), 4-fold
molar excess of diisopropylethylamine (DIEA), and the appropri-
ate Fmoc-protected amino acids. The synthesized peptides were
cleaved from the resin and deprotected using a mixture of 95% tri-
fluoroacetic acid (TFA), 2.5% H2O and 2.5% triisopropylsilane (TIPS)
for 1.5 h at ambient temperature.

2.2. Ions used to analyze fragmentation patterns

For protonated peptides activated by collisions with gas, the
most common fragment ions are formed upon cleavages at amide
bonds along the peptide backbone: the resulting ions are b ions if
the N-terminal fragments retain the charge after the cleavage, y
ions if the C-terminal fragments retain the charge. The structures
of b and y ions have been well studied. The most common structure
for b ions has been suggested to be an oxazolone structure [43–46]
and for y ions truncated peptides, with large macrocyclic b ions
also possible [47]. The ions 28 amu lower in mass than b ions are
designated as a-type ions; other types of fragment ions are immo-
nium ions, the ions formed upon side chain cleavages (d, v, w ions)
and the ions generated from various neutral losses (the loss of NH3,
H2O, etc.) [14,48,49].

2.3. Collision-induced dissociation (CID)

Low energy CID experiments were performed with a Ther-
moFinnigan LCQ ion trap mass spectrometer. The peptides were
dissolved in a solution of H2O:CH3CN (1:1, v/v) containing 5%
TFA and 0.5–0.7% m-nitrobenzyl alcohol to a concentration of
20–30 pmol/�L. The use of m-NBA and the relatively high concen-
tration of TFA are to obtain doubly charged ions with appropriate
intensities [50]. The peptide solutions were then sprayed into
the mass spectrometer at a rate of 3–8 �L/min. The applied
needle voltage was 4 kV and the capillary temperature was main-
tained at 200 ◦C for all samples. Helium was used as the collision
gas, and the excitation energy is indicated as % collision energy
(range for experiments = 25–70%) by the manufacturer and cor-
responds to the amplitude of a supplementary AC voltage that
is adjusted to eliminate the m/z-dependent fragmentation of the
precursor ions.

2.4. Molecular modeling

The model structures containing amino acids of interest were
built in MacroModel (version 8.1) using the built-in amino acid
library. The model structures were modified to carry a positive
charge (proton) with the charge being placed on a selected car-
bonyl or hydroxyl oxygen. The protonated built-in structure was
first subjected to a conformational search resulting in a series of
stable conformers. The conformational search was performed with
the Monte Carlo mixture model (MCMM) using the Merck molecu-
lar force field (MMFF), and the default structural parameters were
used for a conformational search with 1000 minimization steps
and 1000 iterations. The most stable conformer containing the pro-
ton bridge of interest was subjected to molecular dynamics using
the MMFF force field. MMFF force field default parameters were
used for the electrostatic and hydrogen bonding treatments during
molecular dynamics. The Polak–Riviere conjugate gradient (PRCG)

was used for the energy minimization routines both for molecular
dynamics and for conformational searches. In all, 10,000 structures
were sampled during the molecular dynamic run (1 fs time step;
10 ps total time; initial and final temperatures were the same; 0.5 ps
bath time).
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Fig. 1. (A) CID spectrum of the doubly charged AGAAAAR (m/z: 294) by ESI/LCQ.
The “% relative collision energy” (defined by the instrument manufacturer) used
for acquiring the spectrum was 50%. (B) Relative intensity curve of doubly charged
AGAAAAR LCQ/ESI. Nint: the intensity sum of fragments corresponding to cleavage N-
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Fig. 2. (A) CID spectrum by ESI/LCQ of doubly charged AGASAAR (m/z: 302). The “%
relative collision energy” (defined by the instrument manufacturer) used for acquir-
ing the spectrum was 50%. Circles denote fragments C-terminal to Ser and rectangles
denote fragments N-terminal to Ser. (B) Relative intensity curve of doubly charged

was predicted).
erminal to the Ala in the fourth position including y4, b3 and its secondary fragments
a3 and a3-NH3) if observed. Cint: the intensity sum of fragments C-terminal to Ala
n the fourth position, including y3, b4 and its secondary fragments (a4 and a4-NH3)
f observed. No obvious secondary fragmentation of y ions is observed.

