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bstract

The fragmentation reactions of deprotonated peptides containing aspartic acid have been elucidated using MS2 and MS3 experiments and
ccurate mass measurements where necessary. The disposition of labile (N and O bonded) hydrogens in the fragmentation products has been
tudied by exchanging the labile hydrogens for deuterium whereby the [M D]− ion is formed on electrospray ionization. �-Aspartyl and �-
spartyl dipeptides give very similar fragment ion spectra on collisional activation, involving for both species primarily formation of the y1 ion
nd loss of H2O from [M H]− followed by further fragmentation, thus precluding the distinction of the isomeric species by negative ion tandem
ass spectrometry. Dipeptides of sequence H Xxx Asp OH give characteristic spectra different from the �- and �-isomers. For larger peptides

ontaining aspartic acid a common fragmentation reaction involves nominal cleavage of the N C bond N-terminal to the aspartic acid residue to

orm a c ion (deprotonated amino acid amide (c1) or peptide amide (cn)) and the complimentary product involving elimination of a neutral amino
cid amide or peptide amide. When aspartic acid is in the C-terminal position this fragmentation reaction occurs from the [M H]− ion while when
he aspartic acid is not in the C-terminal position the fragmentation reaction occurs mainly from the [M H H2O]− ion. The products of this N C
ond cleavage reaction serve to identify the position of the aspartic acid residue in the peptide.

2006 Elsevier B.V. All rights reserved.

Fragm

n
o
r
i
a
c
p
[
l
t
l
d
m

eywords: Deprotonated peptides; Aspartic acid; Tandem mass spectrometry;

. Introduction

The use of collision-induced dissociation (CID) studies
n tandem mass spectrometry to identify and to provide the
equence of the amino acids present in a peptide is well estab-
ished [1–4]. The majority of these CID studies have been carried
ut on protonated or multiply-protonated peptides. As a result
f many studies the main fragmentation channels have been
stablished and considerable progress has been made in under-
tanding, in detail, the mechanistic aspects of the fragmentation
f protonated peptides; these studies have been the subject of
everal recent reviews [5–10]. Tandem mass spectrometric stud-
es of deprotonated peptides are less common and as a result less

s known concerning the detailed fragmentation modes of the
eprotonated species. In early studies, Bowie and co-workers
ave reported the high-energy (keV) CID of mostly deproto-

∗ Corresponding author. Tel.: +1 416 978 3577.
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entation mechanisms

ated dipeptides and tripeptides; the mechanistic information
btained from these studies has been summarized [11,12]. More
ecently, Bowie and co-workers have carried out extensive stud-
es of the low-energy (eV) CID of larger deprotonated peptides
nd have shown that useful structural and sequence information
an be obtained which often is complimentary to that obtained by
ositive ion studies; these studies recently have been reviewed
13]. Cassady and co-workers [14–17] also have explored the
ow-energy fragmentation reactions of a variety of larger depro-
onated peptides while Marzluff et al. [18] have explored the
owest energy fragmentation pathways of a variety of small
eprotonated peptides using Fourier-transform mass spectro-
etric techniques.
The studies of Bowie and co-workers [11–13] have shown

hat there often are fragmentation reactions which are specific
o particular side chain groups in the peptide. In the absence of

uch specific side-chain effects, the fragment ions observed on
ollisional activation of deprotonated peptides can be illustrated
chematically as shown in Scheme 1 using nomenclature
16,19] adapted from that used for protonated peptide fragmen-
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Scheme 1.

ation [20,21]; this is well-illustrated by the results obtained
19] for deprotonated peptides containing only H or alkyl side
hains under low-energy collisional activation. However, we
ave observed that fragmentation of deprotonated peptides
ontaining phenylalanine [22], glutamic acid [23] or proline
24] show atypical fragmentation reactions dependent on the
pecific amino acid residue present. At the same time our studies
ave shown that more extensive and, often, sequence-specific
ragmentation is observed under low-energy CID than that
bserved under high-energy CID conditions [11,12]. In the
resent study we have examined the fragmentation of small
eprotonated peptides containing aspartic acid and we compare
ur results with the results obtained by Bowie and co-workers
25,26]. Aspartic acid also is of interest since both �-aspartyl
nd �-aspartyl derivatives are possible and there is considerable
nterest [27–31] in distinguishing between the isomeric species;
owie did not examine �-aspartyl derivatives.

