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Tyrosine nitration is a low-abundance post-translational
protein modification that requires appropriate enrichment
techniques to enable proteomic analyses. We report a
simple yet highly specific method to enrich nitropeptides
by chemoprecipitation involving only two straightforward
chemical modifications of the nitropeptides before cap-
turing the obtained derivatives with a strategically de-
signed solid-phase active ester reagent. Specifically,
capping of the aliphatic amines in the peptides is done
first by reductive methylation to preserve the charge
state of peptides for electrospray ionization mass spec-
trometric analysis, followed by reduction of nitroty-
rosines to the corresponding aminotyrosines. These
peptides are then immobilized on the solid-phase active
ester reagent, whereas other peptides carrying no free
amino groups are separated from the immobilized spe-
cies by thoroughly washing the beads from which the
tagged peptide derivatives can easily be released by acid-
catalyzed hydrolysis at room temperature. The benefits of
selective enrichment from a matrix of unmodified pep-
tides for liquid chromatography-tandem mass spectrom-
etry are demonstrated on three synthetic nitropeptides
that are nitrated fragments of biologically relevant pro-
teins. Identification of several in vitro nitrated human
plasma proteins, also implicated under various patholog-
ical processes, by database searches from the enriched
and tagged tryptic nitropeptides is presented as a practi-
cal application. We also show that converting the nitro-
group to the small 4-formylbenzoylamido tag does not
significantly alter fragmentation properties upon colli-
sion-induced dissociation compared with those of the
native nitropeptides, and at the same time this derivatiza-
tion actually improves electron capture dissociation due
to conversion of the electron-predator nitro-group to this

novel tag. Molecular & Cellular Proteomics 10: 10.1074/
mcp.M110.002923, 1–10, 2011.

Tyrosine (Tyr, Y) nitration is a low-abundance posttransla-
tional protein modification associated with significant
changes in protein functions and implicated in a variety of
biological processes and diseases (1, 2). 3-Nitrotyrosine has
been considered the biomarker of nitrative stress (3). Nitration
of a protein Tyr decreases the pKa of the neighboring phenolic
hydroxyl group, rendering it mostly deprotonated at physio-
logical pH that ultimately results in altered protein binding and
protein interactions (4). Identifications of protein targets for
posttranslational nitration should be considered only putative,
when two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE)1 in combination with Western blot detection of
nitrotyrosine immunoreactive spots is used (5) because these
studies usually do not seek or cannot obtain direct informa-
tion about specific nitration sites (6), although there have been
reports on MS/MS-based localizations of tyrosine nitration
from peptides after digestion of proteins in relevant 2D-PAGE
spots (7). On the other hand, immunoprecipitation and gel
electrophoresis apparently suffer from serious limitations,
when they are used as front-end procedures to enable the
exploration of the nitroproteome in vivo by liquid chromatog-
raphy-tandem MS (LC-MS/MS) (8). Since MS/MS-based mis-
identifications of nitropeptides have been revealed (9, 10),
appropriate enrichment of the usually very scarce nitrated
species (1) from an overwhelming “matrix” of unmodified pro-
teins or peptides before LC-MS/MS analyses should be con-
sidered crucial for discovery-driven investigations of this
posttranslational modification on a proteome-wide scale (11–
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15). In addition, critical analysis of MS/MS data is also re-
quired, when instruments furnishing low mass resolution and
accuracy are used (9, 10).

Chemical labeling of nitrotyrosines is carried out after con-
version to the corresponding aminotyrosines (4), because the
amino group offers a convenient chemical handle for covalent
derivatization (“tagging”) that enables the enrichment of nitro-
peptides from the matrix of unmodified species. Reduction to
aminotyrosines also introduces a chromatographic shift that
has been proposed as a basis to distinguish nitropeptides
from unmodified matrix species (16), although unreliable frag-
mentation of the reduced peptides (17), time-consuming pro-
cedure because of the need for meticulous offline fraction-
ation, and potential dynamic range issues are, among others,
of concern with this strategy. Biotin tagging and subsequent
avidin immunoaffinity-based enrichment have been reported
for nitropeptides after converting nitrotyrosines to aminoty-
rosines (11).

Because aliphatic amino groups abundantly present in the
proteolytic digest can also be partially tagged even at acidic
pH, capping by acetylation before reducing the nitrotyrosines
to aminotyrosines has been introduced (12). With acylation,
the accompanying decrease in functional groups responsible
for the ionization of peptides may, however, result in an un-
wanted loss of peptide ion signals, when ESI is the method of
choice to enable online data-dependent LC-MS/MS analysis
(13). Another disadvantage of acylation is that removal of
O-acyl intermediates requires treatment with a large quantity
of an additional chemical (18) or harsh reaction conditions
(15). A more selective method than biotin tagging for avidin
immunoaffinity enrichment to capture aminotyrosine peptides
and facilitate mass spectrometric analysis utilizes solid-phase
chemistry (“chemoprecipitation”) on thiopropyl Sepharose
beads after a four-step derivatization resulting in acetylated
sulfhydryl peptides (12). In general, newer enrichment strate-
gies (12–15) tend to involve multiple-step chemical conver-
sions to obtain the corresponding tagged peptides from a
complex biological medium, which may not only result in low
overall efficiency making unequivocal identification of nitro-
peptides difficult or ambiguous, but also requires cumber-
some and time-consuming sample preparation (12–14).

