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Abstract

The fragmentation reactions of protonated glutamic acid derivatives of general formula H-Glu(X)-Y, specifically
H-GIn-OH, H-Glu-NH,, H-Glu-OMe, and H-Glu(OMe)-OH, have been studied as a function of internal energy and by
tandem mass spectrometry (MS/IMS/MS) experiments. The results show that loss of HX from the y-carboxyl group leads not
only to a protonated pyroglutamic acid derivative but also to a cyclic cationated anhydride or imide ion. Loss of HY from the
a-carboxyl position is accompanied by loss of CO in agreement with the known instability of a-aminoacylium ions. The
secondary fragmentation product C,HsNO™ (m/z 84) is shown to arise by loss of HY + CO from the [MH — HX] ™ ions and
by loss of HX from the [MH — HY — CO]™ ions. Deuterium labeling experiments show that, although the primary loss of
HX and HY +CO involve only labile hydrogens, both labile hydrogens and C-bonded hydrogens are lost in the further
fragmentation of the [MH — HX]™ and [MH — HY — CO]* primary ions. It is concluded that there are severa pathways to
the m/z 84 product ion and several structures for this fragment ion. (Int J Mass Spectrom 210/211 (2001) 361-370) © 2001

Elsevier Science B.V.

Keywords: Fragmentation mechanisms; Isotopic labelling; Glutamic acid derivatives

1. Introduction

Collision-induced dissociation (CID) of protonated
peptidesis a much-used approach in the determination
of the constituent amino acid identity and sequence
[1-3]. Both low energy and high-energy CID studies
have been used in this respect [4]. With the increasing
use of electrospray and matrix-assisted laser desorp-
tion ionization sources coupled to multiple quadru-
pole instruments, quadrupole ion traps, and Fourier-
transform mass spectrometers, there is a need for a
better understanding of the low-energy fragmentation

E-mail: aharriso@chem.utoronto.ca
Dedicated to Nico Nibbering in appreciation of his science and
his friendship over many years

1387-3806/01/$20.00 © 2001 Elsevier Science B.V. All rights reserved

PIl S1387-3806(01)00405-5

processes of protonated peptides. Since the fragmen-
tation reactions of peptides are determined in part by
the identity of the constituent amino acids, there is
considerable interest in establishing, in detail, the
fragmentation reactions of protonated amino acids.
The maor low-energy fragmentation pathways of
simple protonated amino acids have been proposed
from observation of the fragment ions observed in
Brensted acid chemical ionization studies [5,6]. More
recently, Kulik and Heerma [7] have surveyed the
low-energy metastable ion fragmentation reactions
and high-energy CID fragmentation reactions of pro-
tonated amino acids produced by fast-atom bombard-
ment (FAB), whereas Dookeran et al. [8] have re-
ported on the metastable ion fragmentation reactions
and low-energy CID fragmentation reactions of the
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MH™ ions produced by FAB. There have been more
detailed studies, both experimental and theoretical, of
the fragmentation of the MH™ of glycine [9-12],
leucine and isoleucine [13], methionine [14-16],
cysteine[17], threonine [18], lysine [19], aspartic acid
[20], and arginine [21].

The present work reports a study of the fragmen-
tation reactions of simple protonated glutamic acid
derivatives, H-Glu(X)-Y using energy-resolved mass
spectrometry [22—24] and isotopic labeling to provide
more detailed information concerning the fragmenta-
tion reactions of protonated glutamic acid. A further
communication will report on the fragmentation reac-
tions of peptides containing glutamic acid and glu-
tamine

2. Experimental

Coallision-induced dissociation studies were per-
formed using an electrospray ionization/quadrupole
mass spectrometer (VG Platform, Micromass,
Manchester, UK). It is clearly established [25] that
CID can be achieved in the interface region between
the atmospheric pressure ion source and the quadru-
pole mass analyzer, so-called cone-voltage CID. Fur-
ther, it is known [26—28] that the average energy
imparted to the decomposing ions increases as the
field in thisinterface region isincreased. Recent work
in this laboratory [29—31] has shown that, by varying
this field in steps, energy-resolved mass spectra can
be obtained which are comparable to those obtained
by variable, low-energy CID in quadrupole cells. The
results of such energy-variation data are presented in
the following as breakdown graphs expressing the
percent of total ion abundance as a function of the
cone voltage, a measure of the field in the interface
region.