. Experimental

Low-energy CID studies were carried out using an electro-

pray/quadrupole mass spectrometer (VG Platform, Micromass,

anchester, UK) with CID in the interface between the atmo-
pheric pressure source and the quadrupole mass analyzer, so-
alled cone-voltage CID. It has been clearly established [32–36]

ig. 1. Comparison of CID mass spectra of deprotonated Asp and [M D]− ion
f Asp-d4. 40 V cone voltage.
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Scheme 2.

hat CID in this fashion produces mass spectra very similar to
hose obtained by low-energy CID in quadrupole collision cells.
ince there is no mass selection of the precursor ion to be studied

his approach is only viable when there is one dominant primary
on; such was the case in the present studies. The results are pre-
ented in the following either as CID mass spectra at a set cone
oltage or as breakdown graphs expressing relative fragment ion
ntensities as a function of the cone voltage, a measure of the col-
ision energy in the interface region. MS2 and MS3 experiments
lso were carried out using an electrospray/quadrupole/time-of-
ight (QqToF) mass spectrometer (QStar, MDS Sciex, Concord,
anada). In the MS3 experiments CID in the interface region
roduced fragment ions, that of interest being mass-selected

y the quadrupole mass analyzer (Q) to undergo collisional
ctivation in the quadrupole collision cell (q), with the ionic
ragmentation products being analyzed by the time-of-flight ana-
yzer. The QqToF instrument was operated under conditions

able 1
ID mass spectra of anions derived from H Asp OMe (20 eV collision energy)

/z [M H]−
(m/z 146)

[M H NH3]−
(m/z 129)

[M H CH3OH]−
(m/z 114)

46 3.0
29 18.9 9.8
14 95.1 7.5
01 5.9
86 13.6
85 36.0 100
83 11.7
72 44.3 37.2
71 91.3 17.6 100
70 100 5.6
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Fig. 4. Breakdown graph for deprotonated Asp Leu. [M H]− ion (m/z 245)
not shown.
ig. 2. Comparison of CID mass spectra of deprotonated Asp Gly and [M D]−
on of Asp Gly-d5. 40 V cone voltage.

hich permitted accurate mass measurements to confirm ele-
ental compositions where necessary.
Ionization was by electrospray on both instruments. For the

ingle-quadrupole instrument the sample was dissolved in 1:1
H3CN:1% aqueous NH3 and introduced into the ion source
t a flow rate of 30 �L min−1 with nitrogen being used as
oth nebulizing and drying gas. The use of 1:1 CD3CN:1%

D3 in D2O as solvent resulted in exchange of all labile
ydrogens for deuterium and formation of the [M D]− ion
n ionization, thus allowing study of the disposition of the
abile hydrogens in the fragment ions observed. For the QqToF

ig. 3. Comparison of CID mass spectra of deprotonated Asp(Gly) and [M D]−
on of Asp(Gly)-d5. 40 V cone voltage.

Fig. 5. Breakdown graph for deprotonated Asp(Leu). [M H]− ion (m/z 245)
not shown.
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nstrument the peptide was dissolved in 1:1 CH3OH:0.1%
queous NH3 and introduced into the ion source at a flow
ate of 80 �L min−1. Nitrogen was used as nebulizing and
rying gas and as collision gas in the quadrupole collision
ell.

All peptide samples were obtained from Bachem Biosciences
King of Prussia, PA) and were used as received. The sample

f H Asp OCH3 contained a minor impurity of H Asp OH
onsequently experiments were carried out only on the QqToF
nstrument where mass selection of the ion to be studied was
ossible.

T
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Scheme 4
.