To overcome these shortcomings, our goal was to develop
a simple yet highly specific method to identify nitration sites in
peptides/proteins by significantly decreasing the number of
chemical modifications required for the selective capture of
nitropeptides from biological matrices by solid-phase chem-
istry. Before reducing the nitropeptides to the corresponding
aminopeptides, we used reductive methylation to block ali-
phatic amines inherently present in proteolytic peptides and
to avoid potential loss of peptide signals (13). Selective che-
moprecipitation was performed by a novel, strategically de-
signed solid-phase active ester reagent (SPAER) on glass
beads from which the tagged peptides could be easily recov-
ered via acid-catalyzed hydrolysis at room temperature.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—All chemicals and reagents were pur-
chased from Sigma-Aldrich unless otherwise specified. Succinimi-
dyl-4-formylbenzoate was obtained from Pierce (Rockford, IL). Hu-
man plasma was obtained from Innovative Research, Inc. (Novi,
MI). Trypsin was purchased from Applied Biosystems Inc. (Foster
City, CA). VSFLSALEEY*TK, GDY*DLNAVR, IINEPTAAAIAY*GLDK,
and EGYY*GYTGAFR (where Y* denotes nitrotyrosine) were custom-
synthesized by Synthetic Biomolecules (San Diego, CA), and they
were used for the experiments without further purification.

Preparation of the Solid-phase Active Ester Reagent (SPAER)—
Aminopropyl glass beads (0.2 mmol/g loading) were converted to
solid-phase hydrazide (SPH) beads as reported before (19). The SPH
beads (250 mg) were then reacted with 120 mg (0.48 mmol) of
succinimidyl-4-formylbenzoate in 5 ml of acetonitrile/H2O, 7:3 (v/v),
containing 0.2% acetic acid (pH 4) at room temperature for 5 h with
continuous shaking. The obtained SPAER beads were filtered off and
washed thoroughly with 3 � 3 ml of reaction medium, 3 � 3 ml of
acetonitrile and 2 � 2 ml of dichloromethane, respectively. The glass
beads were then dried in vacuo and stored under nitrogen at �20 °C.

Nitration of Human Plasma—Human plasma (200 �l) was nitrated
with tetranitromethane (0.5 �l) for 5 min at room temperature (20).
Plasma proteins were immediately precipitated by the addition of 4
sample volumes of cold (�20 °C) acetone (Pierce technical
note http://www.piercenet.com/files/TR0049-Acetone-precipitation.
pdf). The sample was then vortexed and incubated at �20 °C for 2 h.
After centrifugation at 13000g for 10 min, the supernatant was re-
moved and discarded. The pellet was washed with cold acetone and
the sample was centrifuged again. The supernatant was removed and
the pellet was carefully dried with a gentle stream of nitrogen. The
pellet was then resuspended in 100 mM ammonium bicarbonate
buffer containing 8 M urea (pH 8, freshly prepared using electropho-
resis-grade urea). Protein concentration was estimated by the BCA
protein assay kit (Pierce, Rockford, IL). Before digestion, the sample
(�5 mg of protein) was reduced with 5 mM dithiothreitol at 56 °C for
30 min and then alkylated with 10 mM iodoacetamide for 30 min at
room temperature in the dark. Afterward, the mixture was diluted with
4 volumes of 100-mM ammonium bicarbonate buffer, and trypsin
(1:50 trypsin to protein, w/w) was added for overnight digestion at
37 °C.

Preparation of Nitropeptide-containing Matrices for Solid-phase
Enrichment—Synthetic model nitropeptides (VSFLSALEEY*TK,
GDY*DLNAVR, IINEPTAAAIAY*GLDK, approx. 1 nmol each) in BSA
digest (0.25 mg, 1 mg/ml) or nitrated human plasma digest obtained
above was first undertaken to reductive methylation with 0.5% form-
aldehyde and 50 mM sodium cyanoborohydride in 100 mM sodium
acetate buffer (pH 5.5) at 37 °C for 1 h (21). Excess formaldehyde was
quenched with 0.5% NH4OH (22). Subsequently, solid-phase extrac-
tion (SPE, C18 Sep-Pak, Waters, Milford, MA) was done. The eluted
peptides were dried by speedvac and nitrotyrosines were reduced to
the corresponding aminotyrosines with 500-fold molar excess of
Na2S2O4 in 100 mM phosphate buffer (pH � 8) at room temperature
for 30 min in a customary manner (4). Excess Na2S2O4 was decom-
posed by acidifying the solution (with acetic acid, pH 3) for 30 min.