. Results and discussion

.1. Model peptides

Model peptides are commonly used to study peptide fragmen-
ation because this allows systematic substitution of amino acid
esidues [34] and modification of the N- or C-terminus [51,52]. This
trategy was used in the present study to investigate the specific
ragmentation patterns of peptides containing Ser, Thr, Cys, Met,
se (homoserine), Asn, and Asp. After comparing fragmentation
f several model peptide candidates, the model peptide AGAXAAR
as chosen for the present study, where X represents the amino

cid of interest. The major reason for choosing AGAXAAR as the
odel peptide is the uniform cleavage observed for doubly charged
GAAAAR (where X represents Ala) (Fig. 1). AGAAAAR can be used
s a control peptide to identify any selective fragmentation pat-
erns induced by amino acid X by comparing the fragmentation of
GAAAAR and AGAXAAR. It was desirable to have at least one Gly

n the sequence to avoid helix formation. Although Gly is typically
redicted to have enhanced cleavages at its N-terminus by statis-
ical analysis, this is avoided by placement of Gly as the second
esidue. The typical enhanced cleavage N-terminal to Gly is pre-
ented presumably because its position as the second residue in
he sequence means that there is no preceding carbonyl to attack

he carbonyl N-terminal to Gly. Doubly charged ions were investi-
ated, assuming that one proton will localize at the basic Arg side
hain [25] allowing the second proton to be “mobile” to initiate
harge-directed cleavage.
AGASAAR LCQ/ESI. Nint: the intensity sum of fragments N-terminal to Ser including
y4, b3 and its secondary fragments (a3 and a3-NH3) if observed. Cint: the intensity
sum of fragments C-terminal to Ser, including y3, b4 and its secondary fragments (a4

and a4-NH3) if observed. No obvious secondary fragmentation of y ions is observed.

3.2. Fragmentation data

Ser, Thr, and Cys each have a similar side chain structure con-
sisting of a �-carbon atom bonded to an electronegative heteratom.
Doubly charged AGAXAAR (X = Ser, Thr, Cys) were fragmented to
probe the effect of these amino acids on fragmentation patterns.
In contrast with the CID spectra of doubly charged AGAAAAR, the
CID spectra of doubly charged AGASAAR, AGATAAR, and AGACAAR
exhibit enhanced cleavages N-terminal to the Ser, Thr, and Cys,
respectively. The spectrum for the Ser-containing peptide is shown
in Fig. 2A. The extent of cleavage enhancement is determined by
comparing the intensity of the fragments corresponding to cleav-
age N-terminal to the amino acid in question (y4, b3, a3 and a3-NH3
if observed) relative to the fragments corresponding to cleavage
C-terminal to the amino acid (y3, b4, a4 and a4-NH3 if observed).
The plot of relative intensity as a function of collision energy for
doubly charged AGASAAR is shown in Fig. 2B. The plot shows a
higher total intensity of the fragments corresponding to N-terminal
cleavage compared with fragments corresponding to C-terminal
cleavage. The other two peptides showed similar trends (data not
shown). The enhanced cleavage N-terminal to Ser and Thr is con-
sistent with the trend predicted by statistical analysis of large data
sets [37,39,53] (Cys was depleted in the PNNL dataset so no trend
The lower intensity of y3 (C-terminal cleavage) compared to y4
(N-terminal cleavage) could be a result of further fragmentation
of y3 during the experiment, causing a decrease in the y3 peak, so
MS3 was performed to explore this possibility. MS3 of the y3 peak
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Fig. 3. (A) CID spectrum by ESI/LCQ of doubly charged AGAHseAAR (m/z: 309). The “% relative collision energy” (defined by the instrument manufacturer) used for acquiring
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he spectrum was 50%. Circles denote fragmentation C-terminal to Hse and rectang
B) AGAHseAAR and (C) AGAMAAR by LCQ/ESI. Nint: the intensity sum of fragmen
f observed. Cint: the intensity sum of fragments C-terminal to Hse/Met, including
ragmentation of y ions is observed.

howed prominent secondary fragments such as y1 and y3-NH3-
2O; these peaks, however, were not prominent in the MS/MS of

he original precursor. These secondary y3 fragment peaks are not
vident in any of the three MS/MS spectra for Ser, Thr, and Cys, so
t can be concluded that the lower intensity of y3 is caused by the
uppressed cleavage C-terminal to these residues.

