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Abstract
Due to its much slower deamidation rate comparing to that of asparagine (Asn), studies on glutamine
(Gln) deamidation have been scarce, especially on the differentiation of its isomeric deamidation
products: α- and γ-glutamic acid (Glu). It has been shown previously that electron capture dissociation
(ECD) can be used to generate diagnostic ions for the deamidation products of Asn: aspartic acid
(Asp) and isoaspartic acid (isoAsp). The current study explores the possibility of an extension of this
ECD based method to the differentiation of the α- and γ-Glu residues, using three human crystallin
peptides (αA (1-11), βB2 (4-14), and γS (52-71)) and their potentially deamidated forms as model
peptides. It was found that the z•-72 ions can be used to both identify the existence and locate the
position of the γ-Glu residues. When the peptide contains a charge carrier near its N-terminus, the c
+57 and c+59 ions may also be generated at the γ-Glu residue. It was unclear whether formation of
these N-terminal diagnostic ions is specific to the Pro-γ-Glu sequence. Unlike the Asp containing
peptides, the Glu containing peptides generally do not produce diagnostic side chain loss ions, due
to the instability of the resulting radical. The presence of Glu residue(s) may be inferred from the
observation of a series of zn•-59 ions, although it was neither site specific, nor without interference
from the γ-Glu residues. Finally, several interference peaks exist in the ECD spectra, which highlights
the importance of using high performance mass spectrometers for confident identification of γ-Glu
residues.

Introduction
Deamidation is one of the most important protein post-translational modifications (PTMs)
which contributes to aging, diseases (such as celiac disease, urinary tract infection, cataract
formation, cancer, and neurodegenerative diseases, e.g. Alzheimer's, Huntington's, and
Parkinson's diseases), and affects the purity and shelf life of pharmaceutical products.1 Under
physiological conditions, nonenzymatic deamidation of asparagine (Asn, N) residues may
occur both in vivo and in vitro, which generates acidic isomers, aspartic acid (Asp) and
isoaspartic acid (isoAsp), with + 0.984 Da mass shift.1,2 In cells, the deamidated proteins which
generate an isoAsp residue can be partially repaired by protein L-isoaspartyl O-
methyltransferase (PIMT) to change the isoAsp to Asp, but often the modified proteins are
degraded by proteasomes.3,4 Inefficient degradation, caused by either increased deamidation
products and decreased proteasome activity with age5 or proteasomal dysfunction,6 may lead
to accumulation of the damaged or modified proteins and related diseases.
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Like Asn, glutamine (Gln, Q) deamidates by direct hydrolysis under acidic conditions, and
proceeds via a glutarimide intermediate at neutral or alkaline conditions,2,7 Scheme 1. The
deamidation rate of Gln is much slower than that of Asn,1 except when Gln is located at the
N-terminus, under which condition it deamidates more rapidly than Asn to form a pyroglutamic
acid.2 For example, even the fastest deamidating QG sequence has a median deamidation half-
life of about 660 days as measured in the pentapeptide GXQGG,8 as opposed to less than one
day for Asn deamidation in the NG sequence.9 In general, the half-lives of the sequence-
dependent Asn peptide deamidation at neutral pH and physiological temperature range from
about 0.5 to 500 days, while those of Gln range from about 600 to 20,000 days.1 Consequently,
most known Gln deamidation are present in long lived proteins, such as eye lens crystallins.
Crystallins are highly soluble structural proteins and comprise 90% of lens proteins, which
include three classes: alpha (α), beta (β), and gamma (γ). They undergo little turnover during
their life spans, allowing accumulation of many kinds of modifications.10-12 Among these,
deamidation is one of the most prevalent, which decreases crystallin solubility, alters lens
transparency, and is associated with cataract formation, a leading cause of blindness.13

Extensive Gln deamidation has been reported in aged or diseased lens crystallin proteins.
12-21

