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ABSTRACT: Deamidation of glutamine (Gln) residues is a
spontaneous or enzymatic process with significant implications
in aging and human pathology. Although some methods are
available to identify the γ/α-glutamyl products of deamidation,
none of these methods allows the characterization of this post-
translational modification (PTM) from complex biological
samples by shotgun proteomics. Here we present LERLIC-
MS/MS, a chromatographic strategy that uses a long (50 cm)
anion-exchange capillary column operating in the electrostatic
repulsion-hydrophilic interaction mode (ERLIC) and coupled
directly to tandem mass spectrometry (MS/MS) for proteome
analysis in a single injection. Profiling of soluble extracts of brain tissues by LERLIC-MS/MS distinguished for the first time γ/α-
glutamyl isomers of deamidation, encountering a 1.7 γ/α-glutamyl ratio for most Gln deamidation products. A detailed analysis
of any deviation from that observed ratio allowed the identification of transglutaminase-mediated γ-glutamyl isomers as
intermediate products of transamidation. Furthermore, LERLIC-MS/MS was able to simultaneously separate Gln and asparagine
(Asn) deamidation products even for those peptides showing multiple deamidated proteoforms. The characterization of Asn
deamidated residues by LERLIC-MS/MS also uncovered novel PIMT (protein L-isoaspartyl methyltransferase) substrate
proteins in human brain tissues that deviated from the expected 3:1 isoAsp/Asp ratio. Taken together, our results demonstrate
that LERLIC-MS/MS can be used to perform an in-depth study of protein deamidation on a global proteome scale. This new
strategy should help to elucidate the biological implications of deamidation in aging and disease conditions.

Proteins are exposed to enzymatic post-translational
modifications (PTMs) and spontaneous degenerative

protein modifications (DPMs) that control their turnover,
alter their structure and regulate their function.1 Of these
crucial modifications, deamidation of glutamine (Gln, Q)
residues in particular has been implicated in aging and
degenerative proteinopathies,2 including cataracts, Alzheimer’s
disease (AD), Parkinson’s disease (PD), and vascular dementia
(VaD).3,4 Although an in-depth characterization of protein
deamidation from complex biological samples is imperative, the
study of Gln deamidated isomers by liquid chromatography
coupled to tandem mass spectrometry (LC−MS/MS) remains
tremendously challenging.
Gln deamidates spontaneously via a glutaramide intermediate

generating γ-glutamyl (γ-Glu) and α-glutamyl (α-Glu)
products5 and by direct hydrolysis generating α-Glu5 as
depicted in Figure 1. Similarly, asparagine (Asn, N) residues
deamidate at neutral pH via succinimide intermediate
generating isoaspartyl (isoAsp) and n-aspartyl (Asp) prod-
ucts.6,7 While deamidation of Gln and Asn residues is
influenced by environmental factors, neighboring sequence
and three-dimensional conformation of the protein, deamida-
tion of Gln residues proceeds at a much slower rate than Asn
due to the slower rate of formation of the six-membered

glutaramide ring versus the five-membered succinimide ring.5

Spontaneous deamidation of Gln is thus considered an
irreversible process that affects mainly long-lived proteins and
can serve as a timeline of their functional and degradative states.
In addition, nonspontaneous deamidation of Gln residues is
caused by NtQ-amidase and transglutaminases (TGs).8,9 TGs
are a family of enzymes that mediate transamidation via ε-(γ-
glutamyl)lysine cross-linking.10 Although transamidation medi-
ated by these enzymes has been associated with the
pathophysiology of celiac disease (CD), AD, and PD,11,12

until now very few protein substrates of these enzymes have
been successfully identified in human tissues.13

High-resolution mass spectrometry (MS) allows the accurate
detection of deamidated residues on the basis of the observed
+0.98 Da shift between the deamidated and nondeamidated
counterparts. Nonetheless, the separation and global character-
ization of the deamidation products is currently only feasible for
Asn residues using shotgun proteomics.14 Thus, γ- and α-Glu
products can only be characterized from model compounds and
simple mixtures by LC−MS/MS.15,16
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Here we present a novel method to separate and characterize
Gln deamidation isomers from complex biological samples by
shotgun proteomics. Our new strategy was inspired by a
previous RP-ERLIC-MS/MS method14 and was dubbed “Long-
length Electrostatic Repulsion-hydrophiLic Interaction Chro-
matography coupled to tandem mass spectrometry (LERLIC-
MS/MS)”. LERLIC-MS/MS involves the unidimensional
separation of tryptic peptides by a long-length anion-exchange
(LAX) capillary column in ERLIC mode.17 Profiling of the
human brain proteome by LERLIC-MS/MS allowed for the
first time proteome-wide separation of γ-Glu and α-Glu isomers
and global identification of crucial enzymatic reactions that take
place in deamidation.

■ MATERIALS AND METHODS
Reagents and Chemicals. All reagents were purchased

from Sigma-Aldrich unless stated otherwise. Sequencing-grade
modified trypsin was purchased from Promega (Madison, WI),
and protease inhibitor cocktail tablets were obtained from
Roche (Basel, Switzerland).
Home-Packed Long-Length Anion-Exchange Col-

umns. Anion exchange packing material (PolyWAX LP, 3
μm, 100 Å; PolyLC, Columbia, MD) was kindly provided by
Dr. Andrew Alpert. The slurry was prepared by suspending 50
mg of this material in 3.5 mL of isopropanol/water (90:1). The
capillary column was home-packed using a PEEKSil tubing (50
cm, 200 μm, SGE Analytical Science under Trajan Scientific
Australia Pty Ltd., Victoria, Australia) using a pressure bomb
(SP-400, NanoBaume, Western Fluids Engineering, Wildomar,

CA) and a Shimadzu Prominence UFLC system (Shimadzu,
Kyoto, Japan) operating at approximately 4500 psi.

