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a  b  s  t  r  a  c  t

Protein  nitration  has  been  recognized  as  an  important  biomarker  for  nitroxidative  stress  associated  with
various diseases.  While  identification  of  protein  targets  for nitration  is important,  its quantitative  profiling
also is necessary  to  understand  the  biological  impact  of  this  low-abundance  posttranslational  modifica-
tion.  We  have  previously  reported  an  efficient  and  straightforward  enrichment  method  for  nitropeptides
to  reduce  sample  complexity  and  permit  unambiguous  site-specific  identifications  by LC–MS  analyses.
This approach  relies  on  two  chemical  derivatization  steps:  specifically  reductive  methylation  of  aliphatic
elative quantitation
C–MS
andem mass spectrometry

amines  and,  then,  conversion  of nitrotyrosines  to  the  corresponding  aminotyrosines  before  their  selec-
tive capture  by  a  solid-phase  reagent  we  introduced  previously.  Hence,  the  method  inherently  offers
the opportunity  for relative  quantitation  of nitropeptides  by  using  isotopic  variants  of  formaldehyde  for
reductive  methylation.  This  simple  method  was  tested  via  LC–MS  analyses  of  differently  N-methylated
nitropeptides  and  nitroubiquitin  as  a  model  nitroprotein  enriched  from  human  serum  albumin  digest
and from  human  plasma,  respectively.
. Introduction

Protein nitration is a low-abundance posttranslational modifi-
ation (PTM) that is associated with a variety of diseases [1–7].
herefore, quantification and site-specific identification of this pro-
ess may  enhance our understanding of the role of this PTM in
iological and pathological processes. It has been a challenging task
o reliably detect and measure protein nitration due to its low sto-
chiometry in a biological system [8,9], which may  also contribute
o misidentifications of nitropeptides by “shotgun” proteomics
10,11].  While several direct and indirect methods based on chro-

atography, mass spectrometry, and/or immunoassay have been
eveloped for identification and quantitation of protein nitration
12–20], recent publications have highlighted caveats associated
ith these techniques [12,13,15–17]. For example, the “native

eference peptide” method reported for quantitative analysis of
rotein nitration compares the nitropeptide with a peptide in the
ample that serves as an internal standard [21]. The narrow criteria
et for the selection of suitable reference peptides, however, raise

erious limitations for its general usefulness. On the other hand,
hemoprecipitation-based enrichments use covalent immobiliza-
ion of targeted peptides on a solid-phase reagent. This approach

∗ Corresponding author. Tel.: +1 817 735 2206; fax: +1 817 735 2118.
E-mail address: Laszlo.Prokai@unthsc.edu (L. Prokai).

021-9673/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.12.100
© 2012 Elsevier B.V. All rights reserved.

has been successfully applied for the analyses of protein carbonyls
[22–25].  As an extension of this work, we have recently introduced
a simple and efficient enrichment method for which a solid-phase
active ester reagent (SPAER) on glass beads was designed and
synthesized. The procedure requires only two well-established
chemical derivatizations on the nitrotyrosines (N-dimethylation
of aliphatic amines followed by reduction of nitrotyrosines to
the corresponding aminotyrosines) before their capture by SPAER
and subsequent release of tagged nitropeptides by acid-catalyzed
hydrolysis under mild conditions [26]. Previous multi-step chemo-
precipitation techniques have utilized sepharose or agarose beads
as solid supports [27,28].  The use of glass beads allows for more
aggressive washing with aqueous and organic solvents to remove
absorbed but not covalently immobilized (“carryover”) peptides
and impurities.

