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Abstract. Protein tyrosine nitration is involved in the pathogenesis of highly fatal astrocy-
tomas, a type of brain cancer. To understand the molecular mechanisms of astrocytomas
and to discover new biomarkers/therapeutic targets, we sought to identify nitroproteins in
humanastrocytoma tissue. Anti-nitrotyrosine immunoreaction-positive proteins fromahigh-
grade astrocytoma tissuewere detectedwith two-dimensional gel electrophoresis (2DGE)-
based nitrotyrosine immunoblots, and identified with liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Fifty-seven nitrotyrosine immunopositive protein spots were
detected. A total of 870 proteins (nitrated and non-nitrated) in nitrotyrosine-
immunopositive 2D gel spots were identified, and 18 nitroproteins and their 20 nitrotyrosine
sites were identified with MS/MS analysis. These nitroproteins participate in multiple

processes, including drug-resistance, signal transduction, cytoskeleton, transcription and translation, cell proliferation
andapoptosis, immune response, phenotypic dedifferentiation, cellmigration, andmetastasis. Among thosenitroproteins
thatmight play a role in astrocytomaswasnitro-sorcin,which is involved indrug resistanceandmetastasis andmight play
a role in the spread and treatment of an astrocytoma. Semiquantitative immune-basedmeasurements of different sorcin
expressions were found among different grades of astrocytomas relative to controls, and a semiquantitative increased
nitration level in high-grade astrocytoma relative to control. Nitro-β-tubulin functions in cytoskeleton and cell migration.
Semiquantitative immunoreactivity of β-tubulin showed increased expression among different grades of astrocytomas
relative to controls and semiquantitatively increased nitration level in high-grade astrocytoma relative to control. Each
nitroprotein was rationalized and related to the corresponding functional system to provide new insights into tyrosine
nitration and its potential role in the pathogenesis of astrocytoma formation.
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N itration of a protein tyrosine residue to produce a nitro-
protein is an important post-translational modification
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(PTM) that mainly originates from an in vivo highly reactive
peroxynitrite anion (ONOO―) pathway [1–3]. The
peroxynitrite anion is directly generated from an in vivo in-
creased production of nitric oxide (NO) and superoxide (O2

―·)
that has been observed in a wide spectrum of pathologic
conditions, including tumors, inflammation, hypoxia, neurode-
generative disorders, and aging [3, 4]. Protein nitration in-
volves addition of an electron-withdrawing nitro group
(–NO2) to the phenolic ring of a tyrosine residue to alter the
chemical properties of that tyrosine residue, including a de-
crease of electron density of the phenolic ring and a change of
the phenolic pKa value (from ~10 in tyrosine) to the physio-
logical pH range (~7 in 3-nitrotyrosine) [5]. When nitration
occurs within a protein-interaction region of, for example,
enzyme–substrate or receptor–ligand complexes, decreased
electron intensity negatively impacts on their interactions and
alters the functions of that protein. Nitration might also occur
within a tyrosine kinase phosphorylation motif to compete with
tyrosine phosphorylation and alter cellular signaling pathways
[6]. Moreover, studies indicate the existence of an in vivo
putative denitrase that might denitrate a nitroprotein and
create a dynamically reversible process between nitration
and denitration [7–9]. Therefore, protein nitration might
alter protein functions and participate in multiple patho-
geneses. For all of these reasons, it is important to
investigate nitroproteins in a cancer.

Astrocytomas are a type of brain cancer, and originate from
characteristic star-shaped glial cells in the cerebrum called
astrocytes that range from 20% to 40% of all glial cells, and
that have multiple functions such as biochemical support of
endothelial cells forming the blood–brain barrier, provision of
nutrients to the nervous tissue, maintenance of extracellular ion
balance, and involving the repair and scarring processes of the
brain and spinal cord after traumatic injuries. A malignant
astrocytoma is the most common primary brain tumor in adults
and has characteristics that include highly invasive growth and
aggressive infiltration into surrounding normal brain to cause
difficulty in therapy and an extremely high mortality with a
median survival of 9–12 months in spite of improved surgery,
chemotherapy, and radiotherapy [10, 11]. Although risk fac-
tors, genetics, and angiogenesis are extensively studied in
gliomas, the molecular mechanisms of this disease remain
unclear [12–15].