The Asn deamidation in peptides/proteins is extensively studied, both to determine the
deamidation site(s) and to differentiate the isomeric deamidation products.22-25 Although the
+0.984 Da mass shift caused by deamidation can be easily identified using mass spectrometry
(MS), it is a much more challenging task to differentiate the isomeric deamidation products.
A variety of methods have been developed to differentiate the Asp and isoAsp residues,
including the nuclear magnetic resonance (NMR), Edman sequencing, HPLC, and antibody
based detection methods.26 All these methods have their limitations, and they either require a
relatively large quantity of peptide samples or are time consuming. The antibody based method
also requires the use of specific antibodies. Mass spectrometry has become a powerful tool for
deamidation studies, because of its small sample amount requirement, fast and accurate
detection, as well as the more detailed information provided by the tandem MS experiments.
Recently, a fast and accurate electron capture dissociation (ECD) based method has been
developed to distinguish the Asp and isoAsp residues. ECD is based on the dissociative
recombination of multiply protonated polypeptide molecules with low-energy (≤0.2 eV)
electrons, which induces the homolytic cleavage of the peptide backbone N-Cα bond, yielding
c and z• fragment ions.27-29 The additional methylene group inserted into the backbone of the
isoAsp containing peptide creates a second fragmentation channel, which proceeds via direct
cleavage of the Cα-Cβ bond, generating the diagnostic ions (c+57 and z•-57) for isoAsp
containing peptides.22,23,25 In addition, this ECD based method can provide the quantitative
measurement of the relative abundance of the isoAsp residues in deamidated proteins.24 The
same diagnostic fragments have also been detected using the electron-transfer dissociation
method (ETD),26 which has a similar backbone fragmentation mechanism to ECD.30-32

However, there have only been a limited number of Gln deamidation studies, even at the peptide
level.8 The first Gln deamidation study was reported in 1991 on a dipeptide, which showed the
formation of glutarimide intermediate and deamidation products, α- and γ-glutamate (Glu, E).
7 Similar to the Asn deamidation study, it is relatively easy to determine the number of Gln
deamidation site(s) in peptides/proteins based on the ∼+1 Da mass shift per site. The exact Gln
deamidation site(s) can be identified by using either tandem MS methods, such as collision-
induced dissociation (CID), or amino acid sequencing methods.33-35 Several methods,
including hydrolysis, Edman degradation, and NMR, have been developed to distinguish the
isomeric α- and γ-glutamyl peptides, but each has its own disadvantages.36,37 There have also
been a number of MS studies on the differentiation of the α- and γ-glutamyl residues, including
the electron impact (EI) mass spectrometry,38 chemical ionization (CI) mass spectrometry,36

and fast atom bombardment (FAB)/collisional activation (CA) tandem mass spectrometry.37
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Capillary electrophoresis (CE) was also used for the separation of two α-glutamyl tripeptides
and their potential degradation and isomerization products at pH 3 and pH 7, based on the
different acidity and basicity between the α- and γ-isomers.39 Recently, CID was used to
characterize the α- and γ-glutamyl dipeptides in negative ion mode.40 All of these methods
were limited to small peptides with less than five amino acids, and most of these methods can
only be applied to peptides with glutamyl residue located at the N-terminus to form the cyclic
structure for identification.

Because of the importance of Gln deamidation in many pathological processes and the
limitations of the existing methods discussed above, there is a clear need for a fast, sensitive
and accurate method to differentiate the α- and γ-Glu residues in relatively large peptides. In
this work, three human crystallin peptides in their potentially deamidated forms, with sizes
ranging from eleven to twenty amino acid residues, were studied by ECD to develop an ECD
based method for direct differentiation of the α- and γ-Glu residues in longer peptides, based
on the knowledge of the Asp/isoAsp differentiation.

Experimental
αA (1-11: MDVTIQHPWFK), βB2 (4-14: HQTQAGKPQSL), and γS (52-71:
PNFAGYMYILPQGEYPEYQR) human crystallin peptides in their native and two potentially
deamidated forms (synthesized by AnaSpec, Fremont, CA, USA) were analyzed by ECD at
∼10-5 M concentration in the spray solution containing 50:50 (v/v) methanol: water with 1%
formic acid. ECD analysis was performed on a custom built qQq-Fourier transform ion
cyclotron resonance mass spectrometer (FT-ICR MS) equipped with a nano-spray source and
a 7T actively shielded magnet.41,42 In ECD experiments, multiply charged precursor ions were
isolated in the front end quadrupole (Q1) and externally accumulated in the collision cell (Q2).
After that, ions were transmitted to and trapped in the cylindrical ICR cell to interact with low
energy electrons (∼0.5 eV), generated by the indirectly heated dispenser cathode (Heatwave,
Watsonville, CA, USA). A grid located in front of the cathode was set at +10 V to help guide
the low energy electrons into the ICR cell. The time domain signals were Fourier transformed
and the spectra were internally calibrated with the precursor and charge-reduced ions. The peak
assignments were done manually.

