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Electron-transfer dissociation allows differentiation of isoaspartic acid and aspartic acid residues
using the same c � 57 and z � 57 peaks that were previously observed with electron capture
dissociation. These peaks clearly define both the presence and the position of isoaspartic acid
residues and they are relatively abundant. The lower resolution of the ion trap instrument
makes detection of the aspartic acid residue’s diagnostic peak difficult because of interference
with side-chain fragment ions from arginine residues, but the aspartic acid residues are still
clearly observed in the backbone cleavages and can be inferred from the absence of the
isoaspartic acid diagnostic ions. (J Am Soc Mass Spectrom 2006, 17, 15–19) © 2005 American
Society for Mass Spectrometry
Nonenzymatic deamidation of asparagine, and
at a much lower rate glutamine, residues in
proteins occurs spontaneously over time with

reaction half-lives that range from �1 day to �3 years,
depending on neighboring amino acid residues and on
the higher order folding structure of the protein [1].
Deamidation typically proceeds via SN2 attack by the
backbone amide on the side-chain carbonyl to displace
ammonia forming a cyclic succinimide intermediate
(Scheme 1) [2]. This intermediate is unstable in aqueous
solutions, and because of the symmetry around the
nitrogen in the ring, hydration of the succinimide
results in formation of a mixture of aspartic acid and
isoaspartic acid. In simple peptide studies, the branch-
ing ratio of this experiment is usually �3:1 in favor of
the isoaspartic acid residue [3]; however, this ratio is
unlikely to hold in whole proteins because of confor-
mational constraints.

This exchange has two large implications on protein
tertiary structure. First, it exchanges a neutral or slightly
basic residue for an acidic one—thus changing the
charge and hydrogen bonding structure. Second, if an
isoaspartic acid residue is generated, an additional
methylene unit is placed in the protein backbone,
pushing the adjacent carbonyl carbon and �-carbons
apart by an additional �1-1.5 Å. In both cases, the local
environment of the initial asparagine/glutamine is dis-
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rupted, which could have dramatic impact on the
folding structure of the protein. This nonenzymatic
posttranslational modification is important to protein
folding studies, including antibody-based therapeutics,
which could lose activity or generate unexpected side
activities because of a change in their tertiary structure.
Furthermore, deamidation is commonly considered one
of the fundamental modes by which protein aging is
controlled in vivo as evidenced by the existence and
importance of a repair enzyme [4, 5].

Detection of deamidation in peptides and proteins
is relatively easy using gel electrophoresis because of
the pI change of the protein or using mass spectrom-
etry because of the �0.984 Da mass shift. However,
differentiation of the two products, aspartic acid and
isoaspartic acid residues, is much harder, because the
two isomeric residues are highly similar in reactivity.
The currently existing methods include NMR, Ed-
man-based sequencing methods, and antibody-based
detection methods. The first two methods are very
insensitive, requiring milligram quantities of pure
peptides, and the latter relies on antibodies with
relatively poor selectivity. One of the best methods
for distinguishing aspartic acid from isoaspartic acid
in small peptides is use of high-performance liquid
chromatography (HPLC). HPLC, however, also re-
quires relatively large concentrations of peptides to
generate a signal in a detector (depending highly on
the peptide’s amino acid composition) and it sepa-
rates the two peptides without identifying which is
which. Use of the protein isoaspartyl methyltrans-

ferase enzyme with radiolabeled methyl groups also
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has been used to define the presence (but not the
position) of isoaspartic acid [4, 6, 7]. Finally, mass
spectrometry has been applied to this problem using
traditional collisional activation tandem mass spec-
trometry methodologies because the relative abun-
dance of the amide bond cleavages next to the
aspartic/isoaspartic acid residues can change sub-
stantially [8, 9]. However, this method has little
predictive value unless the peptide in question has
been synthesized in both aspartic and isoaspartic acid
forms and control spectra have been established
before running the unknown.