Alternatively, we have also used immobilized reagents to develop a
“one-pot” derivatization method, without the need of sample clean up
to obtain dimethylated aminotyrosines for the enrichment process by
SPAER. Briefly, formaldehyde (final concentration 0.5% v/v) was
added to 250 �l of peptide mixture in bovine serum albumin (BSA)
tryptic digest, and the sample was incubated with 20 mg of immobi-
lized cyanoborohydride polymer (�2 mmol/g loading, Sigma) by end-
over-end rotation for 2 h at room temperature (LC-MS/MS analysis
showed a complete dimethylation similarly to that of solution-phase
cyanoborohydiride method). The cyanoborohydride polymer was re-
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moved by centrifugation at 11000 rpm for 30 s, and the resin was
washed with 50 �l of sodium acetate buffer. The pH of the combined
solutions was adjusted to 5.5 and 250 mg of aminopropyl glass beads
(19) were added to quench excess formaldehyde by end-over-end
rotation for 4 h, at room temperature. The beads were then removed
by centrifugation at 11,000 rpm for 30 s and washed with the reaction
medium (100 �l). After adjusting the pH of the combined solutions to
8, nitrotyrosines were reduced to aminotyrosines, as described
above. Aliquots of the solution (400 �l) were then used for the enrich-
ment process without further purification.

Enrichment of Nitropeptides Using SPAER—The pH of the above
solution containing the dimethylated and reduced peptides was ad-
justed to 5.5 followed by the addition of 10 mg of SPAER. The
resultant slurry was rotated end-over-end at room temperature for
4 h. SPAER was then pelleted by centrifugation, and the supernatant
was removed. The beads were thoroughly washed with 400 �l of
solvent each time in the following order to remove non-aminotryrosine
containing peptides and impurities: H2O (4�), 80% acetonitrile/H2O
containing 0.1% acetic acid (4�), acetonitrile (3x) and, then, H2O. The
captured aminotyrosines were released from the glass beads with 200
�l of 95% (v/v) trifluoroacetic acid/H2O at room temperature within
1 h.The solvent was evaporated under a nitrogen stream, and the
4-formylbenzoylamido-tagged peptides were desalted by solid-phase
extraction (bonded C18 pipette Ziptips, Millipore, Billerica, MA) before
online data-dependent reverse phase (RP) LC-MS/MS analysis.

Liquid Chromatography-Electrospray Ionization Tandem Mass
Spectrometry—An Eksigent nano-LC-2D system (Dublin, CA) with a
15 cm � 75 �m PepMap C18 (LC Packings, Dionex, San Francisco,
CA) nanoflow column was used for the analyses. Mobile phases
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)] were at a
constant flow rate of 250 nL/min. Five microliters of peptide mixture in
4.8% acetonitrile, 95.1% water, and 0.1% acetic acid were automat-
ically loaded onto the IntegraFritTM sample trap (2.5 cm � 75 �m i.d.)
(New Objective, Woburn, MA) for sample concentration and desalting,
at a flow rate of 1.5 �l/min in a loading solvent of 0.1% (v/v) acetic
acid and 5% (v/v) acetonitrile in 94.9% (v/v) water. Separations were
performed on the C18 column and equilibrated for 5 min at 4.8%
solvent B, followed by a 45-min gradient for the BSA digest spiked with
three nitropeptides or a 90-min gradient for the nitrated plasma to 40%
solvent B. Solvent B was then held at 40% for 5 min, increasing up to
90% for the next 5 min and finally at 4.8% within 10 min. LC-ESI-
MS/MS analysis was performed using a hybrid linear ion trap-Fourier
transform ion cyclotron resonance (7-Tesla) mass spectrometer (LTQ-
FT, Thermo Fisher, San Jose, CA) equipped with the manufacturer’s
nanoelectrospray ionization source and operated with the Xcalibur (ver-
sion 2.0) and Tune Plus (version 2.2) data acquisition software.

Data-dependent mode of acquisition was used in which an accu-
rate m/z survey scan was performed in the Fourier transform (FT)-ion
cyclotron resonance (ICR) cell followed by parallel MS/MS linear ion
trap analysis of the top five most intense precursor ions. FT-ICR
full-scan mass spectra were acquired at 50000 mass resolving power
(m/z 400) from m/z 350 to 1500 using the automatic gain control mode
of ion trapping. Collision-induced dissociation (CID) was performed in
the linear ion trap using a 4.0-Th isolation width and 35% normalized
collision energy with helium as the collision gas. Singly charged
precursors and unassigned charge states were excluded from the
precursor selection. Also, the precursor ion that had been selected for
CID was dynamically excluded from further MS/MS analysis for 60 s.