Hse and Met were also studied to determine if side chain length
layed a role in fragmentation patterns. Hse is a serine analogue
hat contains one additional methylene group in the side chain.

et is a natural amino acid similar to cysteine which contains
ne more methylene group in the side chain; the sulfur also has
methyl group attached instead of hydrogen. In contrast to the
-terminal enhanced cleavage patterns demonstrated by the other
mino acids, doubly charged AGAHseAAR demonstrates C-terminal
nhanced cleavage as shown in Fig. 3A; AGAMAAR+2 showed simi-
ar results. The ion y3 corresponding to cleavage C-terminal to Hse

ields one of the most prominent peaks and y3 is higher in inten-
ity than the N-terminal fragment y4. The relative intensity curves
lso show C-terminal enhanced cleavage across collision energies
anging from 25% to 50% for AGAHseAAR and AGAMAAR (Fig. 3B
note fragmentation N-terminal to Hse. Relative intensity curves of doubly charged
erminal to Hse/Met including y4, b3 and its secondary fragments (a3 and a3-NH3)

and its secondary fragments (a4 and a4-NH3) if observed. No obvious secondary

and C). In contrast, the similar plot for AGASAAR (Fig. 2B) shows
dominant N-terminal cleavage.

The side chains of Asn and Asp also contain heteroatoms in the
form of an amide and carboxylic acid group, respectively. Some
research has already been done on the fragmentation patterns for
these two amino acids. Statistical analysis has shown that cleav-
ages N-terminal to Asn are stronger than those C-terminal to Asn
for doubly charged tryptic peptides [37]. For Asp, it is well known
that enhanced cleavages C-terminal to Asp occur for peptides
without a mobile proton, e.g., for singly charged Arg-containing
peptides [35–37,39]. There are no reported fragmentation patterns
for peptides containing Asp and a mobile proton besides the dis-
appearance of C-terminal enhanced cleavage. The doubly charged
model peptides AGANAAR and AGADAAR containing Asn or Asp
were fragmented; the spectra are shown in Fig. 4A and B. Sim-
ilar to Ser, Thr, and Cys, the spectra show enhanced N-terminal

fragments and suppressed C-terminal cleavage. The relative inten-
sity curves for doubly charged AGANAAR and AGADAAR show
N-terminal enhanced cleavages across collision energies ranging
from 18% to 40% (Fig. 4C and D). Again, no additional peaks from
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Fig. 4. The spectra of (A) doubly charged AGANAAR (m/z: 315.6) and (B) doubly charged AGADAAR (m/z: 316.2) by ESI/LCQ. The “% relative collision energy” (defined by
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he instrument manufacturer) used for acquiring the spectra was 20% for AGANAAR
enote fragments N-terminal to Asn/Asp. Relative intensity curves for doubly cha
-terminal to Asn/Asp, including y4, b3 and its secondary fragments (a3 and a3-NH3

nd its secondary fragments (a4 and a4-NH3) if observed. No obvious secondary fra

urther fragmentation of the y3 peak (MS3) were seen in either of
he spectra, supporting the proposition that these features are pri-

arily the result of selective cleavage processes. In contrast, CID
f singly charged AGANAAR produces a uniform cleavage pattern
ith extensive neutral loss of NH3, while CID of singly charged
GADAAR produces a preferential cleavage C-terminal to Asp
hich is expected and well-studied (data not shown) [35–37,39].

