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Ion Chemistry of Protonated Aspartic Acid
Derivatives

Alex. G. Harrison and Ya-Ping Tu
Department of Chemistry, University of Toronto, Toronto, Ontario M5S 3H6, Canada

The fragmentation reactions of the protonated a-monomethyl and b-monomethyl esters of aspartic acid have been
elucidated using low-energy collision-induced dissociation (CID) and metastable ion studies. It is shown that, fol-
lowing loss of from protonated H–Asp–OMe, there is a methoxy group migration which is followed by loss ofH

2
O

CO from the a-carboxyl position. This migration also is observed for the ion derived from[MH‘ Ô NH
3

]‘
H–Asn–OMe. The fragmentation reactions of a variety of protonated a- and b-dipeptides, H–Asp–Xxx–OR and
H–Asp(Xxx)–OH, also have been elucidated. For both types of linkage facile formation of the ion is observed,y

1
/

in line with earlier observations that protonated peptides undergo preferential cleavage at the C-terminus side of
acidic residues. A characteristic reaction of protonated dipeptides with the b-linkage is elimination of H

2
O + CO

from the a-carboxyl group of the aspartic acid residue. This is followed by elimination of the C-terminus amino
acid to give a characteristic fragment ion at m/z 70, Protonated dipeptides with theH

2
N‘xCHwCHxCxO.

a-linkage show loss of from the aspartic acid b-carboxyl group. This water loss is followed by elimination ofH
2
O

ketene or ammonia. These fragment ions, which are most abundant at low collision energies, serve to identify
dipeptides with the a-linkage. 1998 John Wiley & Sons, Ltd.(
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INTRODUCTION

Collision-induced dissociation (CID) of protonated pep-
tides is frequently used as an approach to determining
the amino acid sequence of the peptides.1h3 Both low-
and high-energy CID studies have been used to obtain
this sequence information.4 With the extensive coupling
of electrospray and matrix-assisted laser desorption ion-
ization sources to instruments incorporating low-energy
quadrupole collision cells and with the increasing use of
CID studies in quadrupole ion trap5h10 and Fourier
transform11h15 mass spectrometers, there is a need for a
better understanding of the low-energy fragmentation
processes occurring. The fragmentation reactions of
protonated peptides are determined in part by the
identity of the constituent amino acids. We recently
studied16 the low-energy fragmentation reactions of
protonated a-amino acids and have begun a systematic
study of the fragmentation reactions of simple proto-
nated peptides to compare the reactions occurring with
those observed for the constituent amino acids. A recent
paper reported on the fragmentation reactions of proto-
nated lysine derivatives.17 In the present paper we
report a detailed study of the fragmentation reactions
of simple protonated aspartic acid derivatives and
compare the reactions observed with those of proto-
nated aspartic acid itself. Aspartic acid also is of interest
since both a-aspartyl and b-aspartyl derivatives are
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possible and there is considerable interest18h20 in dis-
tinguishing between the isomeric species. We have
addressed this issue with the study of a number of a-
and b-aspartyl derivatives.

EXPERIMENTAL

All experimental work was carried out using a
ZAB-2FQ hybrid BEqQ mass spectrometer (VG Ana-
lytical, Manchester, UK), which has been described in
detail previously.21 BrieÑy, this instrument is a
reversed-geometry (BE) double-focussing mass spectro-
meter that is followed by a deceleration lens system, an
r.f.-only quadrupole collision cell (q) and a quadrupole
mass analyzer (Q). For most of the work the ions of
interest were prepared by fast atom bombardment
(FAB) using an argon atom beam of 7È8 keV energy
with the appropriate sample dissolved in a matrix con-
sisting of thioglycerol-2,2@-dithioethanol (1 : 1) saturated
with oxalic acid. In our experience this matrix gives
more intense and longer-lasting ion signals than glyc-
erol. Some experiments also were carried out using
chemical ionization (CI) with as reagent gas ;CH3OD
this reagent gives the MD` ion of the species in which
all the labile hydrogens have been exchanged for deute-
rium.