Electron Capture Dissociation-Fourier-Transform Ion Cyclotron
Resonance Mass Spectrometry—EGYY*GYTGAFR or #EGYY�GY-
TGAFR (prepared from EGYY*GYTGAFR according to the procedure
described above; viz. reductive methylation followed by reduction of
Y* to aminotyrosine, then capture by and release from SPAER) was

prepared in methanol/water (50:50, v/v/) containing 1% acetic acid in
a concentration of 3 pmol/�l. The sample was electrosprayed at a
flow rate of 3 �l/min. Precursor ions were isolated in the linear ion trap
of linear trap quadrupole (LTQ)-FT and, then, transferred into the ICR
cell for electron capture dissociation (ECD). The isolation width was 5
Da. Electrons were produced by an indirectly heated (with current
typically around 1.1 A) barium-tungsten cylindrical dispenser cath-
ode, and ions trapped in the ICR cell were irradiated for 200 ms at �5
V cathode potential. ECD mass spectra were averaged over 2 min of
data acquisition.

Data Analysis—Bioworks (version 3.3, Thermo) was used to gen-
erate peak lists for database search. Mascot (Matrix Science, London,
UK; version 2.2) and Sequest (Thermo; version 27, rev. 12) were used
to identify peptides by searching the International Protein Index (IPI)
human database (version 3.71, 86745 entries). Trypsin was selected
as the digesting enzyme and one missed cleavage was allowed. X!
Tandem (The GPM, thegpm.org; version 2007.01.01.1) was set up to
search a subset of the ipi_HUMAN_v3.71 database. Mascot and
Sequest were searched with parent-ion and fragment-ion mass tol-
erances of 25 ppm and 0.80 Da respectively. Carbamidomethylation
of cysteine (57.0215 Da) dimethylation of N terminus (28.0313 Da),
and dimethylation of lysine (28.0313 Da) were specified as fixed
modifications. Oxidation of methionine (15.99492 Da) and tagging of
tyrosine (see Fig. 1, 147.0320 Da) were set as variable modifications
in Mascot and Sequest searches. Scaffold (version Scaf-
fold_3_00_01, Proteome Software Inc., Portland, OR) was used to
validate MS/MS based peptide and protein identifications. Peptide
identifications were accepted at greater than 95% probability as deter-
mined by the peptide prophet algorithm (23). Protein identifications
were evaluated by the Protein Prophet algorithm (24). MS/MS spectra
from enriched peptides were manually annotated using theoretical CID-
MS/MS fragment ion masses obtained from the MS-Product program
available through Protein Prospector (prospector.ucsf.edu). To discard
potential false positives, validation was performed according to the
flowchart in our earlier report (9). The data associated with this manu-
script may be downloaded from the ProteomeCommons.org Tranche
network using the following hash: Yu23mxL2Xfo6HJfXZjmn8C
SFPqhQSCsX2nj2X/s9WoHunq0w3owJ6YGaYjgBJZxcB3LQiXYccXF
D5n36P623zn2e3CkAAAAAAAADEg��.

RESULTS AND DISCUSSION

Our simple enrichment method involves only two chemical
modifications on the nitropeptides to allow subsequent che-
moprecipitation (Fig. 1). First blocking the aliphatic amines by
reductive methylation (21) is performed to preserve the charge
state of peptides for ESI-MS analysis (13), which proceeds
with practically quantitative yield, in agreement with previous
reports (22, 25) and also shown (supplemental Fig. S1) by
LC-ESI-MS/MS of a mixture containing the derivatized
IINEPTAAAIAY*GLDK, VSFLSALEEY*TK and GDY*DLNAVR.
Reduction of nitrotyrosines to the corresponding aminoty-
rosines is carried out by a well-established protocol that doc-
umented about 98% yield for proteomic analysis (12). Our
actual enrichment technique illustrated in Fig. 1 relies on the
immobilization of aminotyrosines on SPAER. Unmodified pep-
tides that did not yield aminotyrosine upon precapture de-
rivatization are removed by thorough washing of the beads
from which the 4-formylbenzoyl-tagged peptide derivatives
can easily be released for LC-MS analysis by acid-catalyzed
hydrolysis at room temperature. We derived SPAER from an
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SPH reagent (19) that our laboratory has been successfully
using to enrich peptide carbonyls (26, 27) by reacting SPH
with the commercially available 4-formylbenzoic acid N-suc-
cinimidyl ester. We believe that other active esters (28) may
also be used that can be synthesized either a priori or in situ
on the glass beads. Efficiency of chemoprecipitation by
SPAER was confirmed by showing that a single enrichment
step using 10 mg of beads for 0.4 ml sample solution already
immobilized all the modified peptides, since essentially no
more target peptides were captured when the procedure was
repeated with a fresh batch of SPAER.