Brain Tissues. Human brain tissue was generously provided
by the Harvard Brain Tissue Resource Center (HBTRC,
McLean Hospital, Belmont, MA). Tissues were frozen at the
time of autopsy in liquid nitrogen and stored until use at −150
°C. The dissected tissues were washed thrice in phosphate
buffer solution (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4,
and 2 mM KH2PO4) for 10 min. A total of three independent
homogenates from the same brain were analyzed. All of the
procedures were approved by the Institutional Review Board at
Nanyang Technological University (NTU, Singapore) and
performed according to institutional guidelines.

Homogenization of Human Brain Tissue. Human brain
tissues (∼100 mg) supplemented with complete protease
inhibitor cocktail were homogenized in 250 μL of 100 mM
ammonium acetate (AA) containing 1% (w/v) sodium
deoxycholate (SDC) for 5 min at high intensity using the
tissue homogenizer bullet blender (Next Advance, NY). Safe-
lock tubes and 100 mg of metallic beads (0.9−2.00 mm
particles) were used during the entire homogenization
procedure. The tissue homogenates were then centrifuged at
10 000 × g for 10 min and the supernatant was collected. The
pellet was subject to a second round of homogenization in the
same manner, and the supernatants were combined. All of the
homogenization procedures were performed at 4 °C.

Sodium Deoxycholate-Assisted in-Solution Tryptic
Digestion. Proteins were digested with trypsin as previously
described.18 Briefly, human brain proteins were reduced with
10 mM dithiothreitol (DTT) for 30 min at 60 °C and
subsequently alkylated with 20 mM iodoacetamide for 45 min
at room temperature while protected from light. The sample
was diluted 2-fold with 100 mM AA and 10 mM DTT and
incubated for 30 min at 37 °C. The proteins were then
enzymatically digested at 1:50 (w/w) overnight at 30 °C using
sequencing-grade-modified trypsin. Trypsin digestion was
quenched by adding formic acid (FA) to a final concentration
of 0.5%. SDC was pelleted by centrifugation at 12 000 × g for
10 min. The supernatant was then collected, and the pelleted
SDC was redissolved in 0.5% ammonium hydroxide and
precipitated by the addition of 0.5% FA to recover the
precipitated peptides. The SDC precipitation and peptide
collection procedure was performed twice. All of the super-
natants were combined. The peptide sample was desalted using
a C-18 Sep-pack 50 mg cartridge (Waters, Milford, MA) and
eluted with 1 mL of 75% ACN, 0.1% FA. The eluted peptides
were dried using a vacuum concentrator (Eppendorf, Hamburg,
Germany) and reconstituted in 200 μL of 75% ACN, 0.1% FA
before LC−MS/MS analysis.

One-Dimension LERLIC-MS/MS. LERLIC-MS/MS anal-
ysis of the peptides was performed using a Dionex UltiMate
3000 UHPLC coupled to an Orbitrap Elite mass spectrometer
(Thermo Fisher Scientific Inc., Bremen, Germany). The
peptides were sprayed using a Michrom Thermo CaptiveSpray
nanoelectrospray ion source (Bruker-Michrom Inc., Auburn,
CA) with a 1.5 kV spray voltage. One-dimensional separation of
the tryptic peptidome was conducted using a LAX capillary
column with 0.1% FA in water as eluent A and 0.1% FA in 90%
ACN as eluent B at a flow rate of 0.4 μL/min. The following
three different gradients of 280, 600, and 1200 min were tested
for the one-dimensional separation of peptides: (a) 280 min-
gradient, 95% B for 20 min, 95−85% B for 80 min, 85−70% B
for 110 min, 70−35% B for 30 min, 35−3% B for 10 min,

Figure 1. Gln-deamidation mechanisms. Gln deamidation through the
glutarimide intermediate pathway results in the formation of α-Glu
and γ-Glu isomers. The dashed arrow represents the Gln-deamidation
through the direct hydrolytic pathway giving α-Glu. The peptide
backbone is shaded yellow, substituent groups are represented in blue,
and side chains of α- and γ-Glu residues are shaded green.
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isocratic at 3% B for 5 min, reverted to initial conditions over 2
min and kept isocratic for 23 min; (b) 600 min-gradient, 95% B
for 20 min, 95−85% B for 217 min, 85−70% B for 261 min,
70−35% B for 62 min, 35−3% B for 5 min, isocratic at 3% B for
5 min, reverted to initial conditions over 7 min and kept
isocratic for 23 min; and (c) 1200 min-gradient, 95% B for 40
min, 95−85% B for 434 min, 85−70% B for 522 min, 70−35%
B for 124 min, 35−3% B for 45 min, isocratic at 3% B for 5
min, reverted to initial conditions over 7 min and kept isocratic
for 23 min. Data acquisition of the Orbitrap Elite mass
spectrometer was performed in positive mode using Xcalibur
2.2 SP1.48 software (Thermo Fisher Scientific Inc., Bremen,
Germany) alternating between full Fourier transform-mass
spectrometry (FT-MS) (350−2000 m/z, resolution 60 000,
with 1 μscan per spectrum) and FT-MS/MS (150−2000 m/z,
resolution 30 000, with 1 μscan per spectrum). The 10 most
intense precursors with charge >2+ were isolated with a 2 Da
isolation window and fragmented using high-energy collisional
dissociation (HCD). For full FT-MS and FT-MS/MS, the
automatic gain control values were set at 1 × 106.
Experimental validation of the Elution Order of Gln