.3. Explanation based on proton bridges

Ser, Thr, Cys, Asn, and Asp all show N-terminal enhanced cleav-
ge, while Hse and Met both show C-terminal enhanced cleavages.
he identity of the heteroatom within the side chain does not
etermine the fragmentation pattern; both oxygen- and sulfur-

ontaining side chains demonstrate C-terminal or N-terminal
nhanced cleavages. The length of the side chain for Ser, Thr, and
ys compared with Hse and Met differs by one methylene unit, pos-
ibly allowing for different hydrogen bonding or proton bridges to
ccur depending on the stability of the structures.
0% for AGADAAR. The circles denote fragments C-terminal to Asn/Asp and squares
C) AGANAAR and (D) AGADAAR by LCQ/ESI. Nint: the intensity sum of fragments
served. Cint: the intensity sum of fragments C-terminal to Asn/Asp, including y3, b4

ation of y ions was observed.

The fact that enhanced cleavage at these residues is only
observed for doubly charged peptides indicates the involvement
of an ionizing proton, which supports the possible formation of
proton bridges between the side chain heteroatoms and backbone
carbonyls. The formation of the proton bridge is also supported by
previous studies in the literature, which showed that in the gas
phase, the charge tends to be solvated by multiple heteroatoms
[54,55]. The location and relative stability of these proton bridges
could be the determining factor in whether the C-terminal cleavage
or N-terminal cleavage is enhanced.

The possibility of forming proton bridges between amide nitro-
gens and the side chain hydroxyl is considered very low because
of the low proton affinity of amide nitrogens in the gas phase.
Calculations have shown that protonation at the carbonyl oxygen
results in lower energy structures than protonation at the amide

nitrogen [54,56]. For example, for dipeptides, the carbonyl oxygen-
protonated structures are 56–71 kJ/mol lower in energy compared
to the amide nitrogen-protonated structures [56].

For each of set of amino acids (Ser/Thr/Cys, Hse/Met, and
Asp/Asn), the literature results for proton bridge stabilities will
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Fig. 5. Summary of proton bridge effects leading to N-terminal and C-terminal Enhanced Cleavages. (A) 7-membered ring between side chain hydroxyl and carbonyl N-
t termi
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erminal to Ser. (B) 6-membered ring between side chain hydroxyl and carbonyl C-
-terminal to Hse. (D) 7-membered ring between side chain hydroxyl and C-termina
-terminal to Asn/Asp. (F) 7-membered ring formed between side chain carbonyl a

e discussed. Experimental and modeling results will also be pre-
ented that examine the proton bridge stability model.

.4. Ser/Thr/Cys proton bridges: seven- vs. six-membered rings

Fig. 5A and B show two possible scenarios for the Ser side chain:
he hydroxyl group can bridge a proton with the N-terminal car-
onyl to form a seven-membered ring, or it can bridge a proton
ith the C-terminal carbonyl to form a six-membered ring. The
ifference in ring sizes for these two proton bridges causes a dif-
erence in the stability of these bridges. Szulejko et al. studied
he stabilities of proton-bridged methoxyl alcohols with differ-
nt ring sizes [57]. According to their study, the proton affinity
f 4-methoxy-1-butanol, which forms a 7-membered cyclic pro-

on bridge upon protonation is 918.4 kJ/mol. The proton affinity
f 3-methoxy-1-propanol, which forms a 6-membered cyclic pro-
on bridge, is 893.7 kJ/mol. This indicates that for proton bridges
etween hydroxyl/methoxyl groups, a 7-membered ring is more
table than a 6-membered ring.
nal to Ser. (C) 8-membered ring formed between side chain hydroxyl and carbonyl
onyl of Hse. (E) 8-membered ring between the side chain carbonyl and the carbonyl
rbonyl C-terminal to Asn/Asp.

Mautner’s study also showed that for the proton bridge between
two carbonyl groups, a 7-membered ring is more stable than
a 6-membered ring [58]. As an example, the proton affinity of
CH3COCH2CH2COCH3, which forms a 7-membered cyclic pro-
ton bridge upon protonation, is 885.50 kJ/mol as opposed to
868.76 kJ/mol, the proton affinity of CH3COCH2COCH3 that forms a
6-membered cyclic proton bridge.