The simplicity and high specificity of our method have been
demonstrated by selectively enriching three synthetic nitro-
peptides from a biological matrix for LC-MS/MS analysis.
These nitropeptides, IINEPTAAAIAY*GLDK, VSFLSALEEY*TK,
and GDY*DLNAVR are the modified fragments of the heat
shock protein implicated in the autoimmune inflammatory
disorder of the central nervous system (29), apolipoprotein A-I
associated with the development of atherosclerosis (30), and
the NF-�B p65 subunit that causes the inactivation of this
transcription factor (31), respectively.

To mimic a biological matrix such as plasma proteins,
BSA tryptic digest was spiked with VSFLSALEEY*TK,
GDY*DLNAVR, and IINEPTAAAIAY*GLDK, in �200-fold ex-
cess in molar ratio of unmodified peptides versus nitropep-

tides (considering 1201 Da as an average molecular weight of
BSA tryptic peptides according to an in silico digestion per-
formed by the MS-Digest module of Protein Prospector,
http://prospector.ucsf.edu, assuming no missed cleavages
and carbamidomethylation of Cys). Fig. 2 shows the data-de-
pendent online RP-LC-ESI-MS/MS analysis of this peptide
mixture in BSA digest obtained by a linear ion trap-Fourier
transform ion cyclotron resonance hybrid mass spectrometer
coupled with a nano-LC system. As an example, we show
that, in the full-scan ESI mass spectrum recorded at retention
time (tR) of 30.79 min, GDY*DLNAVR ([M�2H]� at m/z
534.2410, Fig. 2B) is overwhelmed by BSA tryptic peptides
SLHTLFGDELC@K (where C@ denotes carbamidomethylated
Cys; [M�3H]3� at m/z 473.9023 and [M�2H]2� at m/z
710.3496) and DLVNELTEFAK ([M�2H]2� at m/z 582.3181). It
is, therefore, apparent from this model experiment that low-
abundance nitropeptides may not be chosen during data-de-
pendent acquisitions for subsequent MS/MS scans from a
peptide matrix represented by the proteolytic digest of a
complex biological fluid such as plasma. For reference, Fig.
2C also shows the MS/MS product-ion spectrum of
GDY*DLNAVR obtained by CID of the doubly protonated pre-
cursor ion at m/z 534.2 (MS/MS product-ion spectra of
VSFLSALEEY*TK and IINEPTAAAIAY*GLDK obtained by CID

FIG. 1. A, Schematic representation of the two-step derivatization procedure before chemoprecipitation of aminotyrosines by
SPAER. B, Enrichment of nitropeptides by solid-phase active ester reagent (SPAER).
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of their [M�H]2� precursor ions are available in supple-
mental Fig. S2A and S3A, respectively).

Fig. 3 summarizes data-dependent online LC-MS/MS anal-
ysis of the sample obtained from nitropeptides spiked into the
BSA tryptic digest after completing the procedure shown in
Fig. 1. The full-scan mass spectrum recorded at tR of 28.74

min (Fig. 3B) in this initial proof-of-concept study demon-
strates that the 4-formylbenzoyl-tagged derivative of the di-
methylated and reduced GDY*DLNAVR eluted without inter-
ference from the non-nitrated peptides of BSA tryptic digest
whose presence was minimized to a few contaminating spe-
cies that were not completely removed from the enriched

FIG. 2. A, Base peak chromatogram of IINEPTAAAIAY*GLDK, VSFLSALEEY*TK and GDY*DLNAVR (with Y* denoting 3-nitrotyrosine)
added to BSA tryptic digest indicating that unmodified peptides may bias against low-abundance nitropeptides upon data-dependent
LC-ESI-MS/MS analysis because of potential undersampling (i. e. the modified peptides may elude selection for tandem mass
spectrometry and, thus, preclude identification) and/or suppression by overwhelming matrix components (26, 27). We selected at tR of
30.79 min GDY*DLNAVR ([M�2H]� at m/z 534.2410) as a representative example to show: B, The full-scan ESI mass spectrum where the
nitropeptide was detected; C, CID-MS/MS product-ion spectrum recorded from m/z 534.2 as precursor.
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FIG. 3. A, Base peak chromatogram of SPAER-enriched low-abundance nitropeptides #IINEPTAAAIAY�GLDK#, #VSFLSALEEY�TK#

and #GDY�DLNAVR (where # indicates dimethylation of the amino terminus and Y� denotes conversion of 3-nitrotyrosine to the
4-formylbenzoylamido derivative) showing interference-free data-dependent LC-ESI-MS/MS analysis of the tagged species. B,
Full-scan ESI mass spectrum at tR � 28.74 min of #GDY�DLNAVR ([M�2H]� at m/z 599.2788) is shown as an example for derivatized and
tagged nitropeptide, C, CID-MS/MS product-ion spectrum recorded from m/z 599.2788 as precursor. Peaks marked with dots were
non-peptidic impurities, whereas the peak with the § was singly charged species excluded from MS/MS analysis upon data-dependent
acquisition. As a minor constituent in the peak also marked with the � sign, the fully dimethylated BSA tryptic peptide #LFTFHADIC@TLPDTEK#