Previous studies demonstrated that (1) the inflammatory
process is involved in glioblastomas [16–18]; (2) NO and
NO-related reactive nitrogen species (RNS) are important in-
flammatory mediators [11, 16]; and (3) increased production of
NO, superoxide, and peroxinitrite occurs in gliomas [16, 19,
20]. The possible roles of NO and RNS such as ONOO– in
glioma carcinogenesis have been supported by a range of
findings such as (1) NO is involved in the development of
astrocytomas as a tumoricidal agent and tumor neovasculariza-
tion to contribute to the invasive capacity of tumor [21]; (2)
RNS inactivates wild-type p53 protein function in malignant
glioma cells [11, 20, 22]; (3) nitric oxide synthase-2 (NOS-2)
promotes glioma growth [23]; (4) peroxynitrite is involved in

capsaicin-induced apoptosis of C6 glioma cells [24] and mod-
ulates tyrosine phosphorylation and phosphoinositide signaling
in astrocytoma cells [25]; (5) peroxynitrite decomposition cat-
alyst prevents apoptotic cell death in human astrocytoma cells
[26]; and (6) an NOS inhibitor enhances anti-tumor immune
response in a glioma rat model [27]. Moreover, higher levels of
nitrotyrosine (which is a footprint of peroxynitrite [26]) are
observed in glioblastomas than normal tissues with immuno-
histochemical and biochemical approaches [28, 29]; and only
nitrotubulin and nitro-p53 have been determined in human
gliomas [20, 29]. Furthermore, the amino acid analog 3-
nitrotyrosine induces morphologic and functional changes of
mouse-neuroblastoma and rat-glioma cell lines [30]; and also
detyrosination/retyrosination is involved in the migration ca-
pability of glioblastoma cells [31]. These studies demonstrated
the importance of tyrosine nitration in glioblastoma
pathogenesis.

However, proteomic analysis of nitroproteins in glioblasto-
ma has not been reported. Therefore, elucidation of
nitroproteins in astrocytomas would provide new insights into
the role of tyrosine nitration in the pathophysiology of astro-
cytomas and would lead to the discovery of new biomarkers for
its early diagnosis and effective therapy targets.

Tandem mass spectrometry (MS/MS) is an effective ap-
proach to characterize in vivo nitroproteins. However, the very
low abundance of tyrosine nitration in a proteome (one nitra-
tion in ~106 tyrosine residues) and the complicated mass spec-
trometry behaviors of a nitro group that we studied in
nitroproteins complicate analyses [1, 3, 32, 33]. For example,
the MS behaviors of a nitropeptide differ significantly between
matrix-assisted laser desorption ionization (MALDI)-and
electrospray ionization (ESI)-MS [32–35]. The high-energy
laser in MALDI UV-laser MS (laser light at 337 nm) induces
photochemical decompositions of the nitro group (–NO2) to
decrease the precursor-ion intensity of a nitropeptide and to
complicate an MS spectrum. However, the photochemical
decomposition pattern ([M + H]+, [M + H – 16]+, [M + H –
30]+, and [M + H – 32]+) can clarify the decomposition pattern
of a nitropeptide. ESI does not produce these decompositions.
However, under ESI conditions, the characteristic immonium
ion (m/z 181.06) that derives from a nitrotyrosine residue in an
MS/MS spectrum can indicate the presence of a nitrotyrosine
residue; meanwhile, the precursor ion scanning for the
immonium ion (m/z 181.06) for nitrotyrosine will accurately
identify a nitropeptide or nitroprotein [33]. Thus, because of the
sensitivity requirement of MS analysis, in vivo low abundance
of nitrotyrosine sites, and complicated MS behaviors of a nitro
group, preferential enrichment of nitroproteins and selection of
an appropriate MS technique are essential to identify in vivo
nitroproteins. For example, we developed a novel vMALDI-
MS/MS method to accumulate hundreds of MS/MS for each
tryptic nitropeptide during our discovery phase [5, 36, 37]. The
signal-to-noise ratio (S/N) of the b- and y-ion series increases
as the square root of the number of accumulated MS/MS scans.
This increase is needed because of the ppm level of endoge-
nous nitroproteins. With proteomics and phosphoproteomics,
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on the other hand, a single MS/MS scan can determine an
amino acid sequence.