For MS-based quantitative proteomics, stable-isotope labeling
has been applied to increase the accuracy of quantitative results
[29]. Stable isotopes are introduced by various tagging techniques,
such as metabolic, enzymatic and chemical labeling [30,31]. The lat-
ter method employs externally introduced tags. We  have recently
reported the use of light- and heavy-isotopic N-dimethyl labeling of
aliphatic amines in peptides combined with chemoprecipitation-
based enrichment for relative quantification of posttranslational

protein carbonylation by 4-hydroxy-2-nonenal [22]. Others have
used 13C0/13C4- or d0/d6-acetic anhydride for the labeling of
aliphatic amines to quantify nitropeptides by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry [32].

dx.doi.org/10.1016/j.chroma.2011.12.100
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:Laszlo.Prokai@unthsc.edu
dx.doi.org/10.1016/j.chroma.2011.12.100
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owever, acylation is not selective, as O-acylation also occurs [33],
nd it also alters peptide charge and, therefore, it may  signifi-
antly reduce ionization when ESI is used for MS  analysis [34].
dditionally, we have shown that (unlike reductive methylation

hat proceeds with practically quantitative yield [35]), the yield of
cylation strongly depends on peptide sequence [26].

While the isotope-coded affinity-tag (ICAT) method is well
nown in quantitative proteomics, it only targets cysteine-
ontaining peptides [36]. The tandem mass tag (TMT) and isobaric
ags for relative and absolute quantitation (iTRAQ) methods, how-
ver, enable quantitative labeling of proteins extracted from cells
r tissues for MS  analyses by targeting amino groups [37,38].  The
TRAQ method also has been adapted for relative quantification
f protein nitration (i.e., measuring extent of protein nitration
mong samples relative to each other, but without actually obtain-
ng nitropeptide concentrations from the assay, which is sufficient
n most discovery-driven proteomics studies) [39]. The drawback
f this method is the requirement of instrumentation capable
f MS/MS  at low m/z (below 150 Da) [35], which is usually not
menable or cumbersome on routine ion traps. On the other hand,
sotopic N-dimethylation via reductive alkylation [35,40,41] has
een shown to be an inexpensive, fast and efficient method with
ver 99% reaction yield for global labeling of aliphatic amines in
eptides at the N-termini and the side-chains of lysine residues
or quantitative proteome analysis [22,26,35,40–42]. Since the
PAER approach inherently involves reductive methylation to block
liphatic amines [26], this technique could easily be adapted, there-
ore, to permit relative quantitation of nitropeptides by simply
sing isotopic variants of formaldehyde. The introduction and test-

ng of this approach is reported in the present study.

. Experimental

.1. Chemicals and materials

All chemicals and reagents were purchased from Sigma–Aldrich
St. Louis, MO)  unless otherwise specified. Stable isotope labeled
13CDO (formaldehyde-13C, d2, 99 at% 13C and 98 at% D isotopic
urity, as 20% w/v solution in D2O) was purchased from Isotec
Miamisburg, OH). Synthetic peptides containing 3-nitrotyrosine
Y*) residues, Y*LQEIYNSNNQK, EGYY*GYTGAFR and GDY*DLNAVR,
ere custom synthesized by Synthetic Biomolecules (San Diego,
A) and were purified by RPLC by the manufacturer providing >75%
eptide content. Ubiquitin (Enzo Life Sciences, Plymouth Meeting,
A, USA) was nitrated by adding 1 �L of tetranitromethane (TNM)
nto 1 mg/mL  protein solution in 50 mM ammonium bicarbonate
43,44]. After 4 h of reaction at room temperature, excess TNM was
emoved by dichloromethane extraction and the product was puri-
ed by gradient semi-preparative RPLC. Trypsin (TPCK-treated) was
urchased from Applied Biosystems Inc. (Foster City, CA). SPAER on
lass beads was synthesized in our laboratory as reported earlier
26].