To obtain relative abundances of fragment ions
formed on the metastable ion time-scale, the precursor
ion of interest (usually MH`) was mass-selected by the
BE double-focussing mass spectrometer at 6 keV ion
kinetic energy, decelerated to 20È40 eV kinetic energy
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Scheme 1

and introduced into the r.f.-only quadrupole cell in the
absence of collision gas. Low-energy CID studies were
carried out in the same fashion but with addition of N2at an indicated pressure of D2 ] 10~7 Torr (1
Torr \ 133.3 Pa) to the quadrupole collision cell. In the

CID studies the incident ion energy typically was varied
from 5 to 45 eV (laboratory scale). In both the
unimolecular and CID studies, the ionic fragments were
analyzed by scanning the Ðnal quadrupole Q; 20È30 2 s
scans were accumulated on a multi-channel analyzer to
improve the signal-to-noise ratio. The energy-resolved
CID data are presented here in the form of breakdown
graphs expressing the relative fragment ion signals as a
function of the collision energy.

The aspartic acid derivatives studied were obtained
from BACHEM Biosciences, King of Prussia, PA. HÈ
AsnÈOMe was prepared by esteriÐcation of asparagine
with acidic methanol. The was obtained fromCH3OD
Aldrich Chemical Co., Milwaukee, Wisconsin.

RESULTS AND DISCUSSION

The low-energy fragmentation reactions of protonated
aspartic acid have been studied previously.16 On the
metastable ion time-scale, loss of (83%) andH2O H2O] CO (17%) are observed. Under low-energy CID con-
ditions loss of becomes the dominantH2O ] CH2CO

Figure 1. Breakdown graph for protonated H–Asp–OMe.

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 532È542 (1998)
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Figure 2. Breakdown graph for protonated H–Asp(OMe)–OH.

fragmentation reaction with loss of as theH2O ] CO
other signiÐcant fragmentation reaction, although loss
of alone is still observed as a minor process. TheH2Ointerpretation provided16 for these results is sum-
marized in Scheme 1. Loss of was con-H2O ] CO
sidered to involve the a-carboxyl group since there is
considerable evidence16,22h27 that the a-aminoacylium
ion formed by loss of from the a-carboxyl group isH2Ounstable and spontaneously eliminates CO. It was
further considered that loss of alone occurredH2Ofrom the b-carboxyl group and that, at higher internal
energies, this loss of was followed by loss ofH2Oketene.

Further insight into these fragmentation reactions is
achieved by studying the fragmentation reactions of the
protonated a- and b-monomethyl esters, HÈAspÈOMe
and HÈAsp(OME)ÈOH. The breakdown graphs for the
MH` ion of these isomeric monoesters are shown in
Figures 1 and 2. In metastable ion fragmentation reac-
tions, the MH` ion of HÈAspÈOMe showed dominant
loss of (90%), in agreement with the conclusion16H2Othat the loss of from the MH` ion of aspartic acidH2Oinvolved loss from the b-carboxyl group. Minor meta-
stable loss of (7%) and (3%)H2O] CO CH3OH] CO
also was observed. As Figure 1 shows, at low collision
energies a prominent ion signal is observed at m/z 102

corresponding to loss of from the MH`H2O ] CO
ion. This is unexpected since the earlier work16 on
protonated aspartic acid leads to the belief that loss of

from the b-carboxyl group should be followed byH2Oloss of ketene (Scheme 1). This fragmentation reaction
does occur as shown by the rapidly rising ion signal at
m/z 88 as the collision energy is increased (Figure 1).

Fragmentation of the MD` ion of methyl aspartate-
(prepared by CI) showed that the m/z 88 iond3 CH3OD

signal at 20 eV quadrupole energy was 60%[ [H2Oand Further] CH2CO] 40%[ [CH3OH ] CO].
insight is provided from a study of the fragmentation of
the MH` ion of HÈAsnÈOMe. In metastable ion frag-
mentation, this species showed 70% loss of 24%NH3 ,
loss of and 6% loss of TheCH3OH CH3OH] CO.
breakdown graph (Figure 3) shows a major ion signal at
m/z 102 at low collision energies corresponding to loss
of analogous to the loss ofNH3] CO, H2O] CO
from the MH` ion of HÈAspÈOMe. At even higher col-
lision energies, the breakdown graph for protonated
asparagine methyl ester shows that the m/z 102 ion
signal is surpassed by that at m/z 88 corresponding to
loss of ketene from the ion.[MH [ NH3]`In the absence of rearrangement, loss of CO from the

ion of HÈAsnÈOMe and from the [MH[MH[ NH3]`ion of HÈAspÈOMe would lead to a high-[ H2O]`

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 532È542 (1998)
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Figure 3. Breakdown graph for protonated H–Asn–OMe.

energy primary cation, an unlikely occurrence. Rather,
we propose, as illustrated in Scheme 2, that, at low
internal energies, there is a migration of the OCH3group from the a-position to the b-position through the
intermediacy of a methyl-cationated succinic anhydride
structure. As the internal energy is increased (by
increasing the collision energy) the lifetime of the

[MH [ HX]` ion is decreased and simple bond Ðssion
by ketene elimination takes precedence over the
rearrangement which leads to the ultimate elimination
of CO. Interestingly, the rearrangement analogous
to that of Scheme 2 is of much less importance in
the fragmentation of protonated asparagine itself.
Thus, at 20 eV collision energy, fragmentation of

Scheme 2

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 532È542 (1998)
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Figure 4. 20 eV CID mass spectra of protonated Asp/Gly dipeptides.