Deamidated Isomers. To experimentally validate the elution
order of Gln, α-Glu and γ-Glu isomeric products by LERLIC-
MS/MS, we obtained two triads of synthetic peptides from
United Biosystems Inc. (Herndon, VA). The following peptides
were used: (1) WSGGQVAGK, WSGG-(α-Glu)-VAGK, and
WSGG-(γ-Glu)-VAGK and (2) WSGGQAAGK, WSGG-(α-
Glu)-AAGK, and WSGG-(γ-Glu)-AAGK. Each peptide was
individually injected to identify its respective retention time and
peak, and subsequently each triad of peptides was injected as a
mixture. A total of 0.025 μg of each peptide was injected and
analysis by LERLIC-MS/MS was done using a 70 min gradient
as follows: 88% B for 7 min, 88−70% B for 38 min, 70−25% B
for 8 min, 25−5.5% B for 3 min, isocratic at 5.5% B for 3 min,
reverted to initial conditions over 1 min and kept isocratic for
10 min.
Bioinformatics and Data Analysis. A protein database

search was carried out using an in-house Mascot server (version
2.3.02, Matrix Science, MA) and PEAKS Studio version 7.519

(Bioinformatics Solutions, Waterloo, Canada) with a precursor
ion tolerance of 10 ppm and fragment ion tolerance of 0.05 Da.
PEAKS PTM algorithm20 was used to identify PTMs, and a 1%
false discovery rate (FDR) adjustment was applied to the
obtained results. For Mascot database searches, deamidation of
Asp and Glu and oxidation of Met were set as variable
modifications and peptides with Mascot score > homology or
identity score were used to generate the peptide list.
Carbamidomethylation at Cys was set as a fixed modification.
Transamidation was searched in PEAKS Studio with a loss of
17.03 Da at Lys. The UniProt human database downloaded on
June 23, 2015, with 180 822 sequences and 71 773 890
residues, was used for the protein database search. Extracted
ion chromatograms (XIC) at 5 ppm were extracted using the
MZmine 2 software21 and an in-house program applying a
correction of the ion tolerance error for better accuracy. The
deamidated peptides were confirmed by manually checking the
XIC data at m/z of native Gln/Asn-containing peptides and at
m/z of deamidated Asp/isoAsp- and γ-/α-Glu-containing
peptides. Further data analysis was performed using GraphPad
Prism 6 (GraphPad Software, Palo Alto, CA).
Data Availability. Proteomics data are deposited in the

ProteomeXchange consortium22 via the partner repository
PRIDE under the following identifier PXD004355.

■ RESULTS AND DISCUSSION
LC−MS/MS Strategy for Global Identification of

DPMs/PTMs. Most protein PTMs involve the addition of

small chemical motifs to protein side-chain functional groups
such as −NH2, −COOH, −OH, or −SH, which is similar for
DPMs. Both modifications usually lead to changes in the charge
state and/or hydrophilicity of the affected protein or digested
tryptic peptides. Furthermore, the PTM/DPM-containing
peptides are usually of very low abundance; hence, distinguish-
ing these peptides from the highly abundant unmodified
peptides during an analysis by RPLC−MS/MS can be difficult;
however, these PTM/DPM-containing peptides with different
charge states and hydrophilicities can be separated from the
unmodified peptides by an ion exchange HPLC column
operating in hydrophilic interaction liquid chromatography
(HILIC) mode, thus improving the sensitivity of their detection
by LC−MS/MS.23 Peptides variants can be separated in weak

Figure 2. Separation and characterization of triads of Gln deamidation
peptides from trypsin-digested human brain tissues using LERLIC-
MS/MS. (a) XIC of APVAGTCYQ#AEWDDYVPK peptide showing
the triad of Gln deamidation peptides eluted at three different
retention times (RT). The peaks are identified as follows: Glnc13,
carbon-13 peak of the nondeamidated peptide; α-Glu, α-glutamyl
isomer and γ-Glu, γ-glutamyl isomer. The Gln deamidation site was
verified by MS/MS at both RTs (2b, 296.9 min; and 2c, 483.0 min)
corresponding to the α- and γ-Glu products, respectively, based on the
LC separation.
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or strong anion exchange columns in ERLIC mode for online
ERLIC-MS/MS analysis or could be separated via the use of
weak cation exchange (WCX) columns in electrostatic
attraction hydrophilic interaction chromatographic mode
(EALIC) mode. We hypothesized that the use of a long ion
exchange column for peptide separation could result in the
identification of the unmodified and deamidated peptides of a
proteome in a single LC−MS/MS analysis. This technique
would facilitate the accurate quantitation of deamidation
products and the elucidation of biological implications of
deamidation in aging and disease conditions.
Unidimensional Separation of Tryptic Peptides by

LERLIC-MS/MS. One-dimensional separation of tryptic
digested peptides from human brain tissues was performed
on a LAX column by LERLIC-MS/MS via three alternative
gradients of 280, 600, and 1200 min. We found that the
number of total proteins and peptides identified by the three
tested conditions was directly associated with the duration of
the chromatographic analyses, where longer gradients provided
better proteome coverage. Similarly, the total number of Gln-
and Asn-deamidated peptides was also positively correlated
with the duration of the run as shown in Table S1 (database
search results are also available in Data Sets S1−S6). The
longest gradient tested (1200 min) also exhibited a good
distribution of peptides throughout the whole chromatographic
space (Figure S1).
Identification of Gln Isomeric Products from Brain

Tissues. We then investigated the ability of LERLIC-MS/MS
to separate the triad of Gln deamidation peptides (Gln, γ-Glu,
α-Glu) from highly complex biological samples. Because of the
superior performance observed with longer gradients, the 1200
min gradient was used in this analysis. From the total Gln-
deamidated peptides identified (Data Set S2), only those from
proteins showing more than two peptide identifications and a
specific Gln modified site were considered for further
validation. These criteria rendered a total of 144 confident
peptides containing a Gln-deamidated residue (Data Set S7).