. Results and discussion

.1. Aspartic acid and methyl aspartate

Fig. 1 compares the CID mass spectrum of deprotonated
spartic acid with that obtained for the [M D]− ion of the acid in
hich the labile hydrogens has been exchanged for deuterium.

he major primary fragmentation reaction involves loss of CO2

rom [M H]− to form m/z 88, with minor elimination of NH3
m/z 115) and even more minor elimination of H2O (m/z 114). In
igh-energy CID studies Bowie and co-workers [37] observed

.
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hese fragmentation reactions but with a much more pronounced
oss of H2O and minor loss of CO from the [M H]− ion. MS3

tudies showed that the m/z 115 ion eliminated CO2 to form m/z
1, in agreement with the work of Bowie. The labelling results
how that the ammonia lost incorporates two labile hydrogens
those bonded to N?) plus one hydrogen initially bonded to car-
on and presumably gives deprotonated maleic (or fumaric) acid
s a product. The elimination of NH3 appears to be a direct 1,2-
limination; a charge-directed mechanism, such as illustrated in
cheme 2 should lead to appreciable loss of ND3 for the labelled
ompound since one of the carboxyl groups bears a deuterium.

A much more abundant m/z 114 ion is formed by loss of
H3OH from deprotonated H Asp OMe. The CID spectra
btained on the QqToF instrument for [M H]−, [M H NH3]−
nd [M H CH3OH]− are presented in Table 1. The major pri-
ary fragmentation reactions of the deprotonated ester involve

oss of NH3 and loss of CH3OH, although there may be a
irect route from the deprotonated species to m/z 70. The major
ragmentation route of [M H NH3]− involves loss of CO2 to
orm m/z 85 as confirmed by accurate mass measurements.
he [M H CH3OH]− (m/z 114) fragments to form m/z 72

[C2H2NO2]−), m/z 71 ([C2HNO2]−) and m/z 70 ([C3H4NO]−,
nvolving loss of CH2CO, CH3CO and CO2 respectively, in
greement with the earlier study of Bowie and co-workers [37].

.2. Dipeptides

Figs. 2 and 3 show the CID mass spectra obtained by
one-voltage CID for deprotonated H Asp Gly OH and

Asp(Gly OH) OH and compares the spectra with those
btained for the [M D]− ion of the peptides in which the labile
ydrogens were exchanged for deuterium. The first observation
s that the spectra of the �- and �-dipeptides are very similar thus

recluding the possibility of distinguishing the different linkages
y negative ion tandem mass spectrometry. This is in contrast
o positive ion tandem mass spectrometry which does provide
istinction between the isomeric dipeptides [30] and negative

f
t
r
t

Scheme 5
ig. 6. Comparison of CID mass spectra of deprotonated Leu Asp and
M D]− ion of Leu Asp-d5. 48 V cone voltage.

on tandem mass spectrometry which does provide distinction
etween �- and �-glutamyl dipeptides [23]. The major primary
ragmentation of [M H]− at low collision energies involves
limination of H2O although formation of the y1 ion becomes
he dominant fragmentation reaction at higher collision energies.
his is shown clearly by the breakdown graphs for deproto-
ated H Asp Leu OH and H Asp(Leu OH) OH presented
n Figs. 4 and 5. Bowie and co-workers [25] have reported
hat the major fragmentation reaction of deprotonated �-aspartyl
ipeptides in high-energy CID involved loss of water with minor
ormation of the y ion. The labelling results (Figs. 2 and 3) show
1
hat primarily labile hydrogens are involved in the water-loss
eaction although there appears to be minor loss of HDO from
he deuterated species (similar results, not shown, were obtained

.
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Table 2
CID mass spectra of anions derived from H Leu Asp OH (20 eV collision
energy)

m/z [M H]−
(m/z 245)

[M H H2O]−
(m/z 227)

[M H CO2]−
(m/z 201)