This is also consistent with Yamabe’s studies on intramolecu-
lar proton bridges (X–H+–X) of bifunctional molecules X–(CH2)n–X
(X = –NH2, –OR) [59]. According to this study, there is a good cor-
relation between the hydrogen bond linearity and the stabilities
of proton bridges for n = 2–4, which was confirmed by both ab
inito calculations and experimental data. As n increases up to n = 4,
the hydrogen bond X–H+–X approaches a linear geometry, conse-

quently resulting in increased stability for the proton bridge and
an increased proton affinity of the molecule. When n = 4, a seven-
membered ring is formed and the hydrogen bond angle is close
to 180◦, which makes it more stable than a six-membered cyclic
proton bridge (n = 3).
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in making two proton bridges may cause neither to be fully
optimized in the original structure. The energy deposited dur-
ing the molecular dynamic simulations can cause the less stable
carbonyl–H+–carbonyl proton bridge to break, releasing this struc-
tural strain and allowing the other proton bridge to optimize. This

Table 1
The percentage of remaining proton bridges among 10,000 structures at different
temperatures for homoserine and serine.
ig. 6. The most stable structures of serine obtained by conformational searches
-terminal to serine. Unlabeled atoms are hydrogen, black lines indicate ring conta

The studies by Szulejko, Mautner, and Yamabe all suggest that
roton bridges can have a significant effect on the stability of a
as-phase conformation. Furthermore, they all demonstrate that a
even-membered ring would be more stable than a six-membered
ing. For Ser, Thr, and Cys, a seven-membered ring could be formed
etween the heteroatom group of the Ser/Thr/Cys side chains and
he N-terminal neighboring carbonyl. This would make the N-
erminal carbonyl carbon more electro-positive and encourage the
ucleophilic attack on that carbonyl carbon, thus promoting the

ormation of b/y ion pairs N-terminal to the amino acid in ques-
ion. Both experimental and computational tests were undertaken
n order to further probe this explanation.

Although in this paper we discussed nucleophilic attack by the
djacent carbonyl oxygen (as shown in Fig. 5) to form an oxazolone
3 ion, we cannot rule out at least some percentage of structures
ormed by attack by the N-terminal amine to produce a cyclic tri-
eptide structure [60].

.5. Fragmentation studies of side chain involvement

Although the stability of the resulting proton bridge could
xplain the enhanced cleavage effects that are observed, the pres-
nce of heteroatoms in the side chains of Ser, Thr, and Cys suggests
nother possibility for enhanced N-terminal cleavage in the spectra
f the selected model peptides: the side chain might attack carbonyl
n either side to form unconventional b and y ions. This mechanism,
hich has been reported for His and Asp, differs from the forma-

ion of typical oxazolone b and truncated peptide y ions, where the
receding backbone carbonyl oxygen attacks the carbonyl carbon
t the cleaving amide bond [26]. In order to test this possibility, the
3, y4, b4 and y3 ions from doubly charged AGASAAR were further
ragmented and compared with the same ions from doubly charged
GAAAAR.

Further fragmentation of b3 ions from AGASAAR and AGAAAAR
roduces very similar spectra. Both b3 ions produce a3, which is
xpected for a b-type ion, and a3-17, which has been reported as
prominent fragment for b3 [61,62]. Further fragmentation of b4

ons from AGASAAR gives an intense b4-H2O peak, which is con-
istent with the presence of serine, but both b4 ions produce an a4
nd a4-NH3 fragment. The MS3 of y3 ions from both AGASAAR and
GAAAAR are very similar, both produce y3-NH3-H2O and y1 as
ominant peaks. Further fragmentation of y4 ions from AGASAAR
nd AGAAAAR gives similar patterns with strong peaks at y1, y2-
H3 and y4-NH3.

The b3, y4, b4 and y3 ions from AGAAAAR fragments can only
orm by typical backbone-initiated mechanisms because there are
o side chains to initiate other types of cleavages. The similarity
etween the MS3 fragmentation for AGAAAAR and AGASAAR indi-

ates that the b/y ions formed at serine are conventional b ions
nd y ions formed through typical fragmentation mechanisms not
nvolving side chain attack. This is consistent with a calculation by
arrugia et al. that shows that the direct involvement of the serine
ide chain in forming a b-type ion is unfavorable [63]. Therefore the
ith proton on the carbonyl N-terminal to serine, (B) with proton on the carbonyl
roton bridge.