Table 1. Metastable ion fragmentation of protonated isomeric Asp–Gly and
Asp–Leu dipeptides

m /z (% fragment ion abundance)

Peptide ÍMH ÉH
2
OË½ ÍMHÉH

2
O ÉCOË½ y

1
Â a

1

H–Asp–Gly–OH 173 (100)

H–Asp(Gly–OH)–OH 173 (28) 145 (72)

H–Gly–Asp–OH 173 (60) 134 (40)

H–Asp–Leu–OH 229 (60) 201 (26) 132 (14)

H–Asp(Leu–OH)–OH 229 (26) 201 (63) 132 (11)

H–Leu–Asp–OH 229 (4) 134 (2) 86 (94)

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 532È542 (1998)
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Scheme 3

protonated asparagine shows [[NH3] CH2CO]/
compared to the ratio of ca. 1 for[[NH3] CO]B 6

protonated asparagine methyl ester. Clearly, the
hydroxyl group shows a much decreased tendency to
migrate compared to the methoxy group. (The weak

ion signal for protonated[MH[ NH3[ CO]`
asparagine was not reported in our earlier study.16)

The MH` ion of HÈAsp(OMe)ÈOH showed domi-
nant (60%) loss of in metastable ion frag-[H2O] CO]
mentation, with 22% loss of 9% loss ofCH3OH, H2Oand 3% loss of The breakdown graph[CH3OH ] CO].
for the MH` ion is shown in Figure 2 ; although loss of

was observed in metastable ion fragmentation, thisH2Opathway was insigniÐcant in the CID spectra even at
the lowest collision energies. The reduced loss of

from MH` of the b-ester compared toCH3OH H2Oloss from the MH` of the a-ester is in line with
observations28 that is more readily lost fromH2Oprotonated molecules than The observation ofCH3OH.
the ion signal at m/z 88 reaching([[CH3OH] CO]),
D15% of the total fragment ion signal in the CID spec-
trum, is again surprising but can be rationalized in
terms of a hydroxyl group migration in the [MH

ion analogous to that depicted in Scheme[ CH3OH]`
2.

Figure 4 compares the 20 eV CID mass spectra for
the MH` ions of the three possible dipeptides contain-
ing aspartic acid and glycine, while Table 1 presents the
relative ion signals for unimolecular fragmentation of
the MH` ions on the metastable ion time scale. The
three isomers are readily distinguished either from their

metastable ion mass spectra or from their low-energy
CID mass spectra of the respective MH` ions. Under
CID conditions protonated HÈGlyÈAspÈOH fragments
predominantly to give protonated aspartic acid (m/z
134) with minor ion signals corresponding to [MH

ion) and m/z 30 ion). Protonated[ H2O]` (b2 (a1glycine (m/z 76) is a prominent ion signal in the CID
mass spectra of protonated HÈAspÈGlyÈOH and HÈ
Asp(GlyOH)ÈOH. This is in line with earlier
observations29h33 that protonated peptides show pref-
erential fragmentation adjacent to acidic amino acid
residues. In agreement with the proposal of Yu et al.,29
we suggest that the protonated amino acid ion)(y1Aarises as shown in Scheme 3 for the a-isomer, involving
formation of a protonated succinic anhydride/amino
acid ion/neutral complex within which proton transfer
occurs to give the protonated amino acid. An analogous
reaction can be written for formation of the iony1Afrom the protonated b-isomer. The a-amino group is
not essential to the reaction ; thus, the MH` ion of
protonated succinylphenylalanine methyl ester shows
substantial formation of protonated phenylalanine
methyl ester in both unimolecular metastable ion and
CID mass spectra.