245 100
227 12.1 100
209 7.9 13.3
201 91.1 100
183 7.4 93.3 8.4
157 8.6 8.4
130 43.5
129 72.2 20.0 84.3
115 27.5
97 13.3
8
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for the �-dipeptide in both cases leading to an aminosuccinic
anhydride neutral. An alternative pathway which leads to incor-
poration of only one labile hydrogen in the y1 ion is shown in
Scheme 5 for the �-dipeptide. An equivalent pathway is less
8 15.7 30.1
1 4.7

or the dipeptides containing leucine). Fragmentation of the
M H H2O]− ion involves loss of NH3 (m/z 154, Figs. 2 and 3)
nd loss of CO2 (m/z 127, Figs. 2 and 3). MS3 experiments
howed that the m/z 127 ion from H Asp Gly OH formed m/z
5 (loss of CH2CO) and m/z 84 (loss of CH2 CHNH2). The
ajor fragmentation pathways triggered by the initial loss of
2O are summarized in Scheme 3 for H Asp Xxx OH. In this

cheme and several further schemes ion-neutral complexes are
roposed to be involved. There is substantial evidence [38,39]

or such complexes in the fragmentation of gaseous anions
lthough concerted reactions cannot be excluded in some cases.
nitial loss of H2O from deprotonated H Asp(Xxx OH) OH
eads to the same ion c and, thus, to similar CID mass spectra for

ig. 7. Breakdown graph for deprotonated Gly Asp. [M H]− ion (m/z 189)
ot shown.
Mass Spectrometry 255–256 (2006) 111–122

he isomeric dipeptides. A fragmentation product unique to the
ipeptides containing leucine is observed at m/z 113 and corre-
ponds to elimination of C5H10 from the [M H H2O CO2]−
on; this fragmentation product shifted in part to m/z 115 and, in
art, to m/z 116 when the labile hydrogens were exchanged for
euterium.

A subtle difference in the fragmentation of the deprotonated
- and �-dipeptides is the labile hydrogen retention in the y1

on. As Fig. 2 shows the y1 ion derived from H Asp Gly OH
hows largely incorporation of two labile hydrogens in the y1 ion
hile H Asp(Gly OH) OH shows (Fig. 3) almost equal reten-

ion of one and of two labile hydrogens in the y1 product ion.
imilar results, not shown, were obtained for H Asp Leu OH
nd H Asp(Leu OH) OH. A pathway which leads to incorpo-
ation of two labile hydrogens in y1 is shown in Scheme 4 for
n �-dipeptide; a similar fragmentation reaction can be written
Scheme 6.
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ikely for the �-dipeptide since it would involve abstraction of
he hydrogen on the �-carbon which is made less acidic by the
mino substituent.

Fig. 6 compares the CID spectrum of deprotonated
Leu Asp OH with that of the [M D]− ion of the dipeptide

n which the labile hydrogens were exchanged for deuterium,
hile Table 2 records the CID spectra obtained on the QToF

nstrument for three ions derived from H Leu Asp OH. The
nergy dependence of the fragmentation reactions are illustrated

y the breakdown graph for deprotonated H Gly Asp OH, as
btained by cone-voltage CID and shown in Fig. 7. The spectra
bserved are quite different from the spectra of the �- and �-

Scheme 8.

t
T
t
H

a
w
S
c
l
r
i
e
c
i
l
c
t

.

spartyl dipeptides discussed above. Bowie and co-workers [25]
bserved mainly loss of H2O and loss of CO2 in the high-energy
ID of deprotonated H Leu Asp OH, with minor formation
f m/z 130 (deprotonated leucine) and m/z 115. The breakdown
raph of Fig. 7 shows that there are four fragmentation path-
ays of [M H]− at the lowest collision energies, formation of
eprotonated glycine (m/z 74), loss of CO2, formation of m/z 115
elimination of neutral glycinamide) and formation of the c1 ion
deprotonated glycinamide), with the latter product becoming
he dominant fragmentation product at higher collision energies.
he signal for loss of H2O never amounted to more than 2% of