Results and Discussion
Identification of Gln deamidation site(s)

ECD spectra of the three crystallin peptides and their corresponding potentially deamidated
forms are shown in Figures 1, 2, and 3. The detailed peak lists are shown in the supplementary
tables 1-9. The Gln deamidation site(s) can be easily and accurately identified by ECD, based
on the ∼+1 Da mass shift per site caused by deamidation in the fragment ions containing the
deamidated Gln residue. Figure 4 shows the comparison of several c ions of the βB2 crystallin
peptide (4-14) in its Gln and γ-Glu forms. In the ECD spectrum of this γ-Glu containing peptide,
c4 ion at m/z 514 shows a mass shift of ∼+2 Da, consistent with the substitution of the first two
Gln residues with γ-Glu. Further, c8 ion at m/z 867 shows a ∼+2 Da mass shift, while c9 ion at
m/z 996 shows a ∼+3 Da mass shift, unambiguously identifying the Gln residue at position 9
as the third Gln residue being replaced by γ-Glu.

Characteristic ions for the differentiation of the α- and γ-Glu containing peptides Alpha A
crystallin peptide (1-11)

The αA crystallin peptide (1-11) represents the simplest situation, where there is only one Gln
residue in the peptide sequence that can undergo deamidation. The C-terminal lysine residue
is the preferred site to retain the charge after the electron capture, and consequently the ECD
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spectra in Figure 1 are dominated by the C-terminal fragments. In addition to the z• ions, z•
fragments with additional Glu side chain losses are also observed in Figure 1b and 1c. The
ECD spectra of both Glu and γ-Glu containing αA crystallin peptides have peaks corresponding
to z6•-59 ions (Figures 1b and 1c, insets), although they are formed via different mechanisms.
In ECD of the Glu containing αA crystallin peptide (Figure 1b), the z6•-59 ion is the w6 ion,
generated by the α-cleavage induced by the radical on the z6• ion (Scheme 2a). In addition, a
series of peaks corresponding to zn•-59 ions (n>6) are also observed. These ions are generated
from the partial loss of the Glu side chain from the corresponding z• ions, following through-
space radical rearrangement (Scheme 2b).43,44 Similar radical migration in larger zn• ions (n>6)
to the alpha position of the γ-Glu site may also occur in ECD of the γ-Glu containing αA
crystallin peptide. However, because the Cβ-Cγ bond is part of the backbone in this γ-Glu
peptide, its subsequent cleavage will not result in the formation of a series of zn•-59 ions, but
rather z6•-59 ion only (Scheme 2c, Figure 1c). Although the z•-59 ion is observed site
specifically in γ-Glu peptides, it can not be used as the diagnostic ion, because of its presence
in Glu peptides as well.

By contrast, the z6•-72 ion is only present in the γ-Glu containing αA crystallin peptide, but
not in the Glu peptide (Figures 1b and 1c, insets). It may be formed via a similar mechanism
to that of the isoAsp diagnostic ion formation in ECD.22 In addition to the N-Cα bond cleavage,
the electron capture at the protonated carbonyl group of the γ-Glu residue could also induce
Cα-Cβ cleavage at its N-terminal side, generating the c+71 and z•-71 ions. The primary carbon
radical in the c+71 ion is unstable, which may abstract a hydrogen from the z•-71 ion species
to form the stable c+72 and z•-72 ions (Scheme 3a). However, because of the unstable radical
intermediates involved, this process is not expected to play a significant role. A more plausible
mechanism is shown in Scheme 3b, where the radical on the N-terminal α-carbon of the z• ions
can initiate α-cleavage along the peptide backbone to generate z•-72 ions. In rare occasions,
z•-72 ions corresponding to the entire Glu side chain loss from z• ions may also be present in
the ECD spectra of Glu containing peptides. These ions are usually formed via α-cleavage
following through-space radical migration to the γ-carbon of the Glu residue,44 and they almost
never occur at sites directly N-terminal to the Glu residue. For example, in Figure 1b, the
z8•-72 ion is observed, but the z6•-72 ion is absent. Thus, the site specific z•-72 ions may serve
as characteristic ions for the differentiation of the Glu and γ-Glu containing peptides. Due to
the presence of the C-terminal lysine residue, in the ECD spectrum of the γ-Glu containing
αA crystallin peptide, no peaks corresponding to the N-terminal complementary (c+59 or c
+72) ions are observed.