Profiling of the human brain proteome by LERLIC-MS/MS
demonstrated for the first time separation of γ-Glu and α-Glu
isomers. The XICs of these Gln-deamidated peptides displayed
a double-peak elution for the deamidated counterparts with 160
min of separation on average (Figure 2a). Because of lower
deamidation rates of Gln residues compared to Asn residues,
Gln deamidated peptides are likely to be present in complex
biological samples at a very low concentration. Consequently,
identification of γ-Glu and α-Glu isomeric peaks along the
chromatographic timeline becomes a challenging task. We
verified the identification by MS/MS of Gln-deamidated
peptides at two different retention times, corresponding to
the γ-Glu and α-Glu isomers of the peptide. Following this
approach, 20 Gln-deamidated peptides were successfully
identified at two different time points in our study (Table 1
and List of spectra S1). Visual inspection of XICs of
deamidated and nondeamidated counterparts, as shown in
Figure S2, verified the successful separation of γ-Glu and α-Glu
(Figure 2a−c) and allowed characterization of the Gln isomeric
products in four additional peptides that were not selected for
MS/MS fragmentation by the instrument.
The matching of those peptides containing Gln-deamidated

residues with their corresponding proteins from brain tissues
revealed LERLIC-MS/MS as a method able to characterize the
principal deamidated sites in essential brain proteins, including
myelin basic protein (MBP) and microtubule-associated
protein tau (MAPT) among others (Table 1). Deamidation
of Gln residues identified in these proteins is known to have
important repercussions on the pathogenic course of major
neurodegenerative diseases including Alzheimer’s disease with
cerebrovascular disease and VaD.24−26 Therefore, the method
introduced here permits the chemical characterization of Gln-
deamidated sites in the context of pathology.

Intensity Ratio of γ/α-Glutamyl Isomers. Anion
exchange chromatography separates peptides based on their
pI as we confirmed in previous studies using synthetic peptides
containing Asn, Asp, and isoAsp.23,27 γ-Glu side chain is

Table 1. List of Gln Deamidated Peptides Identified by LERLIC-MS/MS at Two Different Retention Times As Listeda

1st RTb 2nd RTb peptide protein description gene symbol

296.9 483.0 APVAGTCYQ#AEWDDYVPK Phosphatidylethanolamine-binding protein 1 PEBP1
646.3 658.6 AQ#GPAASAEEPKPVEAPAANSDQTVTVKE Brain acid soluble protein 1 BASP1
1007.1 1082.4 DQGGYTMHQDQ#EGDTDAGLKAEEAGIGDTPSLEDEAAGHVTQAR Microtubule-associated protein tau MAPT
1028.9 1052.3 EITQ#DTNDITYADLNLPK Tyrosine-protein phosphatase nonreceptor

type substrate 1
SIRPA

249.2 258.9 ELASQPDVDGFLVGGASLKPEFVDIINAKQ# Triosephosphate isomerase TPI1
655.1 664.2 ELQ#EMDKDDESLIK Rho GDP-dissociation inhibitor 2 ARHGDIB
459.3 471.9 EVDEQMLNVQ#NK Tubulin beta-4B TUBB4B
374.9 770.6 FQMPDQ#GMTSADDFFQGTK Dihydropyrimidinase-related protein 2 DPYSL2
389.5 401.4 FQMPDQGMTSADDFFQ#GTK Dihydropyrimidinase-related protein 2 DPYSL2
882.1 884.0 FWEVISDEHGIDPSGNYVGDSDLQ#LER Tubulin beta-4B TUBB4B
348.3 658.1 GVVPLAGTDGETTTQ#GLDGLSER Fructose-bisphosphate aldose A ALDOA
1003.9 1129.4 KQ#NDVFGEAEQ Rab GDP dissociation inhibitor alpha GDI1
539.9 717.2 NQ#WQLSADDLK 2',3'-cyclic-nucleotide 3'-phosphodiesterase CNP
881.3 893.9 Q#TSGGPVDASSEYQQELER ATP synthase-coupling factor 6 ATP5J
980.8 1003.9 QEAEGFVDNQ#K Rab GDP dissociation inhibitor alpha GDI1
994.5 1024.9 QVEKNDDDQ#KIEQDGIKPEDK Neuromodulin GAP43
119.6 193.5 TQ#DENPVVHFFK Myelin basin protein MBP
70.3 72.0 TSQSQ#GIHQLLQAEKR V-type proton ATPase subunit G 3 ATP6 V1G3
362.0 370.2 VDKGVVPLAGTNGETTTQ#GLDGLSER Fructose-bisphosphate aldose A ALDOA
412.4 628.5 YADLTEDQ#LPSCESLKDTIAR Phosphoglycerate mutase 1 PGAM1

aModified Gln residues (Q) are marked with #. bRetention time (RT) in minutes.
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typically a stronger acid than the α-Glu side chain.28 Therefore,
the Gln > α-Glu > γ-Glu elution order was predicted for most
tryptic peptides based on the acidity of the side chain of
deamidated isomers. In order to experimentally validate the
predicted elution order, we performed two different experi-
ments: (i) we initially performed LERLIC-MS/MS using

electron transfer dissociation (ETD) fragmentation in a
complex brain sample. From this experiment we tried to detect
the characteristic diagnostic ion of α-Glu and γ-Glu products
from the deamidation sites,16 but the MS/MS signal of the
diagnostic ions obtained by ETD was weak in the typical
chromatographic time scale of the LC−MS/MS experiment