In this study, two-dimensional gel electrophoresis (2DGE)
and nitrotyrosine immunoaffinity-based Western blotting were
used to preferentially enrich and to detect in vivo nitroproteins,
respectively. MS/MS was used to determine the amino acid
sequence of tryptic peptides, each nitroprotein, and each
nitrotyrosine site [5, 36]. The semiquantitative relative abun-
dance of a nitroprotein from a human astrocytoma relative to a
control was compared with immunoprecipitation and Western
blotting. The functional roles of the nitroproteins provide new
insights into potential molecular mechanisms associated with
astrocytomas.

Materials and Methods
Tissue Samples

Human astrocytoma and control brain tissues were obtained
from the Department of Neurosurgery of Xiangya Hospital,
China. The collection and management of all human tissue
samples were approved by the Xiangya Hospital Medical
Ethics Committee of Central South University, China. Each
astrocytoma tissue was removed during neurosurgery, and was
immediately stored in liquid nitrogen (–196°C). A portion of
each astrocytoma tissue was used for pathologic diagnosis, and
the remainder was stored at –80°C. Clinical information of all
human tissue sample used in this study are summarized in
Table 1.

2DGE-Based Western Blot Detection
of Nitroproteins

Protein Extraction A portion of a human IV-astrocytoma
tissue (~650 mg) (Table 1) was washed with 0.9% NaCl (3 mL,
5×) to remove blood, and was fully ground in liquid nitrogen. A
volume (3 mL) of protein extraction buffer [7 M urea, 2 M
thiourea, 100 mM dithiothreitol (DTT), and 1 mM PMSF] was
added, and the solution was mixed. The mixture was vortexed
(1 h) on ice, and centrifuged (15,000 × g, 30 min). The
supernatant was used as the protein extract and to determine
protein concentration (4.2 μg/μL) with a 2D Quant kit (GE
Healthcare, Wauwatosa,WI, USA). For an 18-cm immobilized
pH gradient (IPG) strip (pH 3-10 NL, GE Healthcare,
Wauwatosa, WI, USA), a total of 500 μg (119 μL) of protein
extract was mixed with 231 μL of protein extraction buffer
(8 M urea, 2% w/v CHAPS, 100 mM DTT, 0.5% v/v IPG
buffer pH 3–10 NL, and a trace of bromphenol blue). The
mixture was centrifuged (15,000 × g, 15 min). The supernatant
is called the Bprotein sample solution.^

2DGEFirst Dimension – Isoelectric Focusing (IEF) The pre-
cast IPG strips (pH 3–10 NL; 180 × 3 × 0.5 mm) and 18-cm
IPGstrip holder were used for IEF on an IPGphor instrument
(GE Healthcare) to separate an aliquot (350 μL) of the protein
sample solution that contained 500 μg proteins. The IPGstrip

was rehydrated overnight (~18 h), followed by IEF (20°C)
under a multi-step gradient (250 V and 1 h for 125 Vh;
1000 V and 1 h for 500 Vh; 8000 V and 1 h for 4000 Vh; step
and hold at 8000 V and 4 h for 32,000 Vh; and a step and hold
at 500 V and 0.5 h for 250 Vh) to achieve a final 36,875 Vh and
~7.5 h analysis. After IEF, the IPG strip was processed for
second-dimensional electrophoresis.