Electron capture dissociation (ECD), however, pri-
marily cleaves the nOc� bond in peptides [10]. Be-
cause isoaspartic acid does not have an nOc� bond, it
was postulated that the ECD spectra of aspartic
acid-containing peptides versus isoaspartic acid con-
taining peptides would be substantially different,
allowing facile differentiation of the two residues, a
hypothesis that was borne out by experiment [11]. In
these experiments, the c�Oc� bond was cleaved,
which generated a diagnostic side-chain cleavage for
aspartic acid residues, at M-60 Da and two diagnostic
backbone cleavages at cn � 57 (or cn

• � 58) and zm �
57 (where m � peptide length � n). The former
determines the presence but not the position of the
aspartic acid, but the latter defines both the presence
and the position of the isoaspartic acid.

Because electron-transfer dissociation (ETD), [12,
13] like ECD, generates odd-electron fragments and
thus proceeds via radical-based rearrangements,
here, it is postulated that the same diagnostic frag-
ments observed with ECD will be observed by ETD.
This article is intended to report recent results testing

Scheme 1. The standard model mechanism for deamidation of
asparaginyl and isomerization of aspartyl residues.
this hypothesis.
Methods

Methanol and glacial acetic acid were purchased from
Mallinckrodt (Phillipsburg, NJ). Nitrobenzene was
obtained from Sigma-Aldrich (St. Louis, MO). The pep-
tides RAAAGAD�GD�GAGAD�AR and RAAAGA-
D�GD�GAGAD�AR were synthesized by AnaSpec
(San Jose, CA). The peptides were dissolved to �0.1
mg/mL in 50/50/1 (vol/vol/vol) methanol/water/
acetic acid for nano-electrospray ionization (ESI) [14,
15]. Nano-ESI was accomplished with nanospray emit-
ters pulled from borosilicate capillaries (1.5 mm outer
diameter, 0.86 mm inner diameter) using a P-87 Flam-
ing/Brown micropipet puller (Sutter Instruments, No-
vato, CA). A stainless steel wire was inserted into the
back of the capillary and a potential of 1.5-2 kV was
applied to the wire for ionization [16, 17].

All experiments were performed on a Hitachi (San
Jose, CA) M-8000 quadrupole ion trap mass spectrom-
eter that has been modified for ion/ion reactions [18].
Nitrobenzene anions were generated using an atmo-
spheric sampling glow discharge ionization [19] source
as described previously [20] and were injected into the
trap through a hole in the ring electrode. For a typical
experiment, peptide cations were injected for �1 s.
Isolation was accomplished using the Hitachi’s filtered
noise field (FNF) [21, 22] waveforms and by raising the
amplitude of the rf signal applied to the ring electrode
of the ion trap to eject unwanted ions (�50 ms).
Nitrobenzene anions were injected for �100 ms into the
ion trap during which time an FNF waveform was
applied to eject anions other than nitrobenzene [M �
H]� and M�• ions. Approximately 200 ms were allowed
for ion/ion reactions to occur. After the reaction time,
residual anions were ejected by raising the rf level of the
trap, and cations were then analyzed by resonance
ejection. Spectra shown here are averaged over �5 min
(�250 scans). The data were smoothed using five-point
boxcar averaging.

Results and Discussion

Figure 1 shows the ETD spectra of the two model
synthetic peptides RAAAGAD�GD�GAGAD�AR (Fig-
ure 1a) and RAAAGAD�GD�GAGAD�AR (Figure 1b).
These tandem mass spectrometry experiments com-
pletely sequenced both peptides with all c and z ions
appearing with m/z �250 (except for z11, which was
present in low abundance but not clearly resolved due
to interference from b12-H2O). Cleavages on both sides
of the aspartic acid and isoaspartic acid residues at
positions 7, 9, and 14 were observed. In addition, a
number of y ions as well as the b12 and a12 ions were
apparent in the spectra. For the isoaspartic acid-contain-
ing peptide (Figure 1b), the diagnostic cn � 57 and zm �
57 (m � peptide length � n) ions yielded full comple-
mentary information on all three isoaspartic acid resi-
due positions. For comparison with prior ECD results

