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Abstract

The fragmentation reactions of deprotonated peptides containing aspartic acid have been elucidated using MS? and MS? experiments and
accurate mass measurements where necessary. The disposition of labile (N— and O— bonded) hydrogens in the fragmentation products has been
studied by exchanging the labile hydrogens for deuterium whereby the [M—D]~ ion is formed on electrospray ionization. a-Aspartyl and (3-
aspartyl dipeptides give very similar fragment ion spectra on collisional activation, involving for both species primarily formation of the y, ion
and loss of H,O from [M—H]~ followed by further fragmentation, thus precluding the distinction of the isomeric species by negative ion tandem
mass spectrometry. Dipeptides of sequence H—Xxx—Asp—OH give characteristic spectra different from the a- and B-isomers. For larger peptides
containing aspartic acid a common fragmentation reaction involves nominal cleavage of the N—C bond N-terminal to the aspartic acid residue to
form a ¢ ion (deprotonated amino acid amide (c;) or peptide amide (c,)) and the complimentary product involving elimination of a neutral amino
acid amide or peptide amide. When aspartic acid is in the C-terminal position this fragmentation reaction occurs from the [M—H]~ ion while when
the aspartic acid is not in the C-terminal position the fragmentation reaction occurs mainly from the [M—H—H, O]~ ion. The products of this N—C

bond cleavage reaction serve to identify the position of the aspartic acid residue in the peptide.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The use of collision-induced dissociation (CID) studies
in tandem mass spectrometry to identify and to provide the
sequence of the amino acids present in a peptide is well estab-
lished [ 1-4]. The majority of these CID studies have been carried
out on protonated or multiply-protonated peptides. As a result
of many studies the main fragmentation channels have been
established and considerable progress has been made in under-
standing, in detail, the mechanistic aspects of the fragmentation
of protonated peptides; these studies have been the subject of
several recent reviews [5—10]. Tandem mass spectrometric stud-
ies of deprotonated peptides are less common and as a result less
is known concerning the detailed fragmentation modes of the
deprotonated species. In early studies, Bowie and co-workers
have reported the high-energy (keV) CID of mostly deproto-
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nated dipeptides and tripeptides; the mechanistic information
obtained from these studies has been summarized [11,12]. More
recently, Bowie and co-workers have carried out extensive stud-
ies of the low-energy (eV) CID of larger deprotonated peptides
and have shown that useful structural and sequence information
can be obtained which often is complimentary to that obtained by
positive ion studies; these studies recently have been reviewed
[13]. Cassady and co-workers [14—17] also have explored the
low-energy fragmentation reactions of a variety of larger depro-
tonated peptides while Marzluff et al. [18] have explored the
lowest energy fragmentation pathways of a variety of small
deprotonated peptides using Fourier-transform mass spectro-
metric techniques.

The studies of Bowie and co-workers [11-13] have shown
that there often are fragmentation reactions which are specific
to particular side chain groups in the peptide. In the absence of
such specific side-chain effects, the fragment ions observed on
collisional activation of deprotonated peptides can be illustrated
schematically as shown in Scheme 1 using nomenclature
[16,19] adapted from that used for protonated peptide fragmen-
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tation [20,21]; this is well-illustrated by the results obtained
[19] for deprotonated peptides containing only H or alkyl side
chains under low-energy collisional activation. However, we
have observed that fragmentation of deprotonated peptides
containing phenylalanine [22], glutamic acid [23] or proline
[24] show atypical fragmentation reactions dependent on the
specific amino acid residue present. At the same time our studies
have shown that more extensive and, often, sequence-specific
fragmentation is observed under low-energy CID than that
observed under high-energy CID conditions [11,12]. In the
present study we have examined the fragmentation of small
deprotonated peptides containing aspartic acid and we compare
our results with the results obtained by Bowie and co-workers
[25,26]. Aspartic acid also is of interest since both a-aspartyl
and PB-aspartyl derivatives are possible and there is considerable
interest [27-31] in distinguishing between the isomeric species;
Bowie did not examine [3-aspartyl derivatives.
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Scheme 1.