lonization was by electrospray with the sample, at
micromolar concentration in 1:1 CH;CN/1% agueous
HCOOH, being introduced into the source at a flow
rate of 30 wL m~ L. The electrospray capillary was
held at 2.5-3.0 kV. N, was used as a nebulizing gas
and as drying gas. The use of 1:1 CD5;CN/1%
DCOOD in D,O resulted in exchange of al labile

hydrogens by deuterium and formation of the MD*
ion in the ionization process.

MS/MS/MS experiments were carried out using an
electrospray/triple quadrupole instrument (Sciex AP
11, MDS Sciex, Toronto). Fragment ions formed by
CID in the interface region were mass selected by the
first quadrupole stage and underwent collisional acti-
vation in the radio frequency-only quadrupole colli-
sion cell with analysis of the fragmentation products
by the final mass-analyzing quadrupole.

All unlabeled amino acids and derivatives were
obtained from BACHEM Biosciences (King of Prus-
sia, PA) and were used as received. CD;CN (99.8
at. % D) and D,O (99.9 at. % D) were obtained from
Cambridge Isotope Laboratories (Andover, MA)
whereas DCOOD (95% in D,0, 99.1 at. % D) and
glutamic-2,4,4-d; acid were obtained from CDN Iso-
topes (Pointe Claire, Quebec).

3. Results and discussion

The two major primary fragmentation reactions of
protonated glutamic acid involve loss of H,O and
combined loss of H,O + CO [7,8]. It has been
proposed [8] that H,O loss occurs from the vy-car-
boxyl group with cyclization to form protonated
pyroglutamic acid, analogous to the known dehydra-
tion of glutamic acid to pyroglutamic acid in solution
[32]. The combined loss of H,O + CO was believed
[8] to involve the a-carboxyl group in line with the
known instability of a-aminoacylium ions [6—13,33].
To confirm these proposals the fragmentation reac-
tions of protonated H-GIn-OH, H-Glu-NH,,
H-Glu-OMe and H-Glu(OMe)—OH have been exam-
ined in detail in the present work.

Figs. 1-4 present the breakdown graphs for these
four protonated species. Protonated H-GIn—-OH
shows loss of NH; and protonated H-Glu-NH, shows
loss of H,O as the dominant low-energy fragmenta-
tion reactions (reaction 1 in Scheme 1) with loss of
HY + CO (reaction 2 in Scheme 1) increasing in
importance as the collision energy is increased, al-
though this fragmentation channel (producing m/z
101) is relatively minor for protonated glutamine.
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1. Breakdown graph for protonated H-GIn-OH.
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Fig. 2. Breakdown graph for protonated H-Glu-NH..
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[ MH — HX]* 1
CHy—C—X / [ ] (1)

Scheme 1.

These results confirm the proposals made earlier [8]
for protonated glutamic acid. The energy evolution of
the two reaction channels is less clear for the two
protonated methyl esters, although the results clearly
support the contention that cleavage at the y-carboxyl
group results in HX loss only whereas loss of HY
from the a-carboxyl group is accompanied by loss of
CO. Clearly, the loss of HX from the +y-carboxyl
group is favoured energetically but disfavoured en-
tropically with the result that loss of HY + CO, which
appears to be entropically favoured, increases in
importance with increasing energy deposition in the
fragmenting ions. The structure(s) of the [MH —
HX]™" ions and the pathways to and structure(s) of the
ultimate fragmentation product at m/z 84 were the
subject of further investigation.