he total ionization for either deprotonated H Gly Asp OH or
Leu Asp OH.
The deprotonated N-terminal amino acid (m/z 130, Fig. 6

nd m/z 74, Fig. 7) has also been observed by Bowie and co-
orkers [25]. A plausible fragmentation mechanism is shown in
cheme 6. Bowie and co-workers have proposed that the initial
yclic intermediate fragments to the carboxylate anion and a �-
actam; we propose instead fragmentation to an imine and ketene
ather than the lactam. The mechanism proposed in Scheme 6
s similar to that proposed by Gronert and co-workers [40] for
limination of the C-terminus amino acid residue from metal-
ationated peptides. Although it is not entirely clear from Fig. 6,

t appears that the major part of the ion signal incorporates two
abile hydrogens, as expected. There are several pathways to the
1 ion. As the results in Table 2 show, one pathway is by fragmen-
ation of the [M H H2O]− ion; a possible mechanism is shown
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H Gly Ala OH can be accommodated by a pathway analo-
gous to Scheme 6; this species fragments further to form m/z 88
(deprotonated alanine) and m/z 73 (deprotonated glycinamide)
as observed earlier [42]. The formation of the c2 ion (m/z 144)
Sch

n Scheme 7 and involves elimination of maleic anhydride from
M H H2O]−. A second pathway is by fragmentation of the
M H CO2]− ion; as outlined in Scheme 8, a pathway involv-
ng elimination of acrylic acid from [M H CO2]− is the likely
oute. It also is likely that c1 is formed directly from [M H]−.

pathway which leads to either the c1 ion or to m/z 115 (depro-
onated maleic or fumaric acid) is illustrated in Scheme 9. This
ragmentation mode is similar to that reported by Steinborner
nd Bowie [26] for fragmentation of larger deprotonated pep-
ides containing aspartic acid.

A further fragment ion observed for both H Leu Asp OH
nd H Gly Asp OH is that of m/z 88; the MS3 results of Table 2
how that this fragment arises by nominal elimination of the N-
erminus amino acid residue from [M H CO2]−. Styles and
’Hair [41] first reported elimination of the glycine residue

rom the a2 ([M H CO2]−) ion of glycylglycine; this fragmen-
ation mode was investigated, in detail, both experimentally and
omputationally by Chass et al. [42]. For the systems studied ear-
ier, the fragmentation occurs in the step-wise fashion indicated
n Scheme 10 with the acyl ion observed as an intermediate.
his pathway, as applied to the a2 ion of H Xxx Asp OH
here the �-carboxyl group is lost in forming [M H CO2]−,
ould lead to retention of three labile hydrogens in the prod-

ct ion because of the presence of the �-COOH group. How-
ver, as is evident from Fig. 6, the fragment ion contains only
wo labile hydrogens. Thus, a pathway involving initial loss
f CO2 from the �-carboxyl group is proposed in Scheme 11
.

nd results in retention of two labile hydrogens in the ionic
roduct.

.3. Larger peptides

Fig. 8 presents the breakdown graph obtained by cone-voltage
ID for deprotonated H Gly Ala Asp OH. The major pri-
ary fragmentation products are deprotonated H Gly Ala OH

m/z 145), the c2 ion (m/z 144) and m/z 115 (deprotonated maleic
r fumaric acid), along with more minor yields of the y1 ion (m/z
32) and the a3 ion (m/z 216). The formation of deprotonated
Scheme 10.
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Scheme 11.

nd the ion of m/z 115 can be rationalized by the pathway illus-
rated in Scheme 9. The m/z 115 product fragments further by

limination of CO2 to form m/z 71.