2DGE Second Dimension – Sodium Dodecyl Sulfate-
Polyacrylamide Gel Electrophoresis (SDS-PAGE) An Ettan
DALT II system (Amersham Pharmacia Biotech, Piscataway,
NJ, USA; analyze up to 12 gels at a time) was used. The 12%
PAGE resolving gel (250 × 215 × 1.0 mm) was cast with an
Ettan™ DALTsix multigel caster (Amersham Pharmacia
Biotech, Piscataway, NJ, USA) that can cast up to 12 gels at
a time. The resolving-gel solution for three gels was made by
mixing 90 mL of 400 g/L acrylamide/bis-acrylamide (29:1 by
weight; cross-linking ratio = 3.3%), 75 mL of 1.5 mol/L Tris-
HCl pH 8.8, 135 mL of distilled and deionized water, 1.5 mL of
100 g/L ammonia persulfate, and 75 μL of tetramethyl
ethylenediamine (TEMED). The IPG strip with the protein
sample was equilibrated in a reducing equilibrium buffer (15
mL; 15 min) that contained 375 mmol/L Tris-HCl pH 8.8, 6
mol/L urea, 20 g/L SDS, 200 mol/L glycerol, 20 g/L DTT, and
a trace of bromphenol blue. The IPG strip was equilibrated in
an alkylation equilibrium solution (15 mL; 15 min) that
contained 25 g/L iodoacetamide instead of 20 g/L DTT. A
boiled solution that contained 10 g/L low-MW agarose in
SDS electrophoresis buffer that contained 192mmol/L glycine,
25 mmol/L Tris, and 1 g/L SDS was used to seal the equili-
brated IPG strip to the top of the resolving gel. Second-
dimensional electrophoresis was performed in 10 L of Tris-
glycine-SDS electrophoresis buffer that contained 25 mmol/L
Tris-base, 192 mmol/L glycine, and 1 g/L SDS with the fol-
lowing conditions: constant 2.5 W/gel for 30 min, and constant
10 W/gel for 340 min. The 2DGE-separated proteins were
visualized with Coomassie brilliant blue G Staining.

2DGE-Based Western Blotting The proteins were transferred
to a PVDF membrane (0.8 mA/cm2; 1 h, 40 min) with a
Amersham Pharmacia Biotech Nova Blot semi-dry transfer
instrument. The PVDF membrane with the proteins was
blocked (1 h) with a volume (100 mL) of 0.3% BSA/
phosphate-buffered saline with 0.1% sodium azide and 0.2%
Tween-20 (BSA/PBST). The BSA-blocked PVDF membrane
was incubated (2 h, room temperature) with a mouse anti-
human nitrotyrosine antibody (cat. no. MAB5404; Millipore,
Billerica, MA, USA) that was diluted (1:1000 = v:v) in a 0.3%
BSA/PBST solution. After incubation, the membrane was
washed with the PBST solution (100 mL; 15 min ×3). The
secondary antibody, goat anti-mouse alkaline phosphase-
conjugated IgG (Southern Biotech, cat. no. 103004;
Birmingham, Alabama, USA) was diluted (1:4000 = v:v) in a
0.3% BSA/PBST solution, and the solution was added to the
blots (1 h, room temperature). The membrane was washed with
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PBST (100 mL; 15 min ×3), and nitroproteins were visualized
with 1-Step nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl
phosphate (NBT/BCIP) (Thermo Product no. 3404). A parallel
negative-control experiment was performed to detect any
cross-reactivity of the secondary antibody. For the negative-
control experiment (the primary antibody was not added), the
entire procedure was the same as the Western blotting. The
2DGE gel, after transfer of proteins to a PVDF membrane, was
stained with Coomassie brilliant blue G, in the same way as
described above to detect any proteins that remained on the gel,
to determine efficiency of protein transfer.

Image Analysis of a 2D Gel and of 2D-Western Blotting The
scanned images of the Coomassie brilliant blue G-stained 2D
gels and of the visualized Western blot membranes were input
to a PDQuest system (Bio-Rad, ver. 7.1; Hercules, CA, USA)
to generate the synthetic image that contained the Gaussian
spots (Gaussian image) with a defined spot-volume [OD ×
(IU)2] [38]. All subsequent spot-matching and analysis steps
were performed on the Gaussian spots. In order to minimize the
effect of any experimental factor on a spot volume, each spot
volume was normalized to the total optical density (OD) in
each gel image [38].