Simple loss of HX from the vy-carboxyl group
would not be expected to be energetically favoured or
entropically disfavoured if the reaction was a simple
bond cleavage to produce an acylium ion. It appears
likely that interaction with other functional groups
accompanies the fragmentation reaction. In our initial

C/ \CH—COOH “NHy
&N\
HaN® NH,

~NH
H,C —3
NcH —C — OH
/ |
H,N o)

study [8] we assumed that cyclization accompanied
HX loss to give the appropriate protonated pyroglu-
tamic acid derivative as illustrated by reaction (3) in
Scheme 2 using protonated glutamine as an example.
An alternative route, illustrated by reaction (4) in
Scheme 2, involves cyclization to a protonated or
cationated cyclic anhydride (or imide) structure.
Some support for this pathway is derived from the
observation of low intensity ion signals at myz 102 for
H-GIn-OH, at m/z 102 for H-Glu(OMe)OH and at
m/z 116 for H-Glu-OMe. In each case these ion
signals correspond to loss of HX followed by loss of
CO. It is unlikely that CO will be lost from the vy
position since this would lead to formation of an
unstable primary carbonium ion. A much more likely
interpretation is that loss of HX is followed by
migration of Y, asillustrated in Scheme 3, with | oss of
CO occurring from the « position to form a stable
immonium ion. Such a migration also was found to
occur for protonated aspartic acid derivatives [20].

It was further assumed in the earlier work [8] that
the protonated pyroglutamic acid formed in reaction
(3) in Scheme 2 fragmented by loss of H,O + CO to
give the fragment ion at mvyz 84. In support of this
assumption it was observed that low-energy CID of
protonated pyroglutamic acid resulted in formation of
Mz 84 as the only fragment. In the present study we
observed that the MD™ ion of pyroglutamic acid-d,
resulted in specific loss of D,O + CO, i.e. them/z 84
ion shifted quantitatively to m/z 85 indicating incor-

CHZ—-CHZ
/ \ 3
O/c N N+/CH —COOH
HZ
/CHz“"C
H,C OH" “4)
NCH—C
H ,\{ I
2 o}

Scheme 2.
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Fig. 5. Breakdown graph for MD™ ion of glutamic acid-d,.

poration of one labile hydrogen in the fragment ion.
However, the situation is much more complex for the
systems presently under study. Fig. 5 records the
breakdown graph for the MD™ ion of glutamic acid-d,
(i.e. where al the labile hydrogens have been ex-
changed for deuterium) whereas Fig. 6 shows the
breakdown graph for the MH™ ion of glutamic-
2,4,4-d; acid. The formation of the m/z 84 fragment
ion clearly involves overall loss of two molecules of
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Fig. 6. Breakdown graph for MH™ ion of glutamic-2,4,4,-d; acid.

water and one carbon monoxide in some sequence. If
the water loss involved only labile hydrogens (as is
the case for pyroglutamic acid), the ion signal should
be observed entirely at mvz 85 for the MD™ ion of
glutamic acid-d, and entirely at m/z 87 for the MH™
ion of glutamic-2,4,4-d; acid. This obviously is not
the case indicating that the water molecules lost
incorporate to some extent hydrogens originaly
bonded to carbon. The primary fragmentation reac-
tions, illustrated by reactions (1) and (2) of Scheme 1
do involve primarily the labile hydrogens. Figures
7-10 compare the CID spectra of the MH™ ions of
unlabeled H-GIn-OH, H-Glu-NH,, H-Glu-Ome,
and H-Glu(OMe)-OH with the CID spectra of the

0
i ]
—C [
/CH—CEXH /OO oo CH;—C—Y
HzC —— HzC\ / —_— H2C
" " A
HN- O H,N O H,N*

Scheme 3.
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Fig. 7. Comparison of CID spectraof MH™ ion of glutamine (top)
and MD™ ion of glutamine-ds (bottom). Cone voltage 35 V.