2. Experimental

Low-energy CID studies were carried out using an electro-
spray/quadrupole mass spectrometer (VG Platform, Micromass,
Manchester, UK) with CID in the interface between the atmo-
spheric pressure source and the quadrupole mass analyzer, so-
called cone-voltage CID. It has been clearly established [32-36]
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Fig. 1. Comparison of CID mass spectra of deprotonated Asp and [M—D]™ ion
of Asp-d4. 40V cone voltage.
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that CID in this fashion produces mass spectra very similar to
those obtained by low-energy CID in quadrupole collision cells.
Since there is no mass selection of the precursor ion to be studied
this approach is only viable when there is one dominant primary
ion; such was the case in the present studies. The results are pre-
sented in the following either as CID mass spectra at a set cone
voltage or as breakdown graphs expressing relative fragment ion
intensities as a function of the cone voltage, a measure of the col-
lision energy in the interface region. MS? and MS> experiments
also were carried out using an electrospray/quadrupole/time-of-
flight (QqToF) mass spectrometer (QStar, MDS Sciex, Concord,
Canada). In the MS? experiments CID in the interface region
produced fragment ions, that of interest being mass-selected
by the quadrupole mass analyzer (Q) to undergo collisional
activation in the quadrupole collision cell (q), with the ionic
fragmentation products being analyzed by the time-of-flight ana-
lyzer. The QqToF instrument was operated under conditions

Table 1
CID mass spectra of anions derived from H—Asp—OMe (20 eV collision energy)
mlz [M—H]~ [M—H—NH3]~ [M—H—CH3O0H]~
(miz 146) (mlz 129) (m/z 114)
146 3.0
129 18.9 9.8
114 95.1 7.5
101 5.9
86 13.6
85 36.0 100
83 11.7
72 443 372
71 91.3 17.6 100
70 100 5.6
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Fig.2. Comparison of CID mass spectra of deprotonated Asp—Gly and [M—D]~
ion of Asp—Gly-ds. 40V cone voltage.

which permitted accurate mass measurements to confirm ele-
mental compositions where necessary.

Ionization was by electrospray on both instruments. For the
single-quadrupole instrument the sample was dissolved in 1:1
CH3CN:1% aqueous NH3 and introduced into the ion source
at a flow rate of 30 uL min~! with nitrogen being used as
both nebulizing and drying gas. The use of 1:1 CD3CN:1%
ND3 in DO as solvent resulted in exchange of all labile
hydrogens for deuterium and formation of the [M—D]™ ion
on ionization, thus allowing study of the disposition of the
labile hydrogens in the fragment ions observed. For the QqToF

[M-HJ
-H,
100 0 189
Asp(Gly) m
127
-(H,0+CO,)
Yi
-(H,0+NH,)
154
128 172 190
100109110 114
) AJM/
B e e e e e s et ol
100+ Asp(Gly)-ds 129
173
[M-DJ
193
O/O—
130
154
174
110 1?5' 131 155 172'{\ 192]| 00
111

0

Fig. 3. Comparison of CID mass spectra of deprotonated Asp(Gly) and [M—D]~
ion of Asp(Gly)-ds. 40 V cone voltage.
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Fig. 4. Breakdown graph for deprotonated Asp—Leu. [M—H]™ ion (m/z 245)
not shown.
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Fig. 5. Breakdown graph for deprotonated Asp(Leu). [M—H]™ ion (m/z 245)
not shown.
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instrument the peptide was dissolved in 1:1 CH30H:0.1%
aqueous NH3 and introduced into the ion source at a flow
rate of 80 nL min~!. Nitrogen was used as nebulizing and
drying gas and as collision gas in the quadrupole collision
cell.