An ion which appears generally to be characteristic of
the HÈAsp(Xxx)ÈOH conÐguration is that at m/z 70 as
seen in the CID spectrum of the MH` ion of HÈ
Asp(Gly)ÈOH (Figure 4) and seen in other b-Asp dipep-
tides. A weak ion m/z 70 ion signal is observed in the
fragmentation of protonated HÈAspÈGlyÈOH, presum-
ably arising by loss of from the abundant asparticH2O

Scheme 4

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 532È542 (1998)
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Figure 5. 20 eV CID mass spectra of protonated H–Asp–Val–OH and H–Asn–Val–OH.

acid immonium ion at m/z 88. Even in the case of the
Asp/Gly combinations, the m/z 70/m/z 88 ratio serves to
distinguish the a- and b-isomers. This m/z 70 ion from
b-dipeptides appears to originate by loss of a neutral
amino acid from the ion (m/z[MH [ H2O [ CO]`
145 in Figure 4, middle) as outlined in Scheme 4. By
contrast, the MH` ion of HÈAspÈGlyÈOH shows no
signal for loss of but rather shows anH2O ] CO

abundant metastable ion signal corresponding to loss
of (m/z 173). Loss of is followed by loss ofH2O H2Oketene to give the ion at m/z 131 and also by loss of

to give the ion of m/z 156. The sequential lossNH3of from protonated hasH2O]NH3 HÈAspÈGlyÈOCH3been noted previously by Castet et al.19 who postulated
an acyclic structure for the product ion. A more likely
interpretation is given in Scheme 5 involving formation

Scheme 5

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 532È542 (1998)



ION CHEMISTRY OF PROTONATED ASPARTIC ACID DERIVATIVES 539

of a protonated N-substituted maleimide ; the ion signal
at m/z 110 can be rationalized, as shown, by loss of

from this structure.H2O ] CO
A similar fragmentation sequence is much more

prominent in the CID mass spectra of protonated
asparagine derivatives. Figure 5 compares the 20 eV
CID mass spectra of protonated HÈAspÈValÈOH and
protonated HÈAsnÈValÈOH. Although [MH [ H2O(m/z 198) is clearly seen for HÈAspÈValÈOH,[ NH3]`the m/z 198 ion is much more promi-([MH [ 2NH3]`)
nent in the CID spectrum of the asparagine derivative.
In addition, m/z 173 and([MH [ NH3[ CH2CO]`)
m/z 152 are also more([MH [ 2NH3[ H2O[ CO]`)
prominent for the asparagine derivative. For protonated
HÈAsnÈValÈOH metastable ion fragmentation leads
predominantly (93%) to loss of while for theNH3aspartic acid derivative the analogous loss of fromH2Othe side chain carboxyl group accounts for less than
61% of the metastable ion signal (some of the metasta-
ble ion signal may correspond to loss of from theH2Ovaline carboxyl group). Another noteworthy di†erence
in the two spectra is the much more abundant signal for
protonated valine (m/z 118) for the aspartic acid deriv-
ative ; clearly, the carboxylic hydrogen of aspartic acid is

much more readily transferred (Scheme 3) than the
amidic hydrogen of asparagine.

The evolution of the characteristic fragmentation of
the a- and b-dipeptides with internal energy is illus-
trated in Figures 6 and 7 for the MH` ions of HÈAspÈ
LeuÈOH and HÈAsp(LeuOH)ÈOH, while the
metastable ion data for Asp/Leu dipeptides are present-
ed in Table 1. The MH` ion derived from HÈLeuÈAspÈ
OH gave predominantly m/z 86, the immonium iona1derived from the N-terminal leucine at all collision ener-
gies. The characteristic (m/z 229) ion[MH [ H2O]`
derived from the a-dipeptide and the fragments origin-
ating by further fragmentation of this ion (loss of NH3(m/z 212) and loss of ketene (m/z 187)) are prominent at
low collision energy but decrease in importance with
increasing collision energy, particularly [MH[ H2O]`.
At collision energies above 20È25 eV protonated leucine
(m/z 132) and the immonium ions derived from aspartic
acid (m/z 88) and from leucine (m/z 86) dominate the
breakdown graph. The ion (m/z[MH [ H2O [ CO]`
201) dominates the breakdown graph for the b-
dipeptide at low collision energies. This fragmentation
undoubtedly involves loss of from both theH2O ] CO
a-carboxyl group of aspartic acid and the leucine car-

Figure 6. Breakdown graph for protonated H–Asp–Leu–OH.