Beta B2 crystallin peptide (4-14)
The βB2 crystallin peptide (4-14) (Figure 2) contains three Gln residues (Gln2, Gln4, and
Gln9) in its sequence and one lysine residue in the middle, presenting an opportunity to
investigate both N- and C-terminal fragments in ECD. The ECD spectra of the βB2 crystallin
peptide and two of its potentially deamidated forms are shown in Figure 2a-c, respectively.
Figure 2d shows the comparison of several regions of interest between ECD spectra of the two
potentially deamidated forms of βB2 crystallin peptide. ECD of the γ-Glu containing peptide
generates site specific zn•-59 ions N-terminal to the γ-Glu residues (n = 8 and 10, Figure 2c),
with the exception of the z3•-59 ion, which is not observed due to its lack of a charge carrier.
However, these zn•-59 ions are also present in the ECD spectrum of the Glu containing peptide
(Figure 2b), as a result of the partial side chain losses from the Glu residues, preventing their
use as diagnostic ions for γ-Glu residues.

On the other hand, the zn•-72 peaks are present site specifically (n = 8 and 10) in the ECD
spectrum of the γ-Glu containing βB2 peptide, but absent in that of the Glu containing βB2
peptide, similar to what was observed in the ECD study of the αA crystallin peptide. In the
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case of the βB2 crystallin peptide, however, there is an added complexity caused by the
interference peaks of the lysine side chain loss from z• ions. For example, the first isotopic
peak of the diagnostic z8•-72 ion for the γ-Glu peptide at m/z 743.39 overlaps with the
monoisotopic peak of the z8•-Lys peak at m/z 743.33, which is present in the ECD spectra of
both the Glu and γ-Glu peptides. However, this interference peak does not present a problem
for the identification of the γ-Glu here, as it can be easily distinguished from the diagnostic ion
based on the accurate mass measurement afforded by the high performance FT-ICR instrument.
A further, and more serious, complication arises from the presence of multiple Glu residues in
this peptide. In the ECD spectrum of the Glu peptide, there is a tiny peak at m/z ∼742.38, which
likely arises from the loss of Glu9 side chain of the z8• ion, via γ hydrogen abstraction at
Glu9. Since this z8•-Glu ion has the same exact mass as that of the z8•-72 diagnostic ion in the
ECD spectrum of the γ-Glu peptide, they cannot be differentiated even by an FT-ICR mass
analyzer. The result from this peptide illustrates a potential limitation of using z•-72 ion as the
diagnostic ion for the identification of γ-Glu residue in peptides with multiple Glu residues.
However, since side chain loss occurrence from a remote residue often decreases dramatically
as its distance from the backbone cleavage site increases, such interference is likely to be
minimal as evident from the very low abundance of the z8•-72 ion and the absence of the
z10•-72 ion here. Nonetheless, it would still be advantageous to identify additional
characteristic ions for γ-Glu peptides to make the assignment with higher confidence. Of
particular interest is the search for N-terminal diagnostic ions, since unlike z• ions, these ions
usually do not contain a radical to initiate side chain losses which may produce interference
peaks.