All peptide samples were obtained from Bachem Biosciences
(King of Prussia, PA) and were used as received. The sample
of H-Asp—OCHj3 contained a minor impurity of H—Asp—OH
consequently experiments were carried out only on the QqToF
instrument where mass selection of the ion to be studied was
possible.
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3. Results and discussion
3.1. Aspartic acid and methyl aspartate

Fig. 1 compares the CID mass spectrum of deprotonated
aspartic acid with that obtained for the [M—D] ™ ion of the acid in
which the labile hydrogens has been exchanged for deuterium.
The major primary fragmentation reaction involves loss of CO»
from [M—H]™ to form m/z 88, with minor elimination of NH3
(m/z 115) and even more minor elimination of HyO (m/z 114). In
high-energy CID studies Bowie and co-workers [37] observed

7
HZ?/C\O HN—CH—C
+ HN— O,H
UC\W/ (FE 2
HoN
2 O Y1

Scheme 4.
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these fragmentation reactions but with a much more pronounced
loss of H,O and minor loss of CO from the [M—H]~ ion. MS3
studies showed that the m/z 115 ion eliminated CO; to form m/z
71, in agreement with the work of Bowie. The labelling results
show that the ammonia lost incorporates two labile hydrogens
(those bonded to N?) plus one hydrogen initially bonded to car-
bon and presumably gives deprotonated maleic (or fumaric) acid
as a product. The elimination of NH3 appears to be a direct 1,2-
elimination; a charge-directed mechanism, such as illustrated in
Scheme 2 should lead to appreciable loss of NDj3 for the labelled
compound since one of the carboxyl groups bears a deuterium.

A much more abundant m/z 114 ion is formed by loss of
CH30H from deprotonated H—Asp—OMe. The CID spectra
obtained on the QqToF instrument for [M—H]~, [M—H—-NH3]™
and [M—H—CH3OH]™ are presented in Table 1. The major pri-
mary fragmentation reactions of the deprotonated ester involve
loss of NH3 and loss of CH30H, although there may be a
direct route from the deprotonated species to m/z 70. The major
fragmentation route of [M—H—NH3]™ involves loss of CO» to
form m/z 85 as confirmed by accurate mass measurements.
The [M—H—CH3OH]~ (m/z 114) fragments to form m/z 72
([CoHaNO217), miz 71 ([CoHNO;]17) and m/z 70 ([C3H4NO] —,
involving loss of CH,CO, CH3CO and CO; respectively, in
agreement with the earlier study of Bowie and co-workers [37].

3.2. Dipeptides

Figs. 2 and 3 show the CID mass spectra obtained by
cone-voltage CID for deprotonated H—Asp—Gly—OH and
H—Asp(Gly—OH)—OH and compares the spectra with those
obtained for the [M—D] ™ ion of the peptides in which the labile
hydrogens were exchanged for deuterium. The first observation
is that the spectra of the a- and 3-dipeptides are very similar thus
precluding the possibility of distinguishing the different linkages
by negative ion tandem mass spectrometry. This is in contrast
to positive ion tandem mass spectrometry which does provide
distinction between the isomeric dipeptides [30] and negative
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Fig. 6. Comparison of CID mass spectra of deprotonated Leu—Asp and
[M—D]~ ion of Leu—Asp-ds. 48 V cone voltage.

ion tandem mass spectrometry which does provide distinction
between a- and vy-glutamyl dipeptides [23]. The major primary
fragmentation of [M—H]™ at low collision energies involves
elimination of H,O although formation of the y; ion becomes
the dominant fragmentation reaction at higher collision energies.
This is shown clearly by the breakdown graphs for deproto-
nated H-Asp—Leu—OH and H—Asp(Leu—OH)—OH presented
in Figs. 4 and 5. Bowie and co-workers [25] have reported
that the major fragmentation reaction of deprotonated a-aspartyl
dipeptides in high-energy CID involved loss of water with minor
formation of the y; ion. The labelling results (Figs. 2 and 3) show
that primarily labile hydrogens are involved in the water-loss
reaction although there appears to be minor loss of HDO from
the deuterated species (similar results, not shown, were obtained

F‘/@QJH—?H—cozH
R

H,C —CH
/ >C—OH /
H,N E HoR I_OH
0]
H=C=0 -
? + NH—-ICH——COZH
Ct|
H2|< ! —OH 5
o 1

Scheme 5.