Figure 3. Experimental validation of the elution order of α-Glu and γ-Glu isomers. Two peptides (WSGGQVAGK and WSGGQAAGK) and their
deamidated α-Glu and γ-Glu isomers were analyzed by LERLIC-MS/MS in a 1 h gradient. (a,1) Extracted XIC of the nondeamidated
WSGGQVAGK analyzed individually. (a,2) Extracted XIC of the α-Glu isomer WSGG-(α-Glu)-VAGK analyzed individually. (a,3) Extracted XIC of
the γ-Glu isomer WSGG-(γ-Glu)-VAGK analyzed individually. (a,4) LC−MS profile of the peptide mixture containing the nondeamidated
(WSGGQVAGK) and deamidated proteoforms (WSGG-(α-Glu)-VAGK and WSGG-(γ-Glu)-VAGK). (a,5) Extracted XIC corresponding to the
nondeamidated peptide (WSGGQVAGK) contained in the peptide mixture (m/z 445.2300 (2+)) showing a single peak at 17.79 min. (a,6)
Extracted XIC corresponding to the deamidated proteoforms (WSGG-(α-Glu)-VAGK and WSGG-(γ-Glu)-VAGK) contained in the peptide
mixture (m/z 445.7220 (2+)) verifying the predicted sequential elution order of Gln > α-Glu > γ-Glu with 17.79, 20.95, and 42.20 min, respectively.
(b,1) Extracted XIC of the nondeamidated specie of WSGGQAAGK analyzed individually. (b,2) Extracted XIC of the α-Glu isomer WSGG-(α-
Glu)-AAGK analyzed individually. (b,3) Extracted XIC of the γ-Glu isomer WSGG-(γ-Glu)-AAGK analyzed individually. (b,4) LC−MS profile of
the peptide mixture containing the nondeamidated WSGGQAAGK and deamidated proteoforms (WSGG-(α-Glu)-AAGK and WSGG-(γ-Glu)-
AAGK). (b,5) Extracted XIC corresponding to the nondeamidated WSGGQAAGK from the peptide mixture (m/z 431.2144 (2+)) showing a single
peak at 17.88 min. (b,6) Extracted XIC corresponding to the deamidated proteoforms (WSGG-(α-Glu)-AAGK and WSGG-(γ-Glu)-AAGK) from
the peptide mixture (m/z 431.7064 (2+)) verifying the predicted sequential elution order of Gln > α-Glu > γ-Glu with 17.88, 22.18, and 46.09 min,
respectively.
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and we could not obtain any conclusive result. (ii) We used two
synthetic peptides (WSGGQAAGK and WSGGQVAGK) with
their respective α-Glu and γ-Glu isomers as model compounds
analyzed by LERLIC-MS/MS. As a result of this experiment,
the previously predicted elution order was experimentally
confirmed (Figure 3) and based on the separation of these two
triads of deamidated peptides and the stronger acidity of the γ-
Glu products,28 we extrapolate that the elution order of most
deamidated peptides obtained by LERLIC-MS/MS should be
Gln > α-Glu > γ-Glu.
To estimate the relative abundance of γ-Glu and α-Glu, we

calculated the area of their corresponding peaks from XICs of
the validated Gln-deamidated peptides. Contrasting with
previous observations with Asn-deamidated peptides,29 here
we obtained a γ/α-Glu ratio of 1.7 ± 0.1 for most Gln
deamidation products (Figure 4a). On the basis of the in vitro
experiments performed by Capasso and colleagues using a short
glutamine-containing peptide,5 the 1.7 ratio of Gln-deamidation
observed in our profiled brain proteins may indicate that
deamidation in the brain proceeds by the combination of a

glutarimide intermediate and direct hydrolysis pathways.5 Any
deviation from that observed ratio may indicate an imbalance
on the participation of both deamidation pathways or the
involvement of an enzymatic pathway either for deamidation
itself or in further subsequent reactions.

Characterization of TG-Mediated Deamidation and
Transamidation. A further in-depth analysis of the Gln-
deamidated sites that deviated from the ratio described above
revealed a consistent shift of the deamidation reaction to 0.3 ±
0.2. That shifted ratio suggested either an increased direct
hydrolytic deamidation pathway that led to the formation of α-
Glu product or a decreased concentration of γ-Glu product due
to the existence of intermediates in the transamidation of these
modified Gln sites (Figure 4b). Enzymatic deamidation of Gln
residues is followed by transamidation when the deamidation
reaction is mediated by TGs and lysine residues are
available.11,30,31 This TG-mediated reaction results in the
formation of an intra- or intermolecular ε-(γ-glutamyl)lysine
covalent bond.8,13