.2. Dimethylation of nitropeptides by reductive alkylation

Two-hundred microliters of nitropeptide stock solution
1 �g/�L) in 100 mM sodium acetate buffer (pH 5.5) was mixed
ith freshly prepared sodium cyanoborohydride (1 M,  10 �L)

nd 3.5 �L of formaldehyde (HCHO, 30%, w/v, in H2O) or 5 �L of
13CDO (20%, w/v, in D2O). The mixture was incubated at 40 ◦C

or 1 h. The reaction was then quenched first with ammonium

ydroxide (20%, 5 �L) to consume the excess of formaldehyde,

ollowed by acidification to pH ∼3 by adding formic acid to
ecompose sodium cyanoborohydride. The N-(CH3)2- and N-

13CHD2)2-labeled nitropeptides were combined in various ratios
 1232 (2012) 266– 275 267

(1:10, 1:3, 1:1, 3:1 and 10:1, respectively). After desalting by solid
phase extraction (SPE, C18 Sep-Pak, Waters, Milford, MA), these
samples were used for verifying accuracy and reproducibility of
the differential dimethyl labeling.

2.3. Preparation of tryptic digests of human serum albumin (HSA)
containing light and heavy dimethyl-labeled nitropeptides

HSA (4 mg)  was  dissolved in 50 mM ammonium bicarbonate.
The disulfide bonds of HSA were reduced with freshly prepared
5 mM dithiothreitol (DTT) at 56 ◦C for 30 min  and alkylated with
10 mM  iodoacetamide (IAA) at room temperature for 30 min  in the
dark in a customary manner. Then, trypsin was added to a final
ratio of 1:50 (w/w, protein:enzyme) and the solution was  kept at
37 ◦C overnight. The enzymatic reaction was terminated by adding
acetic acid to adjust pH to 3. The digested peptides were desalted by
solid phase extraction. The sample was  divided and dimethylated
with either H12CHO or D13CDO. Then the differentially labeled sam-
ples were mixed in 1:1 ratio to provide matrices used for spiking
with various ratios of light- and heavy-N-dimethylated nitropep-
tides. Then 400 �g of matrix in 400 �L of phosphate buffer was
spiked with 5 ng/�L of each of the light and heavy labeled pep-
tides (#Y*LQEIYNSNNQK#, #EGYY*GYTGAFR and #GDY*DLNAVR,
where # denotes either the light or heavy N-dimethyl label, respec-
tively) corresponding to 1:1 light to heavy ratio. Other samples
were spiked with light to heavy labeled peptides in 1:0.33 and
0.33:1 ratios, respectively.

2.4. Preparation of differently labeled tryptic digests from human
plasma–nitroubiquitin mixture

Protein content of human plasma was  measured by BCA
protein assay reagent kit (Pierce, Rockford, IL). Samples were
prepared to contain 0.5, 1.5, 5.0 and 15 �g of nitroubiqui-
tin per mg  total plasma protein. Proteins were precipitated
using 200 �L (∼10 mg  proteins) of sample by adding four
volumes of cold (−20 ◦C) acetone according to a technical
note available online (http://www.piercenet.com/files/TR0049-
Acetone-precipitation.pdf). The precipitate was  then centrifuged
at 12,000 rpm at 4 ◦C for 10 min, and the pellet was resuspended
in 1 mL  of 8 M urea and the mixture was  vortexed thoroughly. Six
hundred micrograms of protein was aliquoted into 2 mL of 50 mM
ammonium bicarbonate buffer. The disulfide bonds of plasma pro-
teins were reduced with 10 �L of 100 mM DTT and then alkylated
with 10 �L of 200 mM IAA in a customary manner. Trypsin was
added to a final protease:protein ratio of 1:50 (w/w) for overnight
digestion at 37 ◦C. The digested peptides were desalted by solid
phase extraction and the samples were divided into two aliquots
that were N-dimethylated with either H12CHO or D13CDO in the
presence of sodium cyanoborohydride [26,35,40,41]. The differen-
tially labeled peptides were mixed in 1:1 ratio then captured by
SPEAR as described below [26].