116 A.G. Harrison, A.B. Young / International Journal of Mass Spectrometry 255-256 (2006) 111-122

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

mlz [M—H]~ [M—H—H,0]~ [M—H—CO;]~
(m/z 245) (mlz 227) (m/z201)

245 100

227 12.1 100

209 79 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

88 15.7 30.1

71 4.7

for the dipeptides containing leucine). Fragmentation of the
[M—H—-H,O]™ ion involves loss of NH3 (m/z 154, Figs. 2 and 3)
and loss of CO, (m/z 127, Figs. 2 and 3). MS? experiments
showed that the m/z 127 ion from H—Asp—Gly—OH formed m/z
85 (loss of CH,CO) and m/z 84 (loss of CH,=CHNH,). The
major fragmentation pathways triggered by the initial loss of
HO are summarized in Scheme 3 for H-Asp—Xxx—OH. In this
scheme and several further schemes ion-neutral complexes are
proposed to be involved. There is substantial evidence [38,39]
for such complexes in the fragmentation of gaseous anions
although concerted reactions cannot be excluded in some cases.
Initial loss of HyO from deprotonated H—Asp(Xxx—OH)—OH
leads to the same ion ¢ and, thus, to similar CID mass spectra for

O T T T T T 1 T 1 T 1 17

H-Gly-Asp-OH

% of total ion signal

J;|J4l|¢|lll|l1T
24 28 32 36 40 44 48 52

Cone voltage (volts)

Fig. 7. Breakdown graph for deprotonated Gly—Asp. [M—H]™ ion (m/z 189)
not shown.

the isomeric dipeptides. A fragmentation product unique to the
dipeptides containing leucine is observed at m/z 113 and corre-
sponds to elimination of CsHjg from the [M—H—H>,O—CO,]™
ion; this fragmentation product shifted in part to m/z 115 and, in
part, to m/z 116 when the labile hydrogens were exchanged for
deuterium.

A subtle difference in the fragmentation of the deprotonated
o- and B-dipeptides is the labile hydrogen retention in the y
ion. As Fig. 2 shows the y; ion derived from H-Asp—Gly—OH
shows largely incorporation of two labile hydrogens in the y; ion
while H-Asp(Gly—OH)—OH shows (Fig. 3) almost equal reten-
tion of one and of two labile hydrogens in the y; product ion.
Similar results, not shown, were obtained for H-Asp—Leu—OH
and H-Asp(Leu—OH)—OH. A pathway which leads to incorpo-
ration of two labile hydrogens in y; is shown in Scheme 4 for
an a-dipeptide; a similar fragmentation reaction can be written
for the B-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 y; ion is shown in
Scheme 5 for the 3-dipeptide. An equivalent pathway is less

1—(NH=CHC02H+CH2=CO)

R
) -
HN—CH—C—O0

Scheme 6.
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likely for the a-dipeptide since it would involve abstraction of
the hydrogen on the a-carbon which is made less acidic by the
amino substituent.

Fig. 6 compares the CID spectrum of deprotonated
H—Leu—Asp—OH with that of the [M—D] ™ ion of the dipeptide
in which the labile hydrogens were exchanged for deuterium,
while Table 2 records the CID spectra obtained on the QToF
instrument for three ions derived from H—Leu—Asp—OH. The
energy dependence of the fragmentation reactions are illustrated
by the breakdown graph for deprotonated H-Gly—Asp—OH, as
obtained by cone-voltage CID and shown in Fig. 7. The spectra
observed are quite different from the spectra of the o- and -

1 g
HoN—CH—C—NH—CH—CO,H
™

R
| -
HoN—CH—C—NH + H,C=CH—CO,H
¢

Scheme 8.

aspartyl dipeptides discussed above. Bowie and co-workers [25]
observed mainly loss of H>O and loss of CO3 in the high-energy
CID of deprotonated H-Leu—Asp—OH, with minor formation
of m/z 130 (deprotonated leucine) and m/z 115. The breakdown
graph of Fig. 7 shows that there are four fragmentation path-
ways of [M—H]™ at the lowest collision energies, formation of
deprotonated glycine (m/z 74), loss of CO, formation of m/z 115
(elimination of neutral glycinamide) and formation of the c| ion
(deprotonated glycinamide), with the latter product becoming
the dominant fragmentation product at higher collision energies.
The signal for loss of H>O never amounted to more than 2% of
the total ionization for either deprotonated H—Gly—Asp—OH or
H-Leu—Asp—OH.