Figure 4. Analysis of TGs-mediated deamidation and transamidation by LERLIC-MS/MS. (a) Detail of the XIC of the deamidated peptide
EITQ#DTNDITYADLPK displaying a γ/α-Glu ratio of 1.7. The identity of peaks was verified by MS/MS. (b) Detail of the XIC of the deamidated
peptide EVDEQMLNVQ#NK displaying a γ/α-Glu ratio of 0.3, due to participation as an intermediate product in the transamidation reaction
mediated by TGs. The identity of the peaks was verified by MS/MS. (c) MS/MS spectrum and ion table of an intramolecularly transamidated
peptide from synapse-associated protein 1 (SYAP1). The conjectured ε-(γ-glutamyl)lysine isopeptide bond is shown above the peptide sequence.
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To identify the presence of intramolecular cross-linked
transamidation in brain proteins, we searched for tryptic-
digested peptides that met the following three criteria:11,12 (1)
display a mass loss of 17.03 Da due to the loss of ammonia as a
result of the formation of the intramolecular ε-(γ-glutamyl)-
lysine bond, (2) contain a miscleaved Lys that is not digested
by trypsin due to its participation in the ε-(γ-glutamyl)lysine
bond, and (3) contain a Gln located at the vicinity of the
miscleaved Lys residue that participates in the formation of the

ε-(γ-glutamyl)lysine bond. On the basis of the described
criteria, multiple transamidated peptides were successfully
identified from brain proteins (Data Set S8). Consistent with
previous reports from in vitro studies,11,12 the in vivo
transamidated peptides were generally not completely
fragmented by collision-induced fragmentation due to the
presence of the intramolecular ε-(γ-glutamyl)lysine bond
(Figure 4c). These results demonstrate for the first time the
ability to identify TG-mediated deamidation of Gln residues

Figure 5. Separation of Asn and Gln deamidation peptides from trypsin-digested human brain tissue using LERLIC-MS/MS. (a) XIC of
N#GFDQCDYGWLSDASVR peptide showing the triad of Asn deamidation peptides eluted at three different retention times (RT). (b) XIC of
VDKGVVPLAGTN#GETTTQGLDGLSER peptide showing an inverted isoAsp/Asp ratio. In orange XICs corresponding to Asn-deamidated
peptides, the peaks are named as follows: Asnc13, carbon-13 peak of the nondeamidated peptide; Asp, Asp aspartyl isomer and isoAsp, isoaspartyl
isomer. The Asn deamidation site was verified by MS/MS at both RTs. (c) XIC of GVVPLAGTNGETTTQGLDGLSER nondeamidated peptide.
(d) XIC of the two independently deamidated proteoforms with Asn and Gln deamidated residues (GVVPLAGTN#GETTTQGLDGLSER and
GVVPLAGTNGETTTQ#GLDGLSER). In blue XICs peaks are named as follows: Gln-Asnc13, carbon-13 peak of the nondeamidated peptide; α-
Glu, α-glutamyl isomer; γ-Glu, γ-glutamyl isomer; Asp, Asp aspartyl isomer; and isoAsp, isoaspartyl isomer.

Table 2. List of Novel PIMT Protein Substrates Identified by LERLIC-MS/MS with Peptides Showing an Inverted isoAsp/Asp
Ratio Due to PIMT-Mediated Repair

peptidea m/z zb protein description gene symbol

EEEKGVVTN*GLDLSPADEK 1015.9829 2 Neurofilament medium polypeptide NEFM
LSDDN*TIGKEEIQQR 582.9506 3 Isoform 2 of Spectrin alpha chain, nonerythrocytic 1 SPTAN1
GVVPLAGTN*GETTTQGLDGLSER 1137.0574 2 Fructose-bisphosphate aldolase A ALDOA
APGDEEAQVENLITAN*ATEPQK.A 776.0327 3 FXYD domain-containing ion transport regulator 6 FXYD6
VVGDREN*GSDNLPSSAGSGDKPLSDPAPF 962.7756 3 Isoform 2 of Tumor protein D54 TPD52L2

a* indicates a deamidated and PIMT-repaired site. bPeptide charge.
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using a version of shotgun proteomics. Therefore, we anticipate
that LERLIC-MS/MS will significantly contribute to the
identification of novel TG substrate proteins of deamidation
and transamination in the context of aging and human
pathology.
Transamidation has been implicated in the destabilization

and oligomerization of peptides and proteins,11,12,32 potentially
promoting the appearance of oligomeric intermediates in
neurodegenerative diseases,33,34 a hypothesis worthy of further
exploration. Until now, only the presence of the isoform TG2
has been confirmed in the human brain.35 Nonetheless, we have
recently isolated the global repertoire of extracellular vesicles
(EVs) from human brain tissues and have identified the
presence of TG1 in brain EVs.36 The role(s) of TG1 on the
formation of Gln intermediate transamidation products and the
implications of these modified Gln residues in human
neuropathology remain unknown. Our global findings suggest
these role(s) merit further research.
Combined Characterization of Glu and Asp Isomeric