2.5. Enrichment of N-dimethyl-labeled nitropeptides with SPAER

Samples containing various ratios of light and heavy labeled
nitropeptides were treated with 500-fold molar excess of Na2S2O4
in 100 mM  phosphate buffer (pH 8) at room temperature for 30 min
to reduce nitrotyrosines to the corresponding aminotyrosines.
Excess Na2S2O4 was  decomposed by acidifying the solution (acetic
acid, pH 3) for 30 min. The pH was then adjusted to 5.5 and 5 mg
of SPAER [26] was added. The resultant slurry was rotated end-

over-end overnight. SPAER was then pelleted by centrifugation, and
the supernatant was  removed. The pelleted beads were thoroughly
washed in a screw cap spin column (Thermo Scientific, Rockford, IL)
with water, 20% methanol/H2O, acetonitrile and dichloromethane.

http://www.piercenet.com/files/TR0049-Acetone-precipitation.pdf
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Fig. 1. Schematic illustration of isotopic N-dimethyl labeling for relative quantita-
68 J. Guo et al. / J. Chroma

he beads were then transferred to a microcentrifuge tube and
he captured peptides were released by treatment with 200 �L of
5% (v/v) trifluoroacetic acid (TFA)/H2O at room temperature for

 h. The solvent was evaporated under a nitrogen stream and the
esidue was subjected to LC–MS/MS analyses.

.6. Liquid chromatography–electrospray ionization tandem
ass spectrometry (LC–ESI-MS/MS)

An Eksigent nano-LC-2D system (Dublin, CA) with a
5 cm × 75 �m PepMap C18 (LC Packings, Dionex, San Fran-
isco, CA) nanoflow column was used for the analyses. Mobile
hases containing solvent A [0.1% acetic acid and 99.9% water
v/v)] and solvent B [0.1% acetic acid and 99.9% acetonitrile (v/v)]
ere at a constant flow rate of 250 nL/min. Five microliters of
eptide mixture in 4.8% acetonitrile, 95.1% water and 0.1% acetic
cid was automatically loaded onto the IntegraFritTM sample
rap (2.5 cm × 75 �m i.d.) (New Objective, Woburn, MA,  USA) for
ample concentration and desalting, at a flow rate of 1.5 �L/min in

 loading solvent of 0.1% (v/v) acetic acid and 5% (v/v) acetonitrile
n 94.9% (v/v) water. Separations were performed on the C18
olumn and equilibrated for 5 min  at 4.8% solvent B, followed by
0-min gradient to 40% solvent B. Solvent B was then held at 40%
or 5 min, increasing up to 90% for the next 5 min  and finally at
.8% within 10 min. LC–ESI-MS/MS analysis was performed using

 hybrid linear ion trap-Fourier transform ion cyclotron resonance
FT-ICR, 7-T) mass spectrometer (LTQ-FT, Thermo Fisher, San Jose,
A) equipped with the manufacturer’s nanoelectrospray ionization
ource and operated with the Xcalibur (version 2.0) and Tune Plus
version 2.2) data acquisition software.

Data-dependent mode of acquisition was utilized in which an
ccurate m/z survey scan was performed in the FT-ICR cell fol-
owed by parallel MS/MS  linear ion trap analysis of the top five

ost intense precursor ions. FT-ICR full-scan mass spectra were
cquired at 50,000 mass resolving power (m/z 400) from m/z 350
o 1500 using the automatic gain control mode of ion trapping.
ollision-induced dissociation (CID) was performed in the linear

on trap using a 4.0-Th isolation width and 35% normalized collision
nergy with helium as the collision gas. Singly charged precursors
nd unassigned charge states were excluded from the precursor
election. Also, the precursor ion that had been selected for CID
as dynamically excluded from further MS/MS  analysis for 60 s.
ioworks (version 3.3, Thermo) was used to generate peak lists for
atabase search. Mascot (Matrix Science, London, UK; version 2.2)
as used to identify peptides by searching the International Protein

ndex (IPI) human database (version 3.71). Trypsin was  selected as
he digesting enzyme and one missed cleavage was allowed. Mascot
as searched with parent-ion and fragment-ion mass tolerances

f 25 ppm and 0.80 Da, respectively. Carbamidomethylation of cys-
eine (57.0215 Da) was specified as a static modification, whereas
xidation of methionine (15.99492 Da), and dimethylation of N
erminus and of lysine (28.0313 Da) were specified as variable mod-
fications.