([M�2H]� at m/z 655.33; @: carbamidomethylated Cys) was identified as the only non-modified matrix species present.
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sample. However, the introduction of SPAER immobilized on
the surface of glass beads for chemoprecipitation would allow
for a more aggressive washing with organic solvents to re-
move adsorbed but not covalently immobilized peptides and
other synthetic impurities than the one used here in the pro-
cedure, which will be exploited for future improvement of the
reported method in this regard. Additional method refine-
ments may include optimization of SPAER quantity necessary
for the consistent performance of chemoprecipitation; how-
ever, a procedure reported recently for phosphopeptide en-
richment (32) used TiO2-beads in quantity identical to that of
SPEAR beads in our nitropeptide enrichment method, which
indicated that handling in this scale (i.e. 10 mg of beads) might
be the most convenient for routine use in batch mode. Pi-
pette-tips filled with beads may also be developed as an
alternative (33), especially to handle small sample volumes.

As shown in Fig. 3C, CID-MS/MS spectra of the derivatized
and tagged peptide, #GDY�DLNAVR [where Y� represents
3-(4-formylbenzamido)tyrosine and # indicates dimethylation
of the amino terminus], show fragmentation properties similar
to the parent nitropeptide GDY*DLNAVR that permitted its
unequivocal identification by MS/MS. Specifically, although
the doubly charged GDY*DLNAVR gave adjoining y1 to y6 and
b3 to b8 series (Fig. 2C), [M�2H]2� of #GDY�DLNAVR dis-
played, without giving irregular fragmentation patterns re-
ported for 3-aminotyrosine-containing peptides (17), con-
tiguous y1 to y8 and b2 to b7 series of fragment ions upon
CID in the linear ion trap. Similar features were observed for
the two additional nitropeptides (IINEPTAAAIAY*GLDK and
VSFLSALEEY*TK) and their corresponding tagged peptides
enriched from BSA tryptic digest (see supplemental
Figs. S2B and S3B, respectively) by the procedure summa-
rized in Fig. 1.

Next, the fidelity of our method to explore the nitropro-
teome has been demonstrated by making convincing iden-
tifications of nitroproteins from a highly complex and bio-
logically relevant matrix, specifically from nitrated human
plasma. Plasma protein nitration has been implicated in
aging (34) and a wide variety of pathological processes,
including inflammation (35), thrombosis (36), kidney (37),
lung (38, 39), and heart diseases (40). In particular, nitration
of fibrinogen has been observed in these diseases (41). In
addition, nitrated albumin and serotransferrin were also
identified in the blood of patients undergoing hemodialysis
(37). Detection of the nitration of these proteins was done by
immunoassays or immunoprecipitation followed by Western
blotting.

To make the nitrated human plasma, we relied on a proce-
dure frequently applied to the constituents of the plasma
proteome (16, 42, 43), but made some with an important
adjustment. Specifically, reaction time was shortened signifi-
cantly [to 5 min from 20 min (43) and 1 h (16, 42), respectively]
to limit the extent of protein modification. For comparison,
light and heavy chains of IgG1 monoclonal antibody appeared

to undergo nitration in about 20% and �40%, respectively,
when the reaction was conducted for 20 min (43) and using
reagent to protein ratio somewhat higher than those reported
here in the Experimental Procedures section [The extent of
protein nitration was not reported in and could not be inferred
from references (16) and (42)]. Overall, nitroproteins in our
treated plasma sample represented about 14% of the pro-
teome based on estimation through spectral counts (261 for
identified nitroproteins out of 1815 for all identified proteins,
when processed by Scaffold) after shotgun LC-MS/MS anal-
yses, albeit the latter method appeared to overestimate the
actual degree of tyrosine nitration. In addition, the latter varied
significantly within and among proteins of the human plasma,
as illustrated in supplemental Fig. S4. For example, we ob-
tained about 0.7 and 60% for the relative abundance of
Y*ICENQDSISSK and QNCELFEQLGEY*K, respectively, in al-
bumin, and 2% for the abundance of FNWY*VDGVEVHNAK in
the IGHG_1 protein based on the extracted-ion chromato-
grams of the modified and unmodified tryptic peptides in the
sample. These observations also support the hypothesis
about the selectivity of protein nitration in a complex pro-
teome (1, 2).