N-terminal enhancement observed at Ser, Thr, and Cys is not likely
caused by the direct attack of the side chain. Molecular modeling
was undertaken to assess the stability of potential proton bridged
intermediates.

3.6. Molecular modeling of serine

MacroModel was used to perform molecular modeling on singly
protonated CH3CO-Ser-NHCH3 to probe the location and stabilities
of proton bridges involving Ser. The two carbonyl oxygens (N-acetyl
and Ser) are the mostly likely protonation sites due to their high
proton affinities relative to the amide nitrogen and the side chain
hydroxyl oxygen. Structure A in Fig. 6 shows the most stable struc-
ture for protonation at the N-acetyl carbon, which is involved in two
proton bridges—one to the Ser carbonyl and one to the side-chain
hydroxyl oxygen. Structure B in Fig. 6 shows the most stable struc-
ture for protonation at the Ser carbonyl. Again, the Ser carbonyl
is involved in two proton bridges—one to the N-acetyl carbonyl
and one to the side-chain hydroxyl oxygen. Theory predicts that
the 7-membered cyclic bridge between the N-acetyl carbonyl and
the side chain hydroxyl will be more stable than the 6-membered
cyclic bridge between the Ser carbonyl and the side chain
hydroxyl.

Molecular dynamic simulations were performed separately on
structures A and B to monitor the stability of the proton bridges.
A temperature range from 300 K to 800 K was used, which cor-
responds to the expected energy deposition at different collision
energies in an LCQ ion trap [64]. Table 1 shows the percentage of the
carbonyl to side-chain proton bridge that remains at each tempera-
ture for structures A and B. As predicted by theory, the 7-membered
cyclic bridge retained a higher percentage of the bridge compared
to the 6-membered ring, showing a greater stability at the higher
temperatures. The increased stability for the proton bridge between
the N-acetyl carbonyl and the side chain hydroxyl oxygen also sup-
ports the experimental evidence for N-terminal enhanced cleavage
(see Fig. 5A vs. B).

Although the overall percentage of proton bridges in B
decreases, as expected with increased energy, the overall per-
centage in A actually increases. The structural strain involved
Ring size 300 K 500 K 800 K

CH3CO-Ser-NHCH3 (A) 7 51% 60% 70%
CH3CO-Ser-NHCH3 (B) 6 55% 46% 42%
CH3CO-Hse-NHCH3 7 45% 31% 44%
CH3CO-Hse-NHCH3 8 35% 32% 0
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urther indicates the stability of the 7-membered proton bridge,
nder the even more energetic conditions that exist during CID.

Although the most likely protonation site is the carbonyl oxy-
en, which has the highest proton affinity, the proton could also be
ransferred to hydroxyl group under the conditions of CID. More-
ver, according to the literature, a proton an be sequestered by a
ite with a lower proton affinity to achieve an overall highly sta-
le structure [65,66], which justifies the possible protonation of
he serine side chain. To further probe the stabilities of 7- and
-membered cyclic proton bridges under these conditions, the
eptide AGASAAR was built in MacroModel with the proton on
he serine side chain hydroxyl group. When the proton is on the
erine side chain, the most stable structure obtained from a con-
ormational search has two hydrogen bonds from the hydroxyl
ydrogen on the serine side chain bridging to the N-acetyl carbonyl
7-membered ring) and another one bridging to the Ser carbonyl
6-membered ring). A molecular dynamics study was performed at
representative temperature of 500 K. The results show that the
ydrogen bond to the N-acetyl carbonyl at serine is more stable:
mong 10,000 sampled structures, 98.5% of the structures retain
he proton bridge to the N-terminal carbonyl compared to the pro-
on bridge to the Ser carbonyl, which was retained in only 44.8% of
he structures.

The above molecular dynamics results suggest that the 7-
embered cyclic proton bridge from the Ser side chain to the

djacent N-acetyl carbonyl is more stable than the 6-membered
yclic proton bridge to the Ser carbonyl. This confers electropositive
haracter on the carbonyl N-terminal to Ser in a peptide, provid-
ng an explanation for enhanced cleavage N-terminal to Ser. This
tability is consistent with N-terminal enhanced cleavage at Ser as
iscussed above. The same explanation can be applied to threonine
nd cysteine.