The ratios of differentially labeled peptides were calculated by
anually extracting ion chromatograms (XIC) using the Xcalibur

oftware for each ion pair and determining ratios of the total area
nder curve of the first three isotopic clusters of the tagged species
bserved in the MS  (FT-ICR) scan.

. Results and discussion

.1. Principle of relative quantification by SPAER enrichment

echnique

Strategies using isotope labeling and MS/MS  have been applied
or quantitative analysis of the relative abundance of proteins
tion of protein nitration. Reductive N-dimethylation of aliphatic amines in a peptide
is  carried out by using H12CHO or D13CDO and sodium cyanoborohydride. The iso-
topic  mass shift between the light and heavy labeled peptides is � = 6 Da.

[45,46]. However, efficient and highly selective methods are needed
for quantitation of low-abundance PTMs such as protein nitration
[12,13,17,26]. The recently reported SPAER enrichment strategy
relies on first labeling the nitropeptides by reductive methyla-
tion with formaldehyde/sodium cyanoborohydride to block all
aliphatic amines present in a peptide digest (Fig. 1) before con-
verting nitrotyrosines to aminotyrosines for their selective capture
by SPAER on glass beads (Fig. 2). The enriched peptides can eas-
ily be released from the solid support by acid-catalyzed hydrolysis
at room temperature. Consequently, relative quantitation of these
peptides can also be done by LC–MS analyses when isotopic vari-
ants of formaldehyde (H12CHO and D13CDO) are used in the first
derivatization step. The mass shift of this tagging produces 28 Da
shift for N-(CH3)2 or 34 Da shift for the N-(13CHD2)2 tag yielding
thereby a mass difference of � = 6 Da per labeling site between
the isotopically labeled peptides (Fig. 1). Even for triply charged
peptides, the m/z of the isotopomers differs by 2-Th, which per-
mits a sufficient resolution for LC–MS-based quantitative analysis
[47]. For tryptic peptides terminating with Lys, � = 12 Da mass
difference will be produced between the light and heavy labeled
peptides, because both the N-terminus and the �-amino groups
of Lys are tagged. The number of labels will also increase with
each missed cleavage at this residue [22]. Therefore, peptide ions
with “n” number of potential sites for labeling will generally have
a mass difference of � = 6n Da when heavy and light dimethyla-
tion are used. The exception is the prolyl (Pro) residue that ends up
with only 14 Da/17 Da added, because Pro’s �-amine is secondary
allowing only N-monomethylation. The differential N-methylation
is useful for binary labeling of amines and, thus, comparison of
two  sets of samples. Multiplex labeling strategy using isotopic
reagents of formaldehyde (H12CHO, D13CDO) and cyanoborohy-
dride (NaBH3CN, NaBD3CN) may  be also applied for comparison
of up to four samples [35,41].

After differential labeling on the aliphatic amines, nitrotyrosines
are converted to the corresponding aminotyrosines for their selec-
tive capture on SPAER (Fig. 2). Peptides that do not possess free
amino group will be washed away. The immobilized peptides are
released from the solid support via acid-catalyzed hydrolysis [26]
for LC–MS/MS analysis and XICs-based relative quantifications. The
SPAER approach has been shown to be simple yet highly specific
to enrich nitropeptides by chemoprecipitation involving only two
straightforward chemical modifications of the nitropeptides prior
to selectively capturing the obtained derivatives [26]. In addition,
this method introduces only a small (4-formylbenzoyl) tag to the
enriched nitropeptide derivatives after cleavage from SPAER. The
4-formylbenzoyl tagged peptides show fragmentation properties
similar to those of parent nitropeptide that permit their unequiv-
ocal identification by MS/MS  under CID. Moreover, the introduced
tag eliminates the electron predator effect of nitro group present in