Products. In contrast to our previously reported RP-ERLIC
strategy,29 LERLIC-MS/MS has demonstrated the ability to
separate and characterize the Gln deamidation products from
complex biological samples. We also assessed the capacity of
LERLIC-MS/MS to separate and characterize Gln- and Asn-
deamidated isomers simultaneously. The separation of Asn-
deamidated isomers was investigated by the MS/MS
identification of the same deamidated peptide at two different
retention times, as described above (Figure S3, Table S2, and
List of spectra S2). Visual inspection of the double-peak elution
in XICs was also pursued to achieve that aim (List of spectra
S3). As expected, LERLIC-MS/MS displayed a consistent
ability to separate the Asn deamidation products (n-Asp;
isoAsp), where Asp was eluted earlier than isoAsp as was
experimentally determined in our previous studies14,27 (Figure
5a,b). Moreover, more complex peptide combinations,
including those showing two independently deamidated Asn
and Gln proteoforms, were also successfully characterized by
LERLIC-MS/MS (Figure 5c,d). Overall, these results demon-
strate that a single run of LERLIC-MS/MS allows the
combined characterization of Gln and Asn deamidated residues
in proteins from highly complex biological samples, including
brain tissues.
Identification of Potential PIMT-Mediated Repair of

isoAsp Residues. PIMT has been considered a protein repair
enzyme37,38 due to its capacity to mediate methylation of the α-
carbonyl group of isoAsp residues.39,40 This modification
enables the formation of a succinimide intermediate, which
can be spontaneously hydrolyzed resulting in a mixture of Asp
and isoAsp products.6,40,41 Some studies have associated the
presence of an in vivo isoAsp/Asp inverted ratio with the
mechanism of action of the PIMT protein repair enzyme.39,42

We have therefore studied the potential ability of LERLIC-MS/
MS to identify PIMT-mediated repair of isoAsp residues in
brain tissues. This analysis revealed that nearly 60% of the
deamidated residues successfully validated in our study
displayed a modified and inverted isoAsp/Asp ratio of ∼1:9
(Figure 5b and List of spectra S4). Notably, we found potential
PIMT-mediated repair in residues of the heretofore unknown
PIMT protein substrates in brain tissues: spectrin alpha-chain,
neurofilament medium polypeptide, aldolase fructose-biphos-
phate A, FXYD family of proteins, and tumor protein D54
(Table 2). These data demonstrate that LERLIC-MS/MS can
be implemented to identify novel substrates of the PIMT

enzyme in brain tissues and presumably other complex
biological samples as well.
The identification of novel PIMT substrates in the context of

pathology is important and especially imperative in the study of
the mammalian brain, a tissue where this enzyme is more
prominently expressed and involved in the pathophysiology of
several aging-associated neurodegenerative diseases.43−45

Although PIMT knockout mice (Pcmt1−/−) have demonstrated
that the deamidation repair mechanism of this enzyme is
implicated in the proper maintenance of neuron excitability,
cytoskeleton organization, and neuronal signaling,46 only a few
PIMT protein substrates have been found to date due to
technical constraints. Shotgun proteomics represents an
optimal strategy to implement a proteome-wide discovery-
driven research paradigm.24,25,47 We therefore anticipate that
the use of LERLIC-MS/MS will also significantly contribute to
a better understanding of the role of PIMT in aging and human
pathology.

■ CONCLUSIONS

Several methods have arisen to date to characterize γ/α-Glu
isomeric products; however, none of these methods allows the
characterization of γ/α-Glu products in proteins from complex
biological samples. The use of LERLIC-MS/MS, as demon-
strated here, exhibits the ability to separate the triad of Gln
deamidation-related peptides in highly complex biological
samples. Additionally, we demonstrate that LERLIC-MS/MS
is able to explore the in vivo enzymatic involvement of protein
deamidation and to characterize the occurrence of this DPM on
both Asn and Gln residues in a single analysis. In conclusion,
LERLIC-MS/MS is the first proteomic method that can help to
globally explore the intricate implications of Gln deamidation in
biological and clinical contexts.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.anal-
chem.6b02688.

Distribution of peptides along the chromatographic time,
representation of the visual inspection performed on
XICs, MS/MS spectra obtained at two different retention
times from an Asn-deamidated peptide, comparison of
the performance of the three tested gradients in table
format, list of Asn-deamidated peptides identified at two
different retention times, list of parent ion and MS/MS
spectra of Gln-deamidated peptides, list of parent ion and
MS/MS spectra of Asn-deamidated peptides, list of XICs
of Gln-deamidated peptides identified at two different
retention times, and list of XICs of Asn-deamidated
peptides identified at two different retention times
(PDF)
List of proteins identified from tryptic digested human
brain by LERLIC-MS/MS using a 1200 min-gradient
(XLSX)
List of peptides identified from tryptic digested human
brain by LERLIC-MS/MS using a 1200 min-gradient
(XLSX)
List of proteins identified from tryptic digested human
brain by LERLIC-MS/MS using a 600 min-gradient
(XLSX)

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.6b02688
Anal. Chem. 2016, 88, 10573−10582

10580

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b02688/suppl_file/ac6b02688_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b02688/suppl_file/ac6b02688_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b02688/suppl_file/ac6b02688_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b02688/suppl_file/ac6b02688_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b02688/suppl_file/ac6b02688_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.6b02688
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.6b02688
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b02688/suppl_file/ac6b02688_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b02688/suppl_file/ac6b02688_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b02688/suppl_file/ac6b02688_si_003.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b02688/suppl_file/ac6b02688_si_004.xlsx
http://dx.doi.org/10.1021/acs.analchem.6b02688


List of peptides identified from tryptic digested human
brain by LERLIC-MS/MS using a 600 min-gradient
(XLSX)
List of proteins identified from tryptic digested human
brain by LERLIC-MS/MS using a 280 min-gradient
(XLSX)
List of peptides identified from tryptic digested human
brain by LERLIC-MS/MS using a 280 min-gradient
(XLSX)
List of Gln-deamidated peptides identified from tryptic
digested human brain by LERLIC-MS/MS using a 1200
min-gradient; only peptides showing more than two
peptide identifications and a unique Gln-modified
residue were considered (XLSX)
List of transaminated peptides identified from tryptic
digested human brain by LERLIC-MS/MS using a 1200
min-gradient; deamidation (NQ), oxidation (MHW),
and transamidation were allowed as variable modifica-
tions; carbamidomethylation (C) was set as a fixed
modification (XLSX)