The right panel of Figure 2d shows the difference associated with N-terminal fragments
between ECD spectra of the two potentially deamidated forms of βB2 crystallin peptide. Of
the three γ-Glu residues, only one site (γ-Glu9) produced complementary diagnostic ions that
correspond to the c8+57, c8+59, and c8+72 ions. The potential characteristic N-terminal
fragments for the other two γ-Glu sites do not contain the charge carrying lysine residue and
are hence, unobservable. The peak at m/z 922.43 does not arise from the c8+55 ion, but rather
the a9•-CH4N ion. The peak at m/z 939.453 corresponding to the c8+72 ions in the γ-Glu peptide
ECD spectrum can be distinguished from the peak at m/z 939.442 in the Glu peptide ECD
spectrum, which is the result of multiple side chain losses. The c+72 ions may be formed via
the Cα-Cβ cleavage upon electron capture followed by intra-complex hydrogen transfer,
although this process is disfavored because of the unstable primary carbon radical involved as
discussed earlier (Scheme 3a). An alternative mechanism is shown in Scheme 4, which involves
the ring opening process of proline. Dissociations of proline radicals formed by ECD/ETD
have been studied in the past, where it was found that although H-atom loss is energetically
favored over backbone dissociations, H-atom migrations may also occur,45 sometimes leading
to secondary N-C or C-C bond cleavage at the proline side chain.46 In this case, the Cα radical
generated by the initial N-Cα bond cleavage at the proline residue can abstract one hydrogen
from the α or γ position of the nearby γ-Glu residue to induce α-cleavage and form c+59 and
c+72 ions, respectively. All intermediates in Scheme 4 involved are resonantly stabilized by
the conjugated carbonyl groups.47 By contrast, in ECD of Glu containing peptides, because
there are no additional methylene groups in the Glu peptide backbone, the hydrogen abstraction
from the α or γ position of the Glu residue will only lead to partial or entire side chain loss
from the molecular ions, as shown in Scheme 5. The amino acid side chain losses from the
charge reduced species are usually initiated by electron capture at either charged basic amino
acid side chains (e.g. Arg, Lys, and His), or amino acid residues capable of solvating the charge
(e.g. Asp and Met). It has been shown that charge neutralization at the solvated Asp side chain
can lead to the formation of the diagnostic [M-60]+• ion by losing an even electron species,
CH2=C(OH)2.23 The radical is left on the backbone α-carbon, which is stabilized captodatively
by the neighboring amine and carbonyl groups. Although the carboxylic acid group of the Glu
side chain is also capable of solvating the charge, a similar process is unlikely to occur at Glu
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residues, as the loss of the CH2=C(OH)2 group will result in the formation of an unstable
primary radical on the β-carbon. Nonetheless, partial Glu side chain loss from the charge
reduced species is present (peak at m/z 1139.57) in the ECD spectrum of the Glu containing
βB2 peptide ECD spectrum here. This 59 Da loss corresponds to the loss of a radical
•CH2COOH species, most likely from the Glu side chain following the proline ring opening.

The proposed mechanisms for the c+57 ion formation are shown in supplementary Scheme 1.
The c8+57 ion may be formed from the a9• ion via loss of an ethylene molecule (supplementary
Scheme 1a), although the a9• ion itself contains an unstable primary carbon radical, which
makes this mechanism an unattractive one. Alternatively, the c+57 ions could result from the
intra-complex hydrogen transfer after the initial N-Cα bond cleavage. For any c ion that
contains the γ-Glu residue, the radical on its complementary z• fragment may abstract a
hydrogen atom from the α-carbon of the γ-Glu, and the resulting c• radical can undergo α-
cleavage to produce the c+57 ion (supplementary Scheme 1b).

The site-specific occurrence of the c+57, c+59, and c+72 ions at the γ-Glu residue observed
here suggests that they too can be used as diagnostic ions for the identification of γ-Glu residues.

Gamma S crystallin peptide (52-71)
Both αA crystallin peptide (1-11) and βB2 crystallin peptide (4-14) are short Gln containing
peptides, without the interference of other existing Glu residues in their sequences. The γS
crystallin peptide (52-71) contains two Gln residues and two Glu residues in its twenty amino
acid-long peptide sequence, which makes the differentiation of Glu and γ-Glu residues more
complex than in the αA and βB2 crystallin peptides. The two potentially deamidated forms
studied here include one containing four Glu residues, and another containing two Glu and two
γ-Glu residues.