Our results for in vitro protein nitration of human plasma
using SPAER for chemoprecipitation and database searches
relying on CID-MS/MS spectra obtained through data-de-
pendent acquisition during online nano-RPLC separation are
summarized in Table I. Noteworthy, that nitration of several
lower-abundance proteins (e.g. �-2 macroglobulin, fibronec-
tin, haptoglobin, and hemopexin) could not be identified with-
out enrichment. Only eight untagged peptides from abundant
plasma proteins were identified possible because of carry-
over from incomplete rinsing of the beads that, again, will be
addressed in a future study aimed at improving the protocol
by introducing additional washing steps involving organic
solvents such as dimethylformamide. Annotated MS/MS
spectra of the identified nitropeptide derivatives are given in
supplemental Fig. S5. We found that one hit not reaching
p � 0.05 threshold for identification by Mascot
(#LSITGTY�DLK# Table I) was actually above the threshold
required for identification by Sequest (44) and also passed
validation according to our recently published procedure
(9). On the other hand, Mascot search convincingly identi-
fied five peptides nitrated at internal Tyr residues, yet they
eluded identification by Sequest. Therefore, we recommend
combining results from these complementary search algo-
rithms upon application of our enrichment procedure for the
exploration of the nitroproteome. We also showed that the
CID-MS/MS spectrum of #Y�LQEIYNSNNQK#, indicating
the nitration of Tyr-135 of the gamma-B isoform of fibrino-
gen �-chain (41) was identical to that of the derivatized and
tagged synthetic peptide (supplemental Fig. S6A in the
Supporting Information online). Similarly, we confirmed the
identification of #EGYY�GYTGAFR (Table I) indicating Tyr-
534 nitration in serotransferrin, a modification that has been
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found in the blood of patients with kidney failure (37), by
comparing the CID-MS/MS of the plasma-derived species
to that of the authentic synthetic peptide (see
supplemental Fig. S6B).

Complementary to the CID method of ion dissociation,
the electron-based ECD and ETD have been increasingly
used for MS/MS characterization of posttranslationally
modified peptides (45, 46). However, the electron predator
effect of the NO2-group (47) has been noted, which limits
the capacity of ECD to obtain sequence information on
nitropeptides (48). Therefore, an additional benefit of replac-

ing the nitro- with the 4-formylbenzoylamido-group in the
modified peptide is that this conversion has permitted the
recording of ECD mass spectra that are devoid of strong
hydroxyl-radical (HO●), water and ammonia losses observed
for nitropeptides (48) and, hence, significantly improved
sequence coverage (see supplemental Fig. S7). The chem-
ical conversion abolishing electron predator effect will also
be beneficial for the ETD method of ion dissociation, that is
an MS/MS technique related to ECD and increasingly used
for analyses of posttranslational modifications upon cou-
pling with online LC separation (49).

TABLE I
Peptides identified from nitrated human plasma after trypsin digestion and completing the derivatization and enrichment procedure summarized
in Fig. 1. # Represents dimethylation of N-terminal amino-group and �-amino-group of Lys (K); @ Denotes carbamidomethylation of Cys (C);
� Designates the final tag (C8H6NO2-) on the tyrosine residues of enriched peptides. Peptide identifications were accepted at �10 ppm
precursor-ion mass accuracy and greater than 95% probability as determined by the Peptide Prophet algorithm. All MS/MS spectra of identified
proteins were manually annotated using the peptide fragmentation program MS-Product through Protein Prospector (University of California,
San Francisco). Protein identifications assigned by the Protein Prophet algorithm were mostly at �99%. �-1-acid glycoprotein 2 was identified
at 73% protein probability by Mascot and 94% by Sequest; isoform 1 of fibronectin was at 73% protein probability by Mascot and 94% by
Sequest; �-1-acid glycoprotein 1 and IGHG1 protein probabilities were 73% and 60%, respectively. Only few (8) untagged peptides from
abundant plasma proteins were identified (possible due to carryover from incomplete washing of the beads): #ALVLIAFAQYLQQC@PFEDHVK#,
#HPDYSVVLLLR, #RHPDYSVVLLLR, #RHPYFYAPELLFFAK#, #SLHTLFGDK#LC@TVATLR , #DVFLGMFLYEYAR, #EFNAETFTFHADIC@TLSEK#,

and #FNK#PFVFLMIEQNTK# by both Mascot and Sequest

IPI No. Protein name Peptide sequence
Nitration

site(s)
Charge

(�)

Mascot
score

(threshold,
p � 0.05)

Sequest Xcorr
(threshold for

ID:a 2.5 for 2�;
3.8 for 3�)