MD™ ions of the species in which all the labile
hydrogens have been exchanged for deuterium. Thus,
the initial loss of H,O from H-GIu-NH, (Fig. 8)
becomes loss of D,O (m/z 129 — nvVz 133) whereas
loss of NH5 + CO (mVz 102) becomes loss of ND; +
CO (m/z 105). Similar specificity is shown, on the
whole, for the other systems, although there appears
to be minor loss of ND,H from the MD™ ion of
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Fig. 8. Comparison of CID spectra of MH* ion of glutamic acid
amide (top) and MD* ion of glutamic acid amide-ds (bottom).
Cone voltage 35 V.
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Fig. 9. Comparison of CID spectra of MH™ ion of a-methylgluta-
mate (top) and MD™ ion of a-methylglutamate-d; (bottom). Cone
voltage 35 V. Part of the m/z 146 signal and that a m/z 153
represent small glutamic acid impurity.

glutamine-ds and minor loss of HDO + CO from the
MD™ ion of y-methylglutamate-ds.

However, in all cases the ion signal at nVz 84 for
the unlabeled speciesis observed at more than one m/z
for the labeled species indicating involvement of both
labile hydrogens and carbon-bonded hydrogens in the
neutral losses forming the m/z 84 product. Clearly this
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Fig. 10. Comparison of CID spectra of MH™* ion of y-methylglu-

tamate (top) and MD™ ion of y-methylglutamate-d, (bottom). Cone
voltage 35 V.
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Table 1
MS® CID spectra of selected ions

Intensity [neutral(s) lost]

Source lon studied m/z 85 m/z 86 m/z 87
Glutamine-dg [MD — NDg] ", m/z 133 75.8 215 2.6
—(D,0O + CO) —(DHO + CO) —(H,0 + CO)
Glutamic acid [MD — D,O]", m/z 133 73.9 22.0 35
amide-dg —(ND; + CO) —(ND,H + CO) —(NDH, + CO)
a-Methylglutamate-d,, [MD — D,O]", m/z 146 79.9 20.1
—(CH,0D + CO) —(CH4OH + CO)
Glutamic acid [MD — ND; — CQO]*, m/z 105 29.1 57.4 135
amide-ds -D,0 —DHO —H,0
y-Methylglutamate-d, [MD — D,O — CO]*, m/z 116 44.2 55.8
—CH,0D —CH,OH
Glutamic-2,4,4,-d, acid [MH — H,O]", m/z 133 6.2 38.0 55.8
—(D,0 + CO) —(DHO + CO) —(H,0 + CO)
Glutamic-2,4,4-d; acid [MH — H,O — CO]™", m/z 105 11.6 88.4
(~DHO) (=Hx0)

mixing does not occur in the primary fragmentation
processes but must occur in the final fragmentation
process(es) leading to myz 84. To obtain confirmation
of this proposal a number of MS® experiments were
carried out with the results presented in Table 1. In al
cases the relevant fragment ion, produced by CID in
the interface region, was mass selected by the first
guadrupole analyzer and underwent CID in the qua-
drupole callision cell with analysis of the fragments
by the final quadrupole mass anayzer. The first
observation of note is that not only does the [MH —
HX] ™" ion fragment further by loss of HY + CO to
give mz 84 but also the [MH — HY — COJ* ions
fragment further by loss of HX to give the m/z 84
fragment ion. Thus, there are a minimum of two
routes to the m/z 84 fragment ion. In each of these
routes there is involvement of both hydrogens bonded
to oxygen or nitrogen and those bonded to carbon.
Thus, the [MD — NDg]" ion from glutamine-ds
shows loss of D,O + CO (75.8%), loss of HDO +
CO (21.5%) and even loss of H,O + CO (2.6%).
Similar results are obtained for the loss of ammonia
plus CO from the [MD — D,O]* ion derived from
glutamic acid amide-ds where there is significant loss
of ND,H + CO (m/z 86) and some loss of NDH,, +
CO (m/z 87). Fragmentation of the [MD — ND5; —
COJ " ion derived from glutamic acid amide-ds shows

considerable H/D mixing with loss of D,O (mvz 85),
DHO (m/z 86), and H,O (mVz 87) al being observed.