the parent nitropeptide [48], allowing electron capture dissociation
(ECD) MS/MS  characterization of the enriched nitropeptide deriva-
tives [26]. Therefore, an additional benefit of replacing the nitro-
with the 4-formylbenzoylamido-group in the modified peptide is
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Fig. 2. Schematic illustration of the SPAER-based enrichment and relative quantitation of nitropeptides. Reduction of differently N-dimethylated nitropeptides to the
c ed spe
l ms ob

t
a
t

3

a

orresponding aminopeptides is followed by immobilization via SPAER. The captur
ight  and heavy labeled peptides is determined from the extracted ion chromatogra

hat this conversion will permit ECD and electron transfer dissoci-
tion (ETD), complementary activation methods to CID [49,50], for
he MS  analysis of posttranslational protein nitration [26].
.2. Relative quantification of isotopically labeled nitropeptides

The differential labeling method was first verified for
ccuracy and reproducibility. Three synthetic nitropeptides,
cies are released upon acid-catalyzed hydrolysis. The relative abundance between
tained from LC–MS analyses.

Y*LQEIYNSNNQK, EGYY*GYTGAFR (identified in nitrated human
plasma [26]) and GDY*DLNAVR (found in a nitrated transcrip-
tion factor [51]) were used as model peptides. They were labeled
with light or heavy formaldehyde (H12CHO or D13CDO) with

high efficiency (>99%; yield ∼= area of N-dimethylated nitropep-
tide/combined area of N-dimethylated nitropeptide and remaining
unmodified nitropeptide [26]). The light and heavy N-dimethylated
peptides were mixed in various ratios (1:10, 1:3, 1:1, 3:1, and 10:1).



270 J. Guo et al. / J. Chromatogr. A 1232 (2012) 266– 275

Fig. 3. Linearity of relative quantitation for peptide #EGYY*GYTGAFR (where * represents nitrotyrosine, and # denotes either light or heavy N-dimethylation). (A) The
differentially labeled peptides were combined in various molar ratios (1:10, 1:3, 1:1, 3:1 and 10:1), and relative quantification of the isotopic pairs was done from the
extracted ion chromatograms of [M+2H]2+ at m/z 678.79 (light) and 681.81 (heavy). (B) Linear regression analysis of the quantitation of nitropeptides by LC–MS/MS.
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ig. 4. [M+2H]2+ molecular-ion region of the full scan ESI mass spectrum for #EGYY
0:1)  molar ratios (* represents nitrotyrosine, and # denotes either light or heavy N

his dynamic range should be sufficient for most proteomic anal-
ses [40]. The XICs for [M+2H]2+ ions of light and heavy labeled
eptides, #EGYY*EYTGAFR (where # represents N-(CH3)2 or N-

13CHD)2 tag, and *Y represents nitrotyrosine) at m/z  678.79 and
/z 681.81 are shown in Fig. 3A. The XICs from LC–MS analysis

f the N-dimethyl-labeled nitropeptides show that the measured
ight-to-heavy ratios correlate well with the theoretical ratios with
2 of 0.9998 (Fig. 3B). The relative quantification experiments for all
hree labeled nitropeptides are also highly repeatable with small
tandard errors (data not shown). The results for relative quan-

ification can be further confirmed by the analysis of full-scan MS
pectra of the differentially labeled peptides (Fig. 4). The intensity
f light- versus heavy-labeled peptides in the experimental spectra
orresponds to their relative abundance.
AFR differentially labeled with N-dimethylation in various (1:10, 1:3, 1:1, 3:1 and
thyl label).