The deprotonated N-terminal amino acid (m/z 130, Fig. 6
and m/z 74, Fig. 7) has also been observed by Bowie and co-
workers [25]. A plausible fragmentation mechanism is shown in
Scheme 6. Bowie and co-workers have proposed that the initial
cyclic intermediate fragments to the carboxylate anion and a 3-
lactam; we propose instead fragmentation to an imine and ketene
rather than the lactam. The mechanism proposed in Scheme 6
is similar to that proposed by Gronert and co-workers [40] for
elimination of the C-terminus amino acid residue from metal-
cationated peptides. Although it is not entirely clear from Fig. 6,
it appears that the major part of the ion signal incorporates two
labile hydrogens, as expected. There are several pathways to the
cy ion. As theresults in Table 2 show, one pathway is by fragmen-
tation of the [M—H—H,O] ™ ion; a possible mechanism is shown



118 A.G. Harrison, A.B. Young / International Journal of Mass Spectrometry 255-256 (2006) 111-122

}IQ ?HZ_C02H
HoN—CH—C—NH—CH—CO,

|

R O ~CH—CO,H
I
H;N—CH—C—NH—CH—COH

|

| - ?H*COZH
H,N—CH—C—NH ( |

CH—CO,H

RN

R o CHz—COMH
HoN—CH—C—N—CH—CO,H

R CH—CO,™
HpN—CH—C—NH"~ CH—CO,H
¢ m/z 115
Scheme 9.

in Scheme 7 and involves elimination of maleic anhydride from
[M—H—-H,0O]~. A second pathway is by fragmentation of the
[M—H—CO»]~ ion; as outlined in Scheme 8, a pathway involv-
ing elimination of acrylic acid from [M—H—CO;]~ is the likely
route. It also is likely that c; is formed directly from [M—H] ™.
A pathway which leads to either the ¢ ion or to m/z 115 (depro-
tonated maleic or fumaric acid) is illustrated in Scheme 9. This
fragmentation mode is similar to that reported by Steinborner
and Bowie [26] for fragmentation of larger deprotonated pep-
tides containing aspartic acid.

A further fragment ion observed for both H-Leu—Asp—OH
and H-Gly—Asp—OH is that of m/z 88; the MS? results of Table 2
show that this fragment arises by nominal elimination of the N-
terminus amino acid residue from [M—H—CO,]~. Styles and
O’Hair [41] first reported elimination of the glycine residue
from the a; ((M—H—CO;] ™) ion of glycylglycine; this fragmen-
tation mode was investigated, in detail, both experimentally and
computationally by Chass et al. [42]. For the systems studied ear-
lier, the fragmentation occurs in the step-wise fashion indicated
in Scheme 10 with the acyl ion observed as an intermediate.
This pathway, as applied to the ap ion of H-Xxx—Asp—OH
where the a-carboxyl group is lost in forming [M—H—CO3]™,
would lead to retention of three labile hydrogens in the prod-
uct ion because of the presence of the 3-COOH group. How-
ever, as is evident from Fig. 6, the fragment ion contains only
two labile hydrogens. Thus, a pathway involving initial loss
of CO, from the -carboxyl group is proposed in Scheme 11

and results in retention of two labile hydrogens in the ionic
product.

3.3. Larger peptides

Fig. 8 presents the breakdown graph obtained by cone-voltage
CID for deprotonated H-Gly—Ala—Asp—OH. The major pri-
mary fragmentation products are deprotonated H-Gly—Ala—OH
(mlz 145), the ¢, ion (m/z 144) and m/z 115 (deprotonated maleic
or fumaric acid), along with more minor yields of the y; ion (m/z
132) and the a3 ion (m/z 216). The formation of deprotonated
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 c; ion (m/z 144)

T e T
FgN—=CH—C—NH—CH™ ———  HN~CH—C—NH—CH;R,

-R{CH=NH

RCHy,— NH™ & —— R;CH—NH—C™

Scheme 10.
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and the ion of m/z 115 can be rationalized by the pathway illus-
trated in Scheme 9. The m/z 115 product fragments further by
elimination of CO; to form m/z 71.