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 532È542 (1998)
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boxyl group. The species arising[MH [ H2O [ CO]`
from loss of the a-carboxyl group shows the character-
istic fragmentation to yield m/z 70 by elimination of
neutral leucine. The arising by[MH[ H2O [ CO]`
loss of the leucine carboxyl group appears to fragment
further to give the leucine immonium ion, probably
involving formation of a substituted succinic anhydride
neutral (Scheme 5). The seen in[MH[ H2O [ CO]`
the spectrum of HÈAspÈLeuÈOH must involve loss of
the leucine carboxyl group and a similar elimination of
aminosuccinic anhydride from this ion can account for
formation of the leucine immonium ion (m/z 86). For

both dipeptides signiÐcant formation of protonated
leucine (m/z 132) is observed (Scheme 3).

The 20 eV CID mass spectra of protonated HÈAspÈ
PheÈOMe (aspartame) and protonated HÈAsp(PheÈ
OMe)ÈOH (b-aspartame) are shown in Figure 8, while
the relative fragment ion abundances observed on
unimolecular metastable ion fragmentation are record-
ed in Table 2. Although (m/z 277) is of[MH [ H2O]`
major importance in the metastable ion mass spectrum
of aspartame, its abundance decreases rapidly in the
CID mass spectra with increasing collision energy ; the
further fragmentation products arising by loss of NH3

Figure 7. Breakdown graph for protonated H–Asp(Leu–OH)–OH.

Table 2. Metastable ion fragmentation of protonated H–Asp–Phe–OMe
and H–Asp(PheOMe)–OH

% fragment ion abundance

Fragment Ion (m /z) H–Asp–Phe–OMe H–Asp(PheOMe)–OH

ÍMH½ ÉH
2
OË½ (277) 61 6

ÍMH½ ÉCH
3
OHË½ (263) 27 28

ÍMH½ ÉH
2
O ÉCOË½ (249) 29

ÍMH½ ÉCH
3
OH ÉCOË½ (235) 3 21

y
1
Â ion (180) 9 16

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 532È542 (1998)
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Figure 8. 20 eV CID mass spectra for protonated H–Asp–Phe–OMe and H–Asp(Phe–OMe)–OH.

(m/z 260) and ketene (m/z 235) from are[MH [ H2O]`
observed in signiÐcant yield. The ion signal at m/z 235
undubtedly corresponds to both loss of H2O ] CH2CO
and loss of from the MH` ion. Elimi-CH3OH] CO
nation of from protonated aspartame is aCH3OH
major metastable ion fragmentation route, although the
ion signal (m/z 243) is weak in the CID mass spectra.
Similarly, elimination of is a major metastableCH3OH
ion fragmentation reaction for protonated b-aspartame,
although the signal has practically disappeared in the
20 eV CID spectrum, probably by elimination of CO to
form the ion at m/z 235 ; this ion appears to fragment
further by a reaction analogous to that depicted in
Scheme 5 to give the phenylalanine immonium ion at
m/z 120. Loss of from the free a-carboxylH2O ] CO
group of b-aspartame is a signiÐcant fragmentation
reaction under CID conditions and this ion decomposes
further by elimination of phenylalanine methyl ester to
give the ion at m/z 70, characteristic of the b-linkage.
Both the protonated aspartames show formation of
protonated phenylalanine methyl ester (m/z 180) in the
metastable ion mass spectra and this ion becomesy1A

the base peak in the 20 eV CID mass spectra, consistent
with the general mechanism outlined in Scheme 3.

CONCLUSIONS

A detailed study of the fragmentation reactions of the
isomeric monomethyl esters of aspartic acid has been
carried out. A novel methoxy group migration is pro-
posed to rationalize the observation of lossH2O] CO
from protonated HÈAspÈOMe. An analogous methoxy
group migration is proposed to rationalize the observ-
ation of the loss of from protonated HÈNH3] CO
AsnÈOMe. The fragmentation reactions of a variety of
dipeptides containing the a- and b-linkage to aspartic
acid have been examined. It is shown that the isomers
are readily distinguishable either from the metastable
ion mass spectra or from the low-energy CID mass
spectra of the MH` ions. A characteristic reaction for
protonated dipeptides containing the b-linkage is loss of

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 532È542 (1998)
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and this is followed by elimination of aH2O ] CO
neutral amino acid or ester to give a characteristic ion
at m/z 70. For protonated dipeptides containing the a-
linkage primary fragmentation is by elimination of H2Oand this is followed by elimination of ketene or
ammonia, reactions which are not observed for dipep-
tides containing the b-linkage. It also appears that the
aspartic acid immonium ion (m/z 88) is more abundant
in the spectra of dipeptides with the a-linkage. For all
protonated dipeptides facile formation of the ion isy1A

observed consistent with earlier observations29h33 of
preferred cleavage of protonated peptides at acidic resi-
dues.
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