IPI00022434 Albumin #Y�LYEIAR 172 2 39.5 (34.1) 2.42
IPI00022434 Albumin #RHPYFY�APELLFFAK# 174 2 44.9 (33.9) 5.81
IPI00022434 Albumin #RHPY�FY�APELLFFAK# 172, 174 2 48.8 (33.9) 5.05
IPI00022434 Albumin #Y�K#AAFTEC@C@QAADK# 186 2 58.6 (31.1) 4.54
IPI00022434 Albumin #Y�IC@ENQDSISSK# 287 2 49.9 (30.5) 3.48
IPI00022434 Albumin #DVFLGMFLYEY�AR 358 2 74.4 (33.3) 4.31
IPI00022434 Albumin #QNC@ELFEQLGEY�K# 425 2 63.5 (31.1) 4.01
IPI00022434 Albumin #MPC@AEDY�LSVVLNQLC@VLHEK# 476 2 78.0 (33.2) 5.48
IPI00022429 �-1-acid glycoprotein 1 #Y�VGGQEHFAHLLILR 109 2 75.5 (34.1) 5.07
IPI00020091 �-1-acid glycoprotein 2 #EQLGEFY�EALDC@LC@IPR 160 2 69.8 (30.9) 5.77
IPI00553177 �-1-antitrypsin #ELDRDTVFALVNY�IFFK# 211 3 48.3 (33.4) 4.52
IPI00553177 �-1-antitrypsin #LSITGTY�DLK# 321 2 30.7 (34.3) 3.06
IPI00478003 �-2-macroglobulin #LLIY�AVLPTGDVIGDSAK# 543 2 46.5 (31.8) 3.78
IPI00478003 �-2-macroglobulin #VGFY�ESDVMGR 708 2 49.4 (29.6) 3.14
IPI00478003 �-2-macroglobulin #AFQPFFVELTMPY�SVIR 800 2 63.2 (34.4) 4.11
IPI00478003 �-2-macroglobulin #AIGY�LNTGYQR 1007 2 47.5 (33.9) N/A
IPI00021841 Apolipoprotein A-I #DY�VSQFEGSALGK# 53 2 53.9 (33.0) 4.06
IPI00021841 Apolipoprotein A-I #VSFLSALEEY�TK# 260 2 80.9 (34.7) 4.36
IPI00021854 Apolipoprotein A-II #EPC@VESLVSQY�FQTVTDYGK#DLMEK# 37 3 56.7 (32.1) N/A
IPI00021854 Apolipoprotein A-II #EPC@VESLVSQYFQTVTDY�GK# 44 2 66.4 (32.9) N/A
IPI00783987 Complement C3 #AAVY�HHFISDGVR 219 2 81.9 (33.6) 3.45
IPI00022418 Fibronectin #NTFAEVTGLSPGVTYY�FK# 974 2 60.6 (34.3) 5.25
IPI00021891 Fibrinogen � chain #FGSYC@PTTC@GIADFLSTY�QTK# 58 3 75.3 (31.2) 5.22
IPI00021891 Fibrinogen � chain #Y�LQEIYNSNNQK# 135 2 40.4 (33.6) 4.35
IPI00641737 Haptoglobin #DIAPTLTLY�VGK#K# 230 2 54.2 (30.3) 3.05
IPI00641737 Haptoglobin #Y�VMLPVADQDQC@IR 311 2 42.9 (32.5) 3.58
IPI00641737 Haptoglobin #VMPLC@LPSK#DY�AEVGR 286 2 44.7 (34.0) 3.64
IPI00022488 Hemopexin #DY�FMPC@PGR 227 2 32.2 (24.3) 2.83
IPI00022488 Hemopexin #GGY�TLVSGYPK# 335 2 35.7 (34.6) N/A
IPI00022463 Serotransferrin #MYLGY�EYVTAIR 336 2 54.1 (33.9) 4.18
IPI00022463 Serotransferrin #EGYY�GYTGAFR 534 2 40.0 (33.9) 3.65
IPI00448938 IGHG1 protein #FNWY�VDGVEVHNAK# 313 2 81.7 (33.5) N/A

a See ref. (44).
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CONCLUSIONS

In summary, we have developed a novel and simple che-
moprecipitation method for the highly selective enrichment of
nitrotyrosine-containing peptides from complex biological
matrices involving only two straightforward derivatization
steps on the nitropeptides before their covalent capture from
the matrix by a strategically designed SPAER on glass beads.
After converting nitrotyrosines having N-dimethylated ali-
phatic amino groups to the corresponding aminotyrosines for
their immobilization on SPAER, their tagged forms are re-
leased by acid-catalyzed hydrolysis at room temperature for
LC-MS/MS analysis or subsequent additional enrichment
(e.g. by SPH chemistry) (19, 26, 27), if necessary. The sim-
plicity and efficiency of the SPEAR approach has been dem-
onstrated by enriching three synthetic nitropeptides derived
from biologically important proteins (29–31) from BSA tryptic
digest. We have also demonstrated that the small 4-formyl-
benzoylamido tag on the released peptides preserves the
fragmentation properties of those of the parent nitropeptides
making their MS/MS-based identification unambiguous. Iden-
tification of protein nitration in human plasma by database
searches from enriched and tagged tryptic nitropeptides was
also presented as an example for practical application of
SPEAR for the exploration of the nitroproteome. Several ni-
trated proteins we found in the human plasma (e.g. fibrinogen,
serotransferrin, albumin, apoprotein A-1) by SPAER enrich-
ment have also been identified in the plasma of patients
having various pathological conditions (34–41).
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