3.3. Enrichment and quantification of isotopically labeled
nitropeptides

In order to prove that our enrichment procedure main-
tains the relative ratios of differentially N-dimethyl-labeled
nitropeptides, the three model nitropeptides (#Y*LQEIYNSNNQK#,
#EGYY*GYTGAFR and #GDY*DLNAVR) with light or heavy dimethyl
label were mixed in ratios of 0.33:1, 1:1 and 1:0.33 (light to
heavy), respectively, and added into a mixture of the HSA-derived
mock biological matrix. Then, nitrotyrosines were converted to

the corresponding aminotyrosines via straightforward reduction
to selectively capture them by SPAER [26], as described in Sec-
tion 2. The yield of reduction for peptides #Y*LQEIYNSNNQK#,
#EGYY*GYTGAFR and #GDY*DLNAVR were estimated to be 94%,
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Fig. 5. LC–ESI-MS analysis of HSA tryptic digest spiked with 1:1 ratio of differentially dimethyl-labeled nitropeptides (#Y*LQEIYNSNNQK#, #EGYY*GYTGAFR and
#GDY*DLNAVR) prior to SPEAR enrichment. (A) Base-peak chromatogram and (B) averaged full-scan mass spectrum from acquisitions in the 0–120-min retention time
w 9 for #
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indow.  The arrows show ions at m/z 807.89 for #Y*LQEIYNSNNQK#, at m/z 678.7
nd # denotes light or heavy N-dimethylation).

8% and 91%, respectively. The accuracy of relative quantification
sing stable isotope N-dimethyl labeling upon SPAER enrichment,
ased on relative ratios between light and heavy labeled nitropep-
ides calculated from the corresponding XICs, is summarized
n Table 1. The chromatogram and averaged full-scan mass
pectrum of HSA digest spiked with three differentially dimethyl-
abeled nitropeptides at ratio of 1:1 (light:heavy) are shown in
ig. 5. A remarkable increase in relative intensity of nitropep-
ides among HSA tryptic peptides was obtained after enrichment
f the three spiked nitropeptides as shown in Fig. 6. The high
fficiency of SPAER enrichment for nitropeptides after isotope
imethyl labeling was demonstrated by identifying only one
arryover peptide (#RHPDYSVVLLLR) originating from HSA tryp-
ic digest after protein database search. This may  be due to

he improved washing procedure, since we have introduced the

ethod [26].
The XICs of the enriched nitropeptide #EGYY$GYTGAFR (Fig. 7,
represents light or heavy N-dimethyl tag, and $ denotes
EGYY*GYTGAFR and at m/z 548.26 for #GDY*DLNAVR (* represents nitrotyrosine,

4-formylbenzoyl moiety on tyrosine after enrichment) for the
[M+2H]2+ ions at m/z 729.82 (light) and 732.83 (heavy) concord
with the expected ratios of 0.33:1, 1:1, 1:0.33 respectively. More-
over, CID-MS/MS spectra of the enriched nitropeptide with light
and heavy dimethyl labels (Fig. 7D) indicated that the CID-based
fragmentation of the peptides is not affected by the differential
dimethylation [26].

The relative quantitation by the method presented here was
also tested for a nitrated protein (ubiquitin) in human plasma as
a matrix (Supplementary Table S1). The nitrotyrosine-containing
peptide (TLSDY*NIQK) from the digested nitroubiquitin was
enriched and measured at diminishing nitroprotein content (down
to as low as 18 pmol/mL). The theoretical 1:1 ratio of light/heavy
nitropeptide after SPAER enrichment was reproduced, again, by
the measured ratios (1.03 ± 0.09, n = 4), demonstrating the value of
the SPEAR approach not only for site-specific recognition of pro-

tein nitration [26], but also for the relative quantitation of this
PTM.
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Fig. 6. LC–ESI-MS analysis of HSA tryptic digest spiked with 1:1 ratio of differentially dimethyl-labeled nitropeptides (#Y*LQEIYNSNNQK#, #EGYY*GYTGAFR and
#GDY*DLNAVR) after SPEAR enrichment. (A) Base-peak chromatogram and (B) average
sponding to the enriched tagged nitropeptide #GDY$DLNAVR with different isotope labeli
4-formylbenzoyl tag). The arrows show ions at m/z 572.94 and 858.92 for #Y$LQEIYNSNN

Table  1
Theoretical and observed ratios of stable isotope N-dimethyl labeling and
enrichment of tagged nitropeptides (observed ratios were calculated from two
independent samples and two analytical replicates for each theoretical ratio and
peptide).