Fig. 9 compares the CID mass spectrum of deprotonated
H—Gly—Asp—Gly—OH with that of the [M—D]~ ion of the
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Fig. 8. Breakdown graph for deprotonated Gly—Ala—Asp. [M—H]~ ion (m/z
260) not shown.
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Fig. 9. Comparison of CID mass spectra of deprotonated Gly—Asp—Gly and
[M—D]~ ion of Gly—Asp—Gly-ds. 40 V cone voltage.

tripeptide in which the labile hydrogens were exchanged for
deuterium while Fig. 10 shows a similar comparison for deproto-
nated H-Gly—Gly—Asp—Ala—OH. Both spectra show substan-
tial loss of H,O from [M—H] ™, incorporating almost exclusively
labile hydrogens; energy-resolved mass spectra showed that this
was the dominant fragmentation mode at low internal energies.
For H-Gly—Asp—Gly—OH the base peak at m/z 154 corresponds
to elimination of glycinamide from [M—H—H,O]~ while m/z 73
(the c1 ion) is the complementary product, deprotonated glyci-
namide. Similarly, the m/z 168 product of Fig. 10 represents the
loss of neutral glycylglycinamide from [M—H—H;O]~ while m/z
130 (the c; ion) is the complementary product, deprotonated gly-
cylglycinamide. MS? studies of the [M—H—H,0]~ (m/z 299)

168 5 [
100 } Gly-Gly-Asp-Ala
G
M-HJ
% 130 [M-H]
317
"b,
186 228 H,0
169 227] 299 318
88 124131 h 212 )(
0 . AN - i ah
LA s s e et st et e s et s LB s ot s ond s asat aasnd aesad st
M-DJ
100 168 165 X [
‘| Gly-Gly-Asp-Ala-d, . 323
16

Fig. 10. Comparison of CID mass spectra of deprotonated Gly—Gly—Asp—Ala
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amplification m/z 175 to m/z 240.
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ion of H-Gly—Gly—Asp—Ala—OH showed formation of both
mfz 168 and m/z 130 with the m/z 130/m/z 168 ratio increas-
ing with increasing collision energy. Further fragmentation of
miz 168 by loss of CO; and by loss of CO, + CHj3 and frag-
mentation of m/z 130 by loss of H,O was observed at higher
collision energies. Thus, for both peptides the major fragmen-
tation of [M—H—H,O]~ involves cleavage of the N—C bond
N-terminal to the aspartic acid residue to eliminate an amino
acid or peptide amide or to form the appropriate deprotonated
amide. In their study of larger deprotonated peptides containing
aspartic acid Steinborner and Bowie [26] have observed a sim-
ilar fragmentation occurring mainly from the [M—H]™ ion but
also from the [M—H—H;O]™ ion. For [M—H]™ ions, the reac-
tion leading to elimination of a neutral amide has been called a
y-cleavage while formation of the deprotonated amide has been
called a 8-cleavage; calculations on a model system showed that
the y-cleavage reaction is thermochemically favoured [13]. One
should note the weak signal at m/z 186 in Fig. 10 which corre-
sponds to elimination of glycylglycinamide from [M—H]™, the
fragmentation reaction observed by Steinborner and Bowie. As
discussed above, the main fragmentation of the [M—H]~ ion

7
o R
R{ O N
I
~HN—CH—C—NH—CH _ c/

|
o

of H-Gly—Ala—Asp—OH involves cleavage of the N—C bond
to form a deprotonated peptide amide and the complementary
product deprotonated maleic/fumaric acid. However, it is clear
that, for the smaller peptides studied in the present work, N—C
bond cleavage occurs mainly from the [M—H—H,O] ™~ ion when
the aspartic acid is not in the C-terminal position.