■ AUTHOR INFORMATION
Corresponding Author
*Phone: +65:6514-1006. Fax: +65:6791-3856. E-mail: sksze@
ntu.edu.sg.
Author Contributions
‡A.S. and X.G.-P. are co-first authors and contributed equally to
this work. A.S. and J.W. packed LC−MS/MS columns. X.G.-P.
dissected brain tissues and performed sample preparation. A.S.
and X.G.-P. performed proteomics experiments and analyzed
data. S.K.S. directed the study and supervised the experiments.
A.S., X.G.-P., and S.K.S. wrote the paper. All authors approved
the final version of the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is in part supported by grants from the Singapore
Ministry of Education (Tier 2: Grant ARC9/15), NTU iFood
(Grant No. S006), and NTU-NHG Ageing Research Grant
(Grant ARG/14017). We thank Prof. Ohlson and Dr. Duong-
Thi for their helpful advice while we were packing long-length
capillary columns. Tissues were generously provided by
HBTRC, which is supported in part by a PHS contract and
by Grant HHSN-271-2013-00030C. The authors feel greatly
indebted to an anonymous donor and family for their
invaluable contribution to this study. We also thank Louis
Fernandes from HBTRC for his kind help and consideration.

■ REFERENCES
(1) Mann, M.; Jensen, O. N. Nat. Biotechnol. 2003, 21, 255−261.
(2) Li, M.; Ogilvie, H.; Ochala, J.; Artemenko, K.; Iwamoto, H.; Yagi,
N.; Bergquist, J.; Larsson, L. Aging Cell 2015, 14, 228−235.
(3) Robinson, N. E.; Robinson, M. L.; Schulze, S. E. S.; Lai, B. T.;
Gray, H. B. Protein Sci. 2009, 18, 1766−1773.
(4) Gallart-Palau, X.; Serra, A.; Sze, S. K. Int. Rev. Neurobiol. 2015,
121, 87−116.
(5) Capasso, S.; Mazzarella, L.; Sica, F.; Zagari, A. J. Chem. Soc., Chem.
Commun. 1991, 1667−1668.
(6) Geiger, T.; Clarke, S. J. Biol. Chem. 1987, 262, 785−794.
(7) Wright, H. T. Crit. Rev. Biochem. Mol. Biol. 1991, 26, 1−52.
(8) Molberg, O.; McAdam, S. N.; Korner, R.; Quarsten, H.;
Kristiansen, C.; Madsen, L.; Fugger, L.; Scott, H.; Noren, O.;

Roepstorff, P.; Lundin, K. E.; Sjostrom, H.; Sollid, L. M. Nat. Med.
1998, 4, 713−717.
(9) Wang, H.; Piatkov, K. I.; Brower, C. S.; Varshavsky, A. Mol. Cell
2009, 34, 686−695.
(10) Yao, Q.; Cui, J.; Wang, J.; Li, T.; Wan, X.; Luo, T.; Gong, Y. N.;
Xu, Y.; Huang, N.; Shao, F. Proc. Natl. Acad. Sci. U. S. A. 2012, 109,
20395−20400.
(11) Schmid, A. W.; Chiappe, D.; Pignat, V.; Grimminger, V.; Hang,
I.; Moniatte, M.; Lashuel, H. A. J. Biol. Chem. 2009, 284, 13128−
13142.
(12) Schmid, A. W.; Condemi, E.; Tuchscherer, G.; Chiappe, D.;
Mutter, M.; Vogel, H.; Moniatte, M.; Tsybin, Y. O. J. Biol. Chem. 2011,
286, 12172−12188.
(13) Lorand, L.; Graham, R. M. Nat. Rev. Mol. Cell Biol. 2003, 4,
140−156.
(14) Hao, P.; Qian, J.; Dutta, B.; Cheow, E. S.; Sim, K. H.; Meng, W.;
Adav, S. S.; Alpert, A.; Sze, S. K. J.Proteome Res. 2012, 11, 1804−1811.
(15) O’Connor, P. B.; Cournoyer, J. J.; Pitteri, S. J.; Chrisman, P. A.;
McLuckey, S. A. J. Am. Soc. Mass Spectrom. 2006, 17, 15−19.
(16) Li, X.; Lin, C.; O’Connor, P. B. Anal. Chem. 2010, 82, 3606−
3615.
(17) Alpert, A. J. Anal. Chem. 2008, 80, 62−76.
(18) Serra, A.; Zhu, H.; Gallart-Palau, X.; Park, J. E.; Ho, H. H.; Tam,
J. P.; Sze, S. K. Anal. Bioanal. Chem. 2016, 408, 1963−1973.
(19) Ma, B.; Zhang, K.; Hendrie, C.; Liang, C.; Li, M.; Doherty-
Kirby, A.; Lajoie, G. Rapid Commun. Mass Spectrom. 2003, 17, 2337−
2342.
(20) Han, X.; He, L.; Xin, L.; Shan, B.; Ma, B. J. Proteome Res. 2011,
10, 2930−2936.
(21) Pluskal, T.; Castillo, S.; Villar-Briones, A.; Oresǐc,̌ M. BMC
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