Peptides Ratio (expected
0.33)

Ratio (expected
1.0)

Ratio (expected
3.0)

#Y$LQEIYNSNNQK# 0.34 0.90 3.03
#EGYY$GYTGAFR 0.31 0.97 3.11
#GDY$DLNAVR 0.25 0.95 3.31

Average ratio 0.30 ± 0.03 0.94 ± 0.02 3.15 ± 0.08

# denotes light or heavy N-dimethylation.
$ denotes 4-Formylbenzoyl (C8H5N1O2) tag.
d full-scan mass spectrum. The expanded view of mass spectrum for ions corre-
ng (# represents light or heavy N-dimethyl tag) was  shown in the inset ($ represents
QK#, at m/z 729.82 for #EGYY$GYTGAFR and at m/z 599.28 for #GDY$DLNAVR.

3.4. Examination of potential isotope effects on chromatographic
separation

It has been reported that stable-isotope labeling with deuterium
replacing hydrogen may  reduce the accuracy of quantification due
to chromatographic isotope effects [29]. Deuterium atoms are more
hydrophilic than hydrogen atoms, so the chromatographic resolu-
tion of light and heavy labeled peptides on the stationary phase
may be increased, which could cause different ionization efficiency

due to varying matrix interference that results in inaccurate quan-
tification based on XICs. Therefore, it is important for isotopically
labeled peptides to elute at essentially identical retention times.
With the labeling method used in our approach, the light-labeled
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Fig. 7. Extracted ion chromatograms and mass spectra of doubly charged precursor ions of #EGYY$GYTGAFR (# represents light or heavy N-dimethyl label and $ indicates
4-formylbenzoyl tag) at m/z 729.82 (light) and m/z 732.84 (heavy) mixed in a theoretical ratio of (A) 0.33:1, (B) 1:1, and (C) 1:0.33 (light to heavy, respectively). The
experimental ratios were calculated from the area of extracted ion chromatograms. (D) CID-MS/MS spectra of [M+2H]2+ ions of differentially labeled #EGYY$GYTGAFR after
SPAER  enrichment.
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EGYY*GYTGAFR eluted at 37.33 min, while the heavy-labeled iso-
opomer eluted at 37.20 min  even when they were mixed at a ratio
f 1:10 (Fig. 3A). As such, the retention time shifts were negligible.
o significant differences in retention times between the differen-

ially labeled peptides were detected either (data not shown) for
Y*LQEIYNSNNQK# where both the �- and �-amino groups were

abeled (indicated by #). This may  be due to the association of
euterium atoms with hydrophilic amines that diminishes RPLC

sotope effects [42].

. Conclusions

In summary, we have successfully utilized the N-dimethyl label-
ng component of our recently developed SPAER-based enrichment
echnique [26] to enable relative quantification of nitropeptides.
he simplicity of the method relies on using isotopic variants of
ormaldehyde (or even those of cyanoborohydride) to not only per-
orm derivatization necessary for the procedure, but also provide
elative quantitation without the necessity of employing addi-
ional chemical derivatization/tagging. We  have also confirmed
hat heavy-isotope labeling carries no significant chromatographic
sotope effects for the tagged nitropeptides. The accuracy and
recision of this strategy were revealed through LC–MS analyses
f differentially labeled model nitropeptides and a nitroprotein
aptured from HSA digest and human plasma, respectively. The fea-
ibility of quantitative profiling of modification brought about by
yrosine nitration followed by the SPAER enrichment has also been
emonstrated. Accordingly, the technique presented here could be

 simple yet effective approach for the identification and explo-
ation of relative changes in the extent of protein nitration.
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