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Electron-transfer dissociation (ETD) with supplemental activation of the doubly charged
deamidated tryptic digested peptide ions allows differentiation of isoaspartic acid and aspartic
acid residues using the c � 57 or z• � 57 peaks. The diagnostic peak clearly localizes and
characterizes the isoaspartic acid residue. Supplemental activation in ETD of the doubly
charged peptide ions involves resonant excitation of the charge reduced precursor radical
cations and leads to further dissociation, including extra backbone cleavages and secondary
fragmentation. Supplemental activation is essential to obtain a high quality ETD spectrum
(especially for doubly charged peptide ions) with sequence information. Unfortunately, the
low-resolution of the ion trap mass spectrometer makes detection of the diagnostic peak,
[M-60], for the aspartic acid residue difficult due to interference with side-chain loss from
arginine and glutamic acid residues. (J Am Soc Mass Spectrom 2010, 21, 1012–1015) © 2010
Published by Elsevier Inc. on behalf of American Society for Mass Spectrometry
Deamidation of asparagine (N) and isomerization
of aspartic acid (D) to form a mixture of aspartic
and isoaspartic acid (isoD) are nonenzymatic

post-translational modifications that occur spontane-
ously in proteins [1]. Deamidation occurs through a
cyclic succinimide intermediate formed by nucleophilic
attack of the side-chain carbonyl by the backbone amide
(Scheme 1) [2, 3]. This intermediate is not stable in
aqueous solution and undergoes hydrolysis, resulting
in a mixture of aspartic and isoaspartic acid typically in
a 1:3 ratio in favor of the isoaspartic acid form [4].
Deamidation half-life ranges from 1 to 500 d and the
rate of deamidation is significantly affected by the steric
hindrance of the C-terminal amino acid of aspartic acid
[5, 6] and the higher order structure of the protein. It
was found that deamidation of peptides containing
-NG- would be the fastest among the 20 common amino
acids as glycine (G) has the smallest steric hindrance.
Isomerization of aspartic acid has been found, in some
cases, to have significant impact on biological activity as
the tertiary structure is disrupted by one methylene
group (CH2) shifted from the side chain to the protein
backbone. These two structural changes dramatically
alter the folding of the protein and are postulated to be
correlated with initiation of Alzheimer’s disease [7–9].
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Analytical techniques that can be used in determina-
tion of deamidation of aspartic acid include gel electro-
phoresis [10], Edman degradation [7], high-performance
liquid chromatography (HPLC) [7], and mass spectrom-
etry (MS) [11]. Gel electrophoresis can be used to detect
a deamidated protein as the isoelectric point (pI)
changes, however, it generally cannot be used to differ-
entiate aspartic and isoaspartic acid as these two iso-
mers have similar reactivity. Edman degradation can
distinguish the isomers but the protein mixture has to
be separated by HPLC before analysis. However, HPLC
has the drawback that it requires a relatively high
concentration of sample to obtain a signal.

In addition, standard peptides containing aspartic and
isoaspartic acid are needed to perform the control exper-
iments in HPLC. Among the above techniques, mass
spectrometry is the most sensitive and has the shortest
analysis time for distinguishing aspartic acid from isoas-
partic acid. With the use of conventional dissociation
techniques in MS such as collisionally activated dissocia-
tion (CAD), it is difficult to differentiate the isomers [12].
Electron capture dissociation (ECD) used in Fourier trans-
form ion cyclotron resonance mass spectrometers (FTI-
CRMS) has demonstrated that aspartic and isoaspartic
acid can be differentiated by generation of diagnostic
ion(s) unique to each form [13–16].

In ECD, the captured electron initiates N–C� back-
bone cleavages forming c and z• ions normally. Since

isoaspartic acid does not contain any N–C� bonds, its
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fragmentation under ECD conditions is different from
that of aspartic acid. A diagnostic ion pair, cl-n � 57 (or
cl-n

• � 58) and zn
• � 57 (l is the length of the peptide, n

is isoaspartic acid), is observed as backbone fragment(s)
for isoaspartic acid and, hence, its identity and posi-
tion(s) can be determined [12]. Due to the similarity
between electron-transfer dissociation (ETD) and ECD,
differentiation of aspartic and isoaspartic acid using
ETD is also possible by detecting the presence of c � 57
and z•� 57 peaks [17]. However, recently, Andreazza et
al. have shown that four out of eight peptides in their
study did not give useful ETD spectra in positive ion
mode [18]. For the rest of the peptides, c � 57 and z• �
57 ions were detectable but in very low abundance, and
therefore there are difficulties to characterize aspartic
and isoaspartic acid in doubly charged peptides. Diffi-
culties with ETD of doubly charged precursor ions have
been reported, [19] and it was demonstrated that the
use of supplemental activation in ETD can solve this
problem [20, 21]. Therefore the use of supplementary
activation in ETD may solve the problem of detection of
c � 57 and z• � 57 ions in deamidated peptides.