.7. Hse/Met proton bridges: seven- vs. eight-membered ring

Homoserine and methionine have similar side chain het-
roatoms compared to Ser, Thr, and Cys, but they both demonstrate
nhanced cleavage at the C-terminus. This behaviour can also be
xplained by exploring proton bridge stabilities. Hse and Met have
ne extra methylene group in their side chains compared to Ser,
hr, and Cys, so a proton bridge between the side chain and the N-
erminal carbonyl oxygen forms an 8-membered ring. In the case of
se (Fig. 5C and D) and Met, a 7-membered proton bridge is formed
etween the side chain and the C-terminal carbonyl.

Several lines of evidence in the literature show that a 7-
embered cyclic proton bridge is more stable than an 8-membered

yclic proton bridge. According to Szulejko’s study [57], the proton
ffinities (−�H) of methoxyl alcohols with the 7- and 8-membered
yclic proton bridges are very close: 219.8 and 219.4 kcal/mol,
espectively. However, the entropy changes (�S) for the formation
f 7- and 8-membered rings are different, which leads to differences
n gas phase basicities �G [57]. The difference in �S for the forma-
ion of 7- and 8-membered cyclic proton bridge is 3.4 cal mol−1·K−1

with the 7-membered cyclic one at −15.8 cal mol−1·K−1 and the
-membered cyclic one at −19.2 cal mol−1·K−1 when pyrrole is
sed as reference base). In other words, the entropy change
avors the 7-membered cyclic proton bridge vs. the 8-membered
yclic proton bridge. The entropy effect becomes the deciding fac-
or with the effective temperatures at several hundred degrees
�G = �H − T�S). A proton bridge with the adjacent C-terminal

arbonyl oxygen causes the C-terminal carbonyl carbon to become
ore electropositive. This facilitates the nucleophilic attack pre-

umably by the preceding electronegative carbonyl oxygen, and
esults in the enhanced cleavage C-terminal to homoserine and
ethionine (Fig. 5D).
ss Spectrometry 300 (2011) 108–117 115

3.8. Molecular modeling of Hse and Met

Molecular dynamics were performed to probe the stabilities of
the proton bridges for homoserine. A simplified structure CH3CO-
Hse-NHCH3 was built in MacroModel, and the ionizing proton was
put on each of the two carbonyl oxygens to form two different
protonated structures. A conformational search was performed for
these two different structures separately to obtain their most sta-
ble structures. Results show their most stable structures contain
the proton bridge between the hydroxyl group and either the N-
acetyl or Hse carbonyl depending on the different protonation sites.
These structures were subjected to molecular dynamics modeling
(Table 1). It was shown that, among 10,000 sampled structures
for each structure, 45.1% of the 7-membered ring structures retain
the proton bridge at temperature 300 K, while only 34.6% of the
8-membered ring structures retain the proton bridge at the same
temperature. At 800 K, 43.6% of the 7-membered ring structures
retain the proton bridge, while none of the 8-membered ring pro-
ton bridge is retained. This demonstrates the higher stability of the
7-membered cyclic proton bridge compared to the 8-membered
cyclic one.

3.9. Asn/Asp proton bridges

For Asn and Asp-containing peptides, enhanced cleavage N-
terminal to Asn/Asp only occurs for doubly charged peptides and
not singly charged peptides; this points to the involvement of an
ionizing proton, which supports the formation of proton bridges
between the side chain carbonyls and backbone carbonyls. If the
carbonyl oxygens of the side chains are involved in the proton
bridge, then two possible bridges can be formed: an 8-membered
proton bridge would form between the side chain and the N-
terminal carbonyl, or a 7-membered proton bridge would form
between the side chain and the C-terminal carbonyl (Fig. 5E and
5F). While a 7-membered cyclic proton bridge is the most sta-
ble bridge between an –OH or –SH side chain and a carbonyl,
the case is different for proton bridges between two amide car-
bonyl groups. Witt and Grutzmacher [67] investigated the effect
of ring size on the stability of proton bridges between two car-
bonyl oxygens involved in amide bonds. According to their results,
the enthalpy release (�H) of an 8-membered cyclic proton bridge
between two carbonyls is 27 kJ/mol (6.46 kcal/mol) higher than
that of a 7-membered cyclic proton bridge. While entropy favors
the formation of a 7-membered ring, the difference in entropy
(�S = 0.024 kJ/mol·K) is small compared to the enthalpy. Based
on these results, an 8-membered cyclic proton bridge would be
favored between two amide carbonyl oxygens.