Fig. 9 compares the CID mass spectrum of deprotonated
Gly Asp Gly OH with that of the [M D]− ion of the

ig. 8. Breakdown graph for deprotonated Gly Ala Asp. [M H]− ion (m/z
60) not shown.

w
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t
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ig. 9. Comparison of CID mass spectra of deprotonated Gly Asp Gly and
M D]− ion of Gly Asp Gly-d6. 40 V cone voltage.

ripeptide in which the labile hydrogens were exchanged for
euterium while Fig. 10 shows a similar comparison for deproto-
ated H Gly Gly Asp Ala OH. Both spectra show substan-
ial loss of H2O from [M H]−, incorporating almost exclusively
abile hydrogens; energy-resolved mass spectra showed that this
as the dominant fragmentation mode at low internal energies.
or H Gly Asp Gly OH the base peak at m/z 154 corresponds

o elimination of glycinamide from [M H H2O]− while m/z 73
the c1 ion) is the complementary product, deprotonated glyci-

amide. Similarly, the m/z 168 product of Fig. 10 represents the
oss of neutral glycylglycinamide from [M H H2O]− while m/z
30 (the c2 ion) is the complementary product, deprotonated gly-
ylglycinamide. MS3 studies of the [M H H2O]− (m/z 299)

ig. 10. Comparison of CID mass spectra of deprotonated Gly Gly Asp Ala
nd [M D]− ion of Gly Gly Asp Ala-d7. 42 V cone voltage. Note the X5
mplification m/z 175 to m/z 240.
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on of H Gly Gly Asp Ala OH showed formation of both
/z 168 and m/z 130 with the m/z 130/m/z 168 ratio increas-

ng with increasing collision energy. Further fragmentation of
/z 168 by loss of CO2 and by loss of CO2 + CH3 and frag-
entation of m/z 130 by loss of H2O was observed at higher

ollision energies. Thus, for both peptides the major fragmen-
ation of [M H H2O]− involves cleavage of the N C bond
-terminal to the aspartic acid residue to eliminate an amino

cid or peptide amide or to form the appropriate deprotonated
mide. In their study of larger deprotonated peptides containing
spartic acid Steinborner and Bowie [26] have observed a sim-
lar fragmentation occurring mainly from the [M H]− ion but
lso from the [M H H2O]− ion. For [M H]− ions, the reac-
ion leading to elimination of a neutral amide has been called a
-cleavage while formation of the deprotonated amide has been
alled a �-cleavage; calculations on a model system showed that
he �-cleavage reaction is thermochemically favoured [13]. One

hould note the weak signal at m/z 186 in Fig. 10 which corre-
ponds to elimination of glycylglycinamide from [M H]−, the
ragmentation reaction observed by Steinborner and Bowie. As
iscussed above, the main fragmentation of the [M H]− ion

f
s
c
a

Scheme 1
Mass Spectrometry 255–256 (2006) 111–122

f H Gly Ala Asp OH involves cleavage of the N C bond
o form a deprotonated peptide amide and the complementary
roduct deprotonated maleic/fumaric acid. However, it is clear
hat, for the smaller peptides studied in the present work, N C
ond cleavage occurs mainly from the [M H H2O]− ion when
he aspartic acid is not in the C-terminal position.

The labelling results show that the m/z 154 product (Fig. 9)
ncorporates to a significant extent one labile hydrogen as does
he m/z 168 product of Fig. 10. The c1 ion of Fig. 9 shows incor-
oration of a total of two or of three labile hydrogens while
he c2 ion of Fig. 10 incorporates a total of three or of four
abile hydrogens. A plausible pathway, applicable to both pep-
ides, is shown in Scheme 12 where hydrogen interchange (H/D
xchange for the labelled peptides) between the amide nitrogen
nd the �-CH2 group is proposed to rationalize the labelling
esults. This mechanism (without the hydrogen interchange) is
ery similar to that proposed by Steinborner and Bowie [26]

or fragmentation of [M H]− ions. The m/z 186 ion of Fig. 10
hows incorporation of one or of two labile hydrogens; this is
ompatible with the Steinborner and Bowie mechanism as long
s one allows hydrogen exchange between the amide nitrogen

2.
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nd the �-CH2 group. The MS3 studies showed that the c2 ion
erived from H Gly Gly Asp Ala OH fragmented by loss of
2O. This fragmentation of c2 ions has been observed earlier

22] for c2 ions derived from peptides containing phenylalanine
nd was interpreted in terms of formation, in part, of the enol
orm of the deprotonated peptide amide. An analogous path-
ay leading to the enol form is possible in this case as well as

llustrated in Scheme 13. It is likely that both the pathways of
chemes 12 and 13 are operative.
Fig. 11 shows the breakdown graph obtained for deprotonated
Asp Val Tyr OH. Loss of NH3, loss of H2O and loss of

2O + NH3 are observed as low-energy fragmentation products

Scheme 13.