MS/MS Characterization of Tryptic Nitropeptides
from Nitroproteins

The 2D gel-spots that corresponded to the nitrotyrosine-
positive Western blot spot were excised, and the nitroproteins
were digested in-gel with trypsin. The tryptic peptide mixture
containing the tryptic nitropeptides was purified with a
ZipTipC18 microcolumn (cat. no. ZTC18S096; Millipore),
according to the methods recommended by the manufacturer.
The purified tryptic peptides were eluted with 6 μL of 850 mL/
L acetonitrile plus 1 mL of formic acid (10 cycles), and the

elute was air-dried. Before MS analysis, the dried tryptic pep-
tide mixture was redissolved in 6 μL of 50 mL/L acetonitrile
plus 1 mL/L formic acid. The purified peptide mixture was
subjected to LC-ESI-quadrupole-time of flight (LC-ESI-qTOF)
or LTQ-Orbitrap Velos MS/MS analyses.

For LC-ESI-qTOF (Micromass Q-TOF micro; Waters,
Manchester, UK) MS/MS analysis, the peptide mixture (1 μL)
was loaded into an LC Packings Ultimate nanoflow system
(Amsterdam, The Netherlands), where peptides were concen-
trated and fast-desalted on a PepMap C18 precolumn (300 μm
i.d. × 5 mm length, LC Packings), and then were flushed into a
reversed phase PepMap C18 LC column (75 μm i.d. × 150 mm
length, LC Packings) at 200 nL/min with a linear gradient of
0%–50% solvent B (0.1% formic acid in 95% acetonitrile) over
60 min and then 50%–90% for 5 min. MS/MS spectra were
obtained with data-dependent mode, where up to four precursor
ions above an intensity threshold of 7 counts/s were selected for
MS/MS analysis from each survey scan. The amino acid se-
quence data were used to search a protein database. The peptide
sequence tag format file that was generated from MS/MS data
with MassLynx ver. 4.0 software was input into the Mascot
search engine to search a protein against the SwissProt 2014-7
database (release date July 1, 2014; 546,000 sequences;
194,259,968 residues; Homo sapiens 20,274 sequences). A
mass tolerance of ±1.2 Da #13C(0) for precursor ions (MS) and
±0.6 Da for product ions (MS/MS), allowance for up to one
trypsin miscleavage, fixed modification of carbamidomethyla-
tion (C), variable modifications consisting of oxidation (M) and
nitration (Y) were used. An individual ion score >33 indicated
significant identity or extensive homology (P < 0.05). Each
nitroprotein was determined with MS/MS-based amino acid
sequences. If a nitroprotein had been identified with only one
peptide, its MS/MS spectrum was further checked manually.
Each nitropeptide was checked manually. Each manual check
considered these factors: high-quality MS/MS spectrum with
good S/N (see above for note on accumulation of MS/MS

Table 1. Clinical Information of Glioma and Control Brain Samples

Grading Sample ID Patient ID Sex/age Clinical information Experiment

IV 1046759 M/34 Glioma surgery: IV-grade of astrocytoma 2DGE-WB-MS
IV 1088561 M/34 Glioma surgery: IV-grade of astrocytoma IP
N 1054786 M/56 Meningioma surgery: Normal brain tissue IP
N 13 995485 F/13 Thalamus placeholder surgery: Normal brain tissue WB
N 14 989475 F/18 Cavernous hemangioma surgery: Normal brain tissue WB
N 15 990429 M/37 Epilepsy surgery: Normal brain tissue WB
IV 1 973583 F/39 Glioma surgery: IV-grade of astrocytoma WB
IV 2 990176 M/55 Glioma surgery: IV-grade of astrocytoma WB
IV 3 993540 M/57 Glioma surgery: IV-grade of astrocytoma WB
III 4 964826 M/40 Glioma surgery: III-grade of astrocytoma WB
III 5 993874 F/41 Glioma surgery: III-grade of astrocytoma WB
III 6 992167 M/57 Glioma surgery: III-grade of astrocytoma WB
II 7 992875 M/67 Glioma surgery: II-grade of astrocytoma WB
II 8 990415 F/59 Glioma surgery: II-grade of astrocytoma WB
II 9 989795 M/41 Glioma surgery: II-grade of astrocytoma WB
I 10 993288 F/43 Glioma surgery: I-II grade of astrocytoma WB
I 11 993525 M/45 Glioma surgery: I-II grade of astrocytoma WB
I 12 1046426 M/34 Glioma surgery: I-II grade of astrocytoma WB