Further confirmatory evidence is provided by MS®
experiments in the glutamic-2,4,4-d; system. Thus,
the [MH — H,0O] " ion shows loss of H,O + CO
(55.8%), loss of HDO + CO (38.0%) and even loss of
D,0 + CO (6.2%); clearly the hydrogens in the 2 or
4 position are involved significantly in the fragmen-
tation process. In contrast to the[MD — ND; — CO] *
ion derived from the labeled glutamic acid amide,
which shows major loss of DHO and H,0, the[MH —
H,O — CO] " ion derived from glutamic-2,4,4-d; acid
shows mainly loss of H,O with only minor loss of
HDO. These results indicate that, in the HDO and
H,0 losses from the [MD — ND; — CO] " ion of the
labeled amide, the hydrogens do not originate to a
significant extent from the 2 or 4position of the carbon
backbone but must derive to a significant extent from
the 3 position.

Theisotopic labeling results are not consistent with
scrambling of al H/D prior to fragmentation but
rather point, with reference to Scheme 1, to more than
one mechanism for loss of HY + CO from the [MH
— HX]™ ion and more than one mechanism for loss of
HX from the[MH — HY — CO] ™ fragment ion. Two
plausible pathways for further fragmentation of the
[MH — HX]* ion, which are at least qualitatively
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consistent with the isotopic labeling results, are illus-
trated in Scheme 4 using protonated glutamic acid as
the example. There undoubtedly is some cyclization
to protonated pyroglutamic acid on loss of HX and, by
analogy with pyroglutamic acid itself further loss of
H,O + CO should involve only labile hydrogens.
Loss of HX also can lead to an acylium ion (formed
at low internal energies as a protonated anhydride
structure). Within this ion reversible transfer of a
proton from the 4 position to the carboxylic hydroxyl
group can trigger elimination of H,O + CO incorpo-
rating one or more hydrogens from the 4 position and
formation of an acyclic nVz 84 ion. Two plausible
pathways also can be postulated for further fragmen-
tation of the[MH — HY — CO]™" ion asillustrated in
Scheme 5 again using protonated glutamic acid as the
example. We cannot rule out the possibility that loss
of H,O may be accompanied by cyclization to form

the immonium ion derived from pyroglutamic acid;
such a process would most likely involve only loss of
labile hydrogens in the water lost. In addition, the
labeling results indicate participation of hydrogen(s)
from the 3 position in the water-loss process and a
pathway leading to an acylium ion structure is shown
in Scheme 5. The results thus point to at least four
pathways to formation of the m/z 84 fragment ion and,
most likely, three distinct structuresfor theions of m/z
84. Theseions al fragment further by loss of CO and
it is possible that they could be distinguished on the
basis of kinetic energy releases in the loss of CO but
we are unable to carry out such experiments.

4, Conclusions

The present results show that loss of HX (X =
OH, NH,, OCH;) only from protonated glutamic
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?H m/z 84
H,N
Scheme 5.

acid derivatives occurs from the y-carboxyl func-
tion whilelossof HY + CO (Y = OH, NH,, OCH,)
together occurs from the a-carboxyl function. Ex-
change of the labile hydrogens for deuterium shows
that these primary fragmentation reactions involve
almost exclusively loss of labile hydrogens. The
[MH — HX]" and [MH — HY — COJ]* primary
fragment ions undergo further fragmentation by
loss of HY + CO for the former and loss of HX for
the latter, in all cases forming m/z 84 (C,HsNO™).
The isotopic labeling results indicate that carbon-
bonded hydrogens (particularly from C3 and C4 of
the backbone) are involved to a significant extent in
these secondary fragmentation processes. Plausible
mechanisms leading to three distinct structures for
C,HgNO™ have been presented. The results show
that loss of HX from the y-carboxy! position leads

not only to cyclization to a protonated pyroglutamic
derivative but also to cyclization to a cationated
anhydride or imide structure. The present work also
shows that earlier proposals [8] that the m/z 84 ion
observed in the CID spectra of protonated glutamic
acid and protonated glutamine had the structure of
the pyroglutamic acid immonium ion are only
partly correct; other structures clearly are involved.
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