The labelling results show that the m/z 154 product (Fig. 9)
incorporates to a significant extent one labile hydrogen as does
the m/z 168 product of Fig. 10. The c; ion of Fig. 9 shows incor-
poration of a total of two or of three labile hydrogens while
the c, ion of Fig. 10 incorporates a total of three or of four
labile hydrogens. A plausible pathway, applicable to both pep-
tides, is shown in Scheme 12 where hydrogen interchange (H/D
exchange for the labelled peptides) between the amide nitrogen
and the 3-CH, group is proposed to rationalize the labelling
results. This mechanism (without the hydrogen interchange) is
very similar to that proposed by Steinborner and Bowie [26]
for fragmentation of [M—H]™ ions. The m/z 186 ion of Fig. 10
shows incorporation of one or of two labile hydrogens; this is
compatible with the Steinborner and Bowie mechanism as long
as one allows hydrogen exchange between the amide nitrogen
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and the B-CH; group. The MS? studies showed that the c; ion
derived from H-Gly—Gly—Asp—Ala—OH fragmented by loss of
H,0. This fragmentation of ¢, ions has been observed earlier
[22] for c; ions derived from peptides containing phenylalanine
and was interpreted in terms of formation, in part, of the enol
form of the deprotonated peptide amide. An analogous path-
way leading to the enol form is possible in this case as well as
illustrated in Scheme 13. It is likely that both the pathways of
Schemes 12 and 13 are operative.

Fig. 11 shows the breakdown graph obtained for deprotonated
H—Asp—Val-Tyr—OH. Loss of NHj3, loss of H,O and loss of
H>0O +NH3 are observed as low-energy fragmentation products
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Fig. 11. Breakdown graph for deprotonated Asp—Val—Tyr. [M—H]™ ion (m/z
394) not shown.

with loss of HyO+NH3 dominating much of the breakdown
graph. The y; ion (deprotonated tyrosine) becomes a prominent
ion at higher collision energies as does a product of m/z 152.
MS3 studies showed that the major fragmentation reaction of
[M—H—-H,0O]~ was loss of NH3 although both [M—H—-H,0]™
and [M—H—-H;O—NH3]™ did fragment, in part, to form the y;
ion. The m/z 152 product appeared to arise by fragmentation of
[M—H]~ although the detailed pathway is not clear.

4. Conclusions

The present work to some extent confirms the earlier obser-
vations of Bowie and co-workers [25,26] but also extends these
observations and conclusions to a considerable extent. The
use of deuterium labelling and MS? studies has provided fur-
ther details concerning fragmentation mechanisms. As we have
observed in earlier studies [19,22-24], low-energy (eV) colli-
sional activation provides more extensive sequence-informative
fragmentation than observed in the high-energy (keV) colli-
sional activation studies of Bowie. One of the more important
observations is that CID of the [M—H]~ ions of a-aspartyl and
B-aspartyl dipeptides give very similar fragment ion spectra
thus precluding their distinction by negative ion tandem mass
spectrometry; this probably also extends to larger o- and 3-
aspartyl peptides since the initial elimination of H,O forms a
common species for both isomers. Bowie and co-workers did
not study [3-aspartyl derivatives. A characteristic fragmentation
reaction of deprotonated aspartic acid derivatives involves cleav-
age of the N—C bond N-terminal to the aspartic acid residue
to from a deprotonated peptide amide or to eliminate a neu-
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tral peptide amide. Although this reaction has been identified
for larger peptides containing aspartic acid [26] it has not been
characterized for smaller deprotonated peptides. The present
work has shown that, for deprotonated peptides containing a
C-terminal aspartic acid residue, such as H-Xxx—Asp—OH or
H—Xxx—Yyy—Asp—OH, the N—C bond cleavage occurs from
the [M—H]™ ion to form the appropriate c ion or the compli-
mentary product, deprotonated maleic acid (Scheme 9). How-
ever, for peptides with the sequence H-Yyy—Asp—Zzz—OH or
H—Xxx—Yyy—Asp—Zzz—OH the N—C bond cleavage occurs
primarily from the [M—H—H,O]~ ion to form the appropriate
c ion or a deprotonated N-substituted maleimide as shown in
Schemes 12 and 13. The products of this N—C bond cleavage
serve to identify the position of the aspartic acid residue in the
peptide.
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