[11] it is important to note that the cn � 57 peak is the
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same as the cn
• � 58 peak because a cn ion and a cn

• differ
by one hydrogen atom. In this case, the cn � 57
nomenclature is used because the cn

• were not observed,
which will be discussed later. The potential observation
of the M-60 Da product ion, which is diagnostic of the
presence of the aspartic acid residues, was obscured by
the M-59 Da arginine side-chain cleavage fragments
[23]. Likely, peptides without arginine residues would
not experience this interference and the presence of
aspartic acid could be reinforced by observation of the
M-60 Da ions.

The six isoaspartic acid diagnostic ion mass regions
from Figure 1a, b are expanded and shown in Figure 2.
For each ion, the left panel shows the data from Figure
1b for the isoaspartic acid-containing peptide and the

Figure 1. ETD MS/MS spectra of two model sy
isoaspartic acid residues. Sequence and cleavages
diagnostic ions.
right panel shows the data from Figure 1a for the
aspartic acid-containing analog. The peaks are clear and
abundant in the isoaspartic acid containing peptide
(left) and are not detectable in the Asp peptide (right),
in spite of interference from background z � 31 peaks.
Clearly, ETD also generates the expected diagnostic
ions that had been previously observed by ECD. In
Figure 1a, the presence of the aspartic acid residues can
be inferred from the absence of the c � 57 and z � 57
ions noted previously.

Given the differences in the ECD and ETD experi-
ments, direct comparison of the respective data is
complicated. ECD was performed on doubly charged
peptide ions whereas ETD was performed on triply
charged peptide ions. The different charge states of the
peptide likely have different structures and the triply

tic peptides containing (a) aspartic acid and (b)
oted on the insets. Bold denotes isoaspartic acid
nthe
are n
charged ions will at least have an additional protona-
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tion site, and these factors may well influence the
dissociation behavior observed. In addition, the reac-
tions were performed in substantially different environ-
ments, with ECD occurring at very low pressure (�10�9

mbar), and ETD is performed in an ion trap backfilled
with helium to a pressure of �2 � 10�4 mbar, which
would likely lead to very different activation and cool-
ing rates for the two experiments. Although this makes
firm conclusions about any observed differences diffi-
cult to draw, comparison of the results of the two
experiments yields some interesting observations.

It was noted in the ECD experiments that roughly
equal amounts of c•/c and z•/z product ions were
observed for the NOC� bond cleavages, whereas the
ETD results seemed to show primarily one product ion
for each c or z ion. Although it is fairly well known that
ECD generally tends to produce c and z• products, the
relative frequency of c/z• and c•/z formation in ETD
still has not been thoroughly investigated. The limited
mass accuracy of the ion trap instrument used for these
ETD studies makes definitive assignment of these prod-
ucts as even or odd electron species difficult, but it does

Figure 2. Expanded plots from Figure 1 showing the regions
containing the isoaspartic acid diagnostic ions, the left panels are
from Figure 1b (isoaspartic acid) and the right panels are from
Figure 1a (aspartic acid).
seem clear that there is primarily one product in each
case, not a mixture of the two. Furthermore, the mass
difference of 57 between the relevant c ions and the
diagnostic c � 57 ions also suggests that the c ions in
those cases are even electron ions.

Also of interest are the y ions, as well as the b12
� and

a12
� ions, produced in the ETD experiment. Although

possibly these ions are a product of the ETD process,
they also may arise by other means. The formation of a
and y ions is a well-known minor ECD pathway, which
may account for some of these ions, and, in fact, they
are observed in the ECD results for this peptide, al-
though the relative frequency of this pathway in ETD
still is unknown. The presence of b and y ions could
potentially be attributed to various minor collisional
activation processes that occur in the ion trap, for
example, during the initial cation isolation or during the
mass analysis step [18], because cleavage of the COON
amide bond to produce b and y ions is the preferred
dissociation pathway for collisional activation of pep-
tide ions. However, the only b ion observed, the b12