N = normal control; IV = IV-grade of glioma; III = III-grade of glioma; II = II-grade of glioma; I = I-grade of glioma; 2DGE = two-dimensional gel electrophoresis;
WB = Western blotting; MS = mass spectrometry; IP = immunoprecipitation
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spectra), matched main ion peaks, a good b- and/or y-ion series,
a high intensity of the corresponding precursor ion, correspond-
ing good LC peaks, etc. Also, a blank gel on the margin on a 2D
gel was analyzed in parallel to remove any contaminated pro-
teins, including trypsin and keratin.

For LC-ESI-LTQ Orbitrap Velos MS/MS analysis, each
tryptic peptide mixture was analyzed twice with an EASY-
nano LC system (Proxeon Biosystems, Odense, Denmark)
coupled online with an LTQ-Orbitrap Velos mass spectrometer
(Thermo Scientific, Waltham, MA, USA). Peptides were elut-
ed onto a PepMap C18 trap column (75 μm, 15 cm; Dionex
Corp., Sunnyvale, CA, USA), followed by elution with a
gradient from 100% solvent A (0.1% formic acid) to 35%
solvent B (0.1% formic acid, 100% acetonitrile) for 38 min,
35% to 90% solvent B for 15 min, and 100% solvent B for
5 min (a total of 65min at 200 nL/min). After each analysis, the
column was washed with 90% solvent B and re-equilibrated

with solvent A. Mass spectra were acquired in the positive-ion
mode with data-dependent automatic survey MS scan and
tandem mass spectra acquisition modes. Each MS scan in the
Orbitrap analyzer (mass range, m/z 350–1800; resolution =
100,000) was followed by MS/MS of the seven most-intense
ions in the LTQ. Fragmentation in the LTQ was performed
with collision-induced dissociation (CID), and selected se-
quenced ions were dynamically excluded for 30 s. The raw
data were analyzed with Xcalibur software ver. 2.1 (Thermo
Scientific), and data processing was performed with Proteome
Discoverer software ver. 1.3 beta (Thermo Scientific). The raw
files were submitted to a database search with Proteome
Discoverer with an in-house sequence algorithm against the
human database, downloaded (2014.10.1) from the database
found in UniProt/SwissProt and UniProt/TrEMBL. The search
parameters include the enzyme (trypsin), taxonomy (Homo
sapiens), peptide tolerance (±1.2 Da), MS/MS tolerance (±0.6

Figure 1. Two-dimensional gel electrophoresis-based Western blot analysis of anti-nitrotyrosine proteins in an IV-grade astrocy-
toma tissue (500 μg protein per 2D gel). (a) Coomassie blue-stained image on a 2D gel before transfer of proteins to a PVDF
membrane. (b)Coomassie blue-stained image on a 2D gel after transfer of proteins to a PVDFmembrane. (c)Western blotting image
of anti-nitrotyrosine proteins (anti-nitrotyrosine antibodies + secondary antibody). (d) Negative control of Western blotting to show
the cross-reaction of the secondary antibody (only the secondary antibody; no anti-nitrotyrosine antibody)
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Table 2. Nitroproteins Identified fromHumanGlioblastoma Tissue with 2DGE-Based NitrotyrosineWestern Blotting and TandemMass Spectrometry on a Orbitrap
mass spectrometer

Gel
spot

Protein
group
accessions

Protein
name

MW
(kDa)

pI score Peptide sequence nTyr-sites XCorr Charge [M + 2H]2+

m/z
[M + H]+

m/z

52 C9J0K6 Sorcin 17.6 5.6 232.3 ITFDDnYIAC*C*VK nY116 3.91 2 775.3 1549.7
SGTVDPQELQK 3.99 2 601.3 1201.6
DM#SGTM#GFNEFK 