Scheme 1. The standard mechanism for deamidation of aspara-
gine and isomerization of aspartic acid residues.

Figure 1. Electron-transfer dissociation (ETD)
digested peptide 92VFDKDGDGYISAAELR107 fr

(b) without supplemental activation. Bold denotes is
The purpose of this communication is to show that
with the use of supplemental activation in ETD (espe-
cially for doubly charged precursor ions), differentia-
tion of aspartic and isoaspartic acid in tryptic digested
peptides is facilitated.

Methods

All chemicals and proteins were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Bovine serum albumin
(BSA), calmodulin, and lysozyme were digested with
trypsin at 1:50 (wt/wt) in 100 �M ammonium bicarbonate
(pH 8.5) for 12 h at 37 °C. Five percent formic acid was
added to quench the reaction. The solution mixtures were
freeze-dried to remove ammonia and then dissolved to a
final concentration of 2.5 �M in 49.5:49.5:1 (vol:vol:vol)
methanol:water:formic acid for ESI-ETD experiments.

All ETD experiments were performed on a 3D high
capacity ion trap mass spectrometer (HCT Ultra; Bruker
Daltonics, Billerica, NH, USA). Peptides were directly
infused into the source at a flow rate of 4 �L/min and
ionized at 4000 V with skimmer voltage at 40 V. For ETD
experiments, fluoranthene radical anions generated in the
negative chemical ionization (nCI) source were tuned to
maximize output of ETD reagent ion (202 m/z), with
reagent ion charge control (ICC) 5e � 05, ionization
energy 70 eV, emission current 4.5 �A, and a low mass
cut-off at 210 m/z to remove remaining reactant. In each
cycle, the peptide ions were reacted with �5e � 05
fluoranthene ions for 400 ms with or without supplemen-
tal activation (smart decomposition: z � 2, z � 3, or off).

Results and Discussion

Figure 1 shows the ETD spectra (doubly charged pre-
cursor ions) of the deamidated tryptic digested peptide
92VFDKDGDGYISAAELR107 (D in bold font indicates
the aspartic or isoaspartic residue obtained from deami-

tra of the doubly charged deamidated tryptic
almodulin (a) with supplemental activation and
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om c
oaspartic acid diagnostic ions.
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dation and hydrolysis of asparagine residue) from
calmodulin with supplemental activation (Figure 1a),
and without supplemental activation (Figure 1b). In
ETD spectra of [M � 2H]2�, backbone fragments are
mainly z• ions instead of complementary c and z• ions.
This is because arginine or lysine (basic amino acid) is
located at the C-terminus of the tryptic digested pep-
tide, thus, one charge is retained at the C-terminal basic
amino acid the other being reduced by the electrons.
Therefore, the abundance of z• ions are generally much
higher than that of c ions in spite of decreased stability.
A wide range of z• ions (z3

�• to z15
�•) but only four c ions

were observed in Figure 1a while only three z• ions (z13
�•

to z15
�•) and no c ions were observed in Figure 1b.

Thus, the sequence coverage and abundance of frag-
ment peaks were dramatically increased with the use of
supplemental activation. In addition, the diagnostic z10

• �
57 ion yielding information on the isoaspartic acid residue
position was only detected in Figure 1a. The M-60 Da
product ion, which is diagnostic of the presence of the
aspartic acid residues, showed interference from the M-59
Da even-electron arginine/odd-electron glutamic acid
side-chain cleavage fragments. The z10

�• corresponding
to cleavage N-terminal to the aspartic or isoaspartic acid
residue appears to have similar abundance when com-
pared to z12

�• and z14
�• corresponding to cleavage N-

terminal to the aspartic acid residues.
The ETD spectra (doubly charged precursor

ions) of the deamidated tryptic digested peptide
421LGEYGFQDALIVR433 from BSA and 46NTDGS
TDYGILQIDSR61 from lysozyme with and without sup-
plemental activation are included in the supplementary