F
3

w
g
i
M
[
a
i
[

4

v
o
u
t
o
s
f
s
o
�
t
s
a
c
n
r
a
t

ig. 11. Breakdown graph for deprotonated Asp Val Tyr. [M H]− ion (m/z
94) not shown.

ith loss of H2O + NH3 dominating much of the breakdown
raph. The y1 ion (deprotonated tyrosine) becomes a prominent
on at higher collision energies as does a product of m/z 152.

S3 studies showed that the major fragmentation reaction of
M H H2O]− was loss of NH3 although both [M H H2O]−
nd [M H H2O NH3]− did fragment, in part, to form the y1
on. The m/z 152 product appeared to arise by fragmentation of
M H]− although the detailed pathway is not clear.

. Conclusions

The present work to some extent confirms the earlier obser-
ations of Bowie and co-workers [25,26] but also extends these
bservations and conclusions to a considerable extent. The
se of deuterium labelling and MS3 studies has provided fur-
her details concerning fragmentation mechanisms. As we have
bserved in earlier studies [19,22–24], low-energy (eV) colli-
ional activation provides more extensive sequence-informative
ragmentation than observed in the high-energy (keV) colli-
ional activation studies of Bowie. One of the more important
bservations is that CID of the [M H]− ions of �-aspartyl and
-aspartyl dipeptides give very similar fragment ion spectra

hus precluding their distinction by negative ion tandem mass
pectrometry; this probably also extends to larger �- and �-
spartyl peptides since the initial elimination of H2O forms a
ommon species for both isomers. Bowie and co-workers did

ot study �-aspartyl derivatives. A characteristic fragmentation
eaction of deprotonated aspartic acid derivatives involves cleav-
ge of the N C bond N-terminal to the aspartic acid residue
o from a deprotonated peptide amide or to eliminate a neu-
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ral peptide amide. Although this reaction has been identified
or larger peptides containing aspartic acid [26] it has not been
haracterized for smaller deprotonated peptides. The present
ork has shown that, for deprotonated peptides containing a
-terminal aspartic acid residue, such as H Xxx Asp OH or

Xxx Yyy Asp OH, the N C bond cleavage occurs from
he [M H]− ion to form the appropriate c ion or the compli-
entary product, deprotonated maleic acid (Scheme 9). How-

ver, for peptides with the sequence H Yyy Asp Zzz OH or
Xxx Yyy Asp Zzz OH the N C bond cleavage occurs

rimarily from the [M H H2O]− ion to form the appropriate
ion or a deprotonated N-substituted maleimide as shown in
chemes 12 and 13. The products of this N C bond cleavage
erve to identify the position of the aspartic acid residue in the
eptide.
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31] L.J. González, T. Shimazu, Y. Satami, L. Betancourt, V. Besada, G.

Padrón, R. Orlando, T. Shirasawa, Y. Shimonishi, T. Tabao, Rapid Com-
mun. Mass Spectrom. 14 (2000) 2092.

32] A.G. Harrison, Rapid Commun. Mass Spectrom. 13 (1999) 1663.
33] W.D. van Dongen, J.I.T. van Wijk, B.M. Green, W. Heerma, J.

Haverkamp, Rapid Commun. Mass Spectrom. 13 (1999) 1712.
34] A.G. Harrison, J. Mass Spectrom. 34 (1999) 1153.
35] J. Makowiecki, A. Tolonen, J. Uusitalo, J. Jalonen, Rapid Commun.

Mass Spectrom. 15 (2001) 1506.
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