The comparison of the relevant regions associated with fragmentations near the two γ-Glu sites
(γ-Glu12 and γ-Glu19) from Figure 3c and the related Glu sites from Figure 3b is shown in
Figure 3d. Peaks corresponding to z9•-59, z9•-57, and z9•-72 ions as well as the complementary
c11+57 and c11+59 ions, which are generated by cleavage within the γ-Glu12 residue, are
present in the ECD spectrum of the γ-Glu containing γS crystallin peptide. However, the
complementary c11+72 ion is not observed here. Incidentally, in the γS crystallin peptide, the
γ-Glu12 residue is also preceded by a proline residue, just like the γ-Glu9 residue in the βB2
peptide. Thus, it is not clear whether the c+57 and c+59 ions are sequence specific or they may
serve as general diagnostic ions. None of these N- and C-terminal characteristic ions are
observed in the ECD spectrum of the Glu containing γS peptide. The tiny peak at m/z 1096 in
the Glu peptide spectrum does not correspond to the z9•-59 ion, but rather an internal fragment:
MYILPEGEY, based on its accurate mass. Therefore, the presence of these complementary
diagnostic ions provides high confidence for the identification and location of the γ-Glu12
residue, even in the presence of multiple Glu residues in the sequence.

For the γ-Glu19 residue in the γ-Glu containing γS crystallin peptide, the diagnostic z2•-59 and
c18+59 ions have the same elemental composition as the c2 and z18• ions, respectively. This
ambiguity has a similar origin as the homeometric peptides, which are different peptides with
similar theoretical tandem mass spectra.48,49 This does not constitute a systematic limitation
to the method developed here, since its occurrence is expected to be rare, although it does
emphasize the importance of multiple diagnostic ions to increase the confidence in γ-Glu
identification. Unfortunately, in this particular case, the z2•-72 and c18+72 ions are not observed
in the γ-Glu peptide ECD spectrum either. Thus, the γ-Glu19 residue could not be identified
by the N- or C-terminal characteristic ions established here.
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There are, in general, no equivalent Glu diagnostic ions to the abundant [M-60]+• ion present
in the ECD spectra of Asp containing peptides.22 The [M-60]+• ion is produced via the charge
neutralization at the solvated Asp side chain, a process that is inhibited at the Glu side chain,
due to the instability of the resulting radical. Direct Glu side chain loss from the charge reduced
species either partially or completely, is rarely observed in ECD. Of the three Glu containing
peptides studied here, only one, the βB2 crystallin peptide, produced the partial Glu side chain
loss peak at [M-59]+•, and it is likely an unusual case due to the presence of the proline residue.
On the other hand, a series of zn•-59 ions in the ECD spectra of the Glu containing peptides
may be used to infer the existence of Glu residue(s), but they can not be generally used to locate
the position or to determine the number of Glu residues. Finally, while it is possible to quantify
the relative content of γ-Glu in a mixture of deamidation products, the presence of zn•-59 and
zn•-72 ions due to remote Glu side chain losses makes the quantification of α- and γ-Glu
residues a much more difficult task, particularly when there are multiple Glu/γ-Glu residues
present in the sequence.

Conclusion
Three synthetic human crystallin peptides and their potentially deamidated forms were
analyzed by ECD in this study. The C- and N-terminal diagnostic ions associated with the γ-
Glu residue were established and the fragmentation mechanisms were discussed. In the ECD
spectra of these peptides, peaks corresponding to the z•-72 fragment ions were observed at
multiple γ-Glu sites in the γ-Glu containing peptides, but were generally absent in the Glu
containing peptides. Further, these z•-72 fragment ions happened only at sites N-terminal to
the γ-Glu residues. Thus, the z•-72 fragment ions can be used as diagnostic ions for the
differentiation of the α- and γ-Glu residues, and for the determination of the γ-Glu sites. This
C-terminal diagnostic ion is especially useful in the bottom-up approach, which typically
involves the analysis of tryptic peptides containing a C-terminal charge carrier that facilitates
the detection of C-terminal fragments in ECD.