� , is
not observed as a major product for collisional activa-
tion of the triply or doubly protonated peptide precur-
sor ions (data not shown). In the ECD experiments,
prominent b and y ions corresponding to cleavage
C-terminal to the aspartic acid or isoaspartic acid resi-
dues were noted and attributed to collisional activation
occurring during the gas pulse before detection or to
activation by higher-energy (9 eV) electrons. These ions
are not particularly prominent in the ETD results. A
final potentially interesting observation from the ETD
data is that the c and z ions corresponding to cleavage
N-terminal of the isoaspartic acid residues appear to
increase in relative abundance, when compared with
the peptide containing the normal aspartic acid resi-
dues. This is particularly noticeable for the c13

� and z3
�

ions, but also can be seen in the c8
� and z8

� ions, and the
c6

� and z10
� ions show no obvious change. A similar

change in relative abundance was not noted for the
ECD experiments.

The experiments shown here were performed using
the [M � 3H]3� molecular ions from these model
peptides. The ETD reaction with the doubly charged
molecular ion showed little or no evidence of dissocia-
tion. This is likely because of a shift in the branching
ratio between proton transfer (partial neutralization)
and electron transfer, with proton transfer becoming the
dominant process for the lower-charge states. Such
difficulties with ETD of doubly charged peptides have
been reported and discussed previously [24].

An intriguing alternative mechanism to explain the
limited fragmentation observed in doubly charged ions
has been postulated and previously observed on lantibi-
otics [25]. The ETD reaction will produce two charge
reduced molecular ions, the [M � 2H]2�• or [M � 3H]�••

ions, as its primary products, which further fragment to
produce the observed species. One possible reason for the
lack of dissociation products from the [M � 2H]2�• ion is
that the elevated internal vibrational energy available to

this radical cation causes extensive secondary fragmenta-
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tion, which distributes the fragment ion intensity into
many dissociation channels, preventing detection—simi-
lar to the spectra observed in ECD of cyclic peptides [26].
The [M � 3H]�••, by contrast, has a “quenching” mode
available to stabilize the biradical by recombination form-
ing a double-bond or cyclic structure. Thus, backbone
fragments could be formed and then stabilized by quench-
ing the biradical. This lantibiotic research showed the
presence of both the stabilized and the quenched biradi-
cals using MS3 methods.

The spectra in Figures 1 and 2 show an anomaly, the
cause of which is not clear at this time in the form of
�31 Da adducts on several of the z-ion peaks. These
adducts are likely because of reaction of the z-ion
radicals with the ETD reagent nitrobenzene or some
background neutral molecule. The investigation into
the formation of these adducts is ongoing and will be
reported separately. Because they are present in both
the Asp and the iso-Asp peptide ETD spectra, they have
no diagnostic value for distinguishing these residues.

Conclusions

Differentiation of aspartic and isoaspartic acid residues
using ETD is possible using the same c � 57 and z � 57
peaks that were observed with ECD. These peaks
clearly define both the presence and the position of
isoaspartic acid residues, are relatively abundant, and
often provide complementary information. The lower
resolution of the ion trap instrument makes detection of
the aspartic acid residue’s diagnostic peak difficult
because of interference with side-chain fragment ions
from arginine residues. Although the c � 57 and z � 57
ions peaks are similar between the ECD and ETD
reactions (in spite of being performed on completely
different instruments at very different background
pressures), the observed b, y, and a ions are quite
different. The ETD reaction is not expected to be sub-
stantially thermodynamically different from the ECD
reaction and actually may be cooler because of the
energetics and additional vibrational modes of the
anion. However, the presence of abundant y ions and
the b12 and a12 ions indicates that increased vibrational
energy is available (compared with ECD) at some point
in the experiment. Most likely, this energy arises be-
cause of collisional activation of some or all of the
reacting species during ion isolation or resonance ejec-
tion in the ion trap experiment.
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