For Asn and Asp, an 8-membered cyclic proton bridge between
the side-chain carbonyl and the N-terminal backbone carbonyl
would be more stable than with the C-terminal carbonyl. Presum-
ably the formation of the 8-membered ring makes the carbonyl
carbon N-terminal to Asn/Asp (Fig. 5E) more electropositive and
susceptible to attack, leading to the enhanced cleavage N-terminal
to Asn or Asp.

Fragmentation of doubly charged AGAEAAR and AGAQAAR has
also been performed, and no obvious enhanced cleavage was
observed, which is presumably due to the high entropy cost of form-
ing a 9-membered cyclic proton bridge between the side chain and
the N-terminal carbonyls.

3.10. Fragmentation studies of side chain involvement for Asn/Asp
As in the case of Ser, the side chain could also be involved in ini-
tiating the cleavage. To investigate possible side chain involvement
in initiating the cleavage C-terminal to Asn and Asp, b4 ions from the
doubly and singly charged AGANAAR/AGADAAR were fragmented.
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n parallel with the MS3 data described for Ser, no obvious evi-
ence of side chain involvement was found for doubly charged
GANAAR/AGADAAR. The b4 from singly charged AGADAAR, how-
ver, produces a peak at b4-72 (b4-CO2-CO) as reported [35]
onsistent with an anhydride structure and the involvement of side
hain in initiating the formation of b4.

. Conclusions

A series of doubly charged synthetic model peptides shows
tronger cleavages N-terminal to Ser, Thr, Asn and Asp and C-
erminal to homoserine and Met in comparison with cleavages at
he opposite termini of these residues. The relationship between
he chemical properties of the amino acids and their character-
stic fragmentation patterns was investigated. It is proposed that
roton bridges form between side chain heteroatoms and neigh-
oring carbonyl oxygens. The proton bridged structures will have
ifferent ring sizes depending on whether the proton bridge is
ormed between the N-terminal carbonyl and the side chain or the
-terminal carbonyl and the side chain. The enhanced cleavages
esult from the different stabilities of the proton bridges at different
ing sizes. Molecular dynamics modeling was performed to probe
he stabilities of different proton bridges.

Proton bridges between side chain hydroxyl/thiol and backbone
arbonyls:

(a) For serine, threonine and cysteine, a 7-membered cyclic proton
bridge between the side chain heteroatom and the protonated
carbonyl N-terminal to these residues is more stable than the 6-
membered cyclic proton bridge between the side chain and the
carbonyl C-terminal to these residues. This leads to enhanced
cleavages N-terminal to these residues by making the carbonyl
on the N-terminal side more electropositive and encouraging
nucleophilic attack on that carbonyl.

b) For homoserine and methionine, an 8-membered ring is formed
if the proton bridge is between the side chain and the car-
bonyl N-terminal to the residue, and a 7-membered ring if
the proton bridge is between the side chain and the carbonyl
C-terminal to these residues. The 7-membered cyclic proton
bridge is entropically favored and thus more stable compared
to the 8-membered proton bridge, which leads to the enhanced
cleavages C-terminal to homoserine and methionine.

Proton bridges between the side chain carbonyl and backbone
arbonyls:

For asparagine and aspartic acid, an 8-membered ring that
ridges by a proton between the side chain carbonyl and the car-
onyl on the N-terminal side of Asp/Asn is more stable than a
-membered ring between the side chain carbonyl and the car-
onyl C-terminal to Asp/Asn, which explains the enhancement of
leavages N-terminal to Asp/Asn for doubly charged peptides.
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