The z•-59 fragment ions, although detected site specifically in ECD of γ-Glu containing
peptides, were also present in the ECD spectra of Glu containing peptides. This 59 Da loss
from Glu containing z• ions arose from the partial loss of the Glu side chain, either directly at
the cleavage site (w ion) or following through-space radical rearrangement within the
corresponding z• ions, which led to the formation of a series of zn•-59 ions. The presence of a
series of zn•-59 ions is suggestive of the existence of Glu residue(s), but cannot be used to
determine their exact locations.

In the ECD spectra of the three crystallin peptides studied, the N-terminal diagnostic ions (c
+57, c+59 and/or c+72 ions) were only observed at two γ-Glu sites, both of which contain
proline residue located directly before γ-Glu residue. Because of the relative location of the
γ-Glu residues and the charge carriers, the only γ-Glu residue in a non-Pro-γGlu sequence
capable of generating detectable N-terminal diagnostic ions here is the γ-Glu19 in the γS
crystallin peptide. However, it is impossible to either confirm or rule out the formation of the
diagnostic c+59 ion related to this γ-Glu19 residue, due to the presence of an interference ion.
Thus, it remains unclear whether the N-terminal diagnostic ions are Pro-γ-Glu sequence
specific or they may serve as general diagnostic ions. Even if the proline effect is generally
applicable, the c+59 and c+72 ions will still be useful in the study of Gln deamidations in the
Pro-Gln rich regions of crystallin, gluten and other biological proteins.50,51

In conclusion, multiple diagnostic ions including both N- and C-terminal fragments for the
identification of γ-Glu residue were established using ECD, which provided confident
differentiation of the Glu and γ-Glu residues at the peptide level. This knowledge will facilitate
the bottom-up analysis of Gln deamidations in aged or diseased proteins. The high mass
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accuracy afforded by the FT-ICR instrument is crucial for confident identification, particularly
in larger peptides, where interference peaks abound.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
ECD spectra of αA crystallin peptide (1-11) in its Gln (a), Glu (b), and γGlu (c) forms. The
insets show the enlarged regions of interest. Peaks marked with “-amino acid side residue”
represent the entire side chain losses, and the partial side chain losses are represented by the
molecular formulas of the departing group(s). ω: harmonic peaks. *: electronic noise peaks or
salt adducts. †: internal fragments. Cleavage patterns are shown as the insets. (Figure 1a
modified from reference 44 with permission)
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Figure 2.
ECD spectra of βB2 crystallin peptide (4-14) in its Gln (a), Glu (b), and γGlu (c) forms. The
comparison of the enlarged regions of interest is shown in (d). Peak labeling follows the same
convention as in Figure 1. Cleavage patterns are shown as the insets. (Figure 2b modified from
reference44 with permission)
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Figure 3.
ECD spectra of γS crystallin peptide (52-71) in its Gln (a), Glu (b), and γGlu (c) forms. The
comparison of the enlarged regions of interest is shown in (d). Peak labeling follows the same
convention as in Figure 1. Cleavage patterns are shown as the insets.
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Figure 4.
Comparison of several c ions from ECD of βB2 crystallin peptide (4-14) in its Gln and γGlu
forms, upper and lower panel, respectively.
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Scheme 1.
General mechanism for glutamine deamidation to form glutamic acid and isoglutamic acid via
a glutarimide intermediate.
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Scheme 2.
Mechanisms for the formation of z•-59 ions in ECD of the Glu containing αA crystallin peptide
(1-11) via (a) direct partial side-chain loss (w6 ion formation) and (b) through-space radical
rearrangement. (c) proposed mechanism for the formation of site specific z6•-59 ions in ECD
of the γGlu containing αA crystallin peptide (1-11).
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Scheme 3.
Proposed mechanism for the formation of z•-72 ions in the ECD of the γGlu containing peptide
via (a) primary backbone cleavage and (b) secondary fragmentation.
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Scheme 4.
Proposed mechanisms for the formation of (a) c+59 and (b) c+72 ions in the γGlu containing
peptide via proline ring opening process.
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Scheme 5.
Proposed mechanisms for the loss of (a) -CH2COOH and (b) -CH2=CHCOOH molecules in
the Glu containing peptide via proline ring opening process.
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