Figure 2. Electron-transfer dissociation (ETD)
digested peptide 128EADIDGDGQVDYEEFVQM

activation and (b) without supplemental activation. B
information, which can be found in the electronic version
of this article. These experimental results are similar to
that of ETD of doubly charged deamidated tryptic di-
gested peptide from calmodulin as discussed above. With
the use of supplemental activation, backbone fragment
(mainly from z• ions) abundance and sequence coverage
significantly increased, as well as generation of the diag-
nostic cl-n � 57 or zn

• � 57 ion. A possible mechanism of
the formation of cl-n � 57 or zn

• � 57 ion was proposed by
Cournoyer et al. [13] In addition, the intensities of z• ions
corresponding to cleavage N-terminal to the isoaspartic
acid and aspartic acid residues were relatively high com-
pared with other backbone positions.

Figure 2 shows the ETD spectra (triply charged
precursor ions) of the deamidated tryptic digested
peptide 127EADIDGDGQVDYEEFVQMMTAK148 from
calmodulin with supplemental activation (Figure 2a),
and without supplemental activation (Figure 2b). In
ETD of [M � 3H]3�, besides the typical complementary
c and z• ion pairs, minor backbone fragments such as a,
b, x, and y ions were also detected. The use of supple-
mental activation has not only produced the diagnostic
c10 � 57 ion, but also increased the intensities of all
fragment peaks by resonant excitation of the reduced
molecular ion [M � 2H]2�• or [M � 3H]�•• (base peak
shifted from [M � 2H]2� in Figure 2b to [M � H]� in
Figure 2a). Comparison of Figure 1b and Figure 2b
shows that ETD of [M � 3H]3� generated more differ-
ent types of backbone fragments (with low abundance)
and the sequence coverage was relatively high, suggest-
ing that the internal energy of the charge-reduced
molecular ion [M � 2H]2�• or [M � 3H]�•• was high

ctra of the triply charged deamidated tryptic
K149 from calmodulin (a) with supplemental
spe
MTA
old denotes isoaspartic acid diagnostic ions.
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enough to induce additional backbone cleavages. Pre-
sumably, this observed increase in fragment ion num-
ber and abundance is related to the increased Coulom-
bic repulsion inherent in more highly charged species,
which results in a more unfolded structure and in
fragments that can experience some Coulombic energy
release. However, due to the limited mass accuracy of
the ion trap instrument used for these ETD studies,
definitive assignment of several odd- or even-electron
side-chain losses from the z• ions or [M � 2H]�• was
difficult due to overlap with some of the singly and
doubly charged backbone fragments.

These experiments show that the effect of supple-
mental activation in ETD of the doubly charged precur-
sor ions was more profound than that of the triply
charged precursor ions. With the use of supplemental
activation in ETD, more backbone fragments were ob-
served. It is tentatively believed that the neutralization
energy released by the reaction between the transferred
electron and charge is alone often insufficient to induce
further dissociation or separate the hydrogen bonded
fragment ion complex. When this non-dissociative
electron-transfer product ([M � 2H]�•) was resonantly
excited, it yielded backbone fragments or side-chain
loss from [M � 2H]�• (shown in Figure 1a).

Conclusions

Electron-transfer dissociation with supplemental activa-
tion demonstrated that for doubly charged peptide ions,
supplemental activation is essential to obtain the diagnos-
tic c � 57 or z• � 57 peaks needed to differentiate aspartic
and isoaspartic acids in deamidated, digested peptide
ions. These diagnostic peaks clearly define both the pres-
ence and position of isoaspartic acid residues. With the
use of supplemental activation, the reduced precursor ion
([M � 2H]�•) was resonantly excited and underwent
further dissociation. As a result, the abundance of back-
bone fragments dramatically increased and the se-
quence coverage was significantly improved from
typically �50% to �85%. For ETD of triply charged
peptide ions, supplemental activation was also nec-
essary to generate the c � 57 or z• � 57 ions as well
as increasing the backbone fragment intensities. The low-
resolution of the ion trap instrument makes detection of
M-60 Da (the aspartic acid residue’s diagnostic peak)
difficult due to interference with side-chain fragment ions
(59 Da) from arginine and glutamic acid residues. In
addition, it was difficult to distinguish the charge states of
some of the backbone fragments in ETD of high charge
state precursor ions (e.g., [M � 3H]3�) due to the poor
resolution of the ion trap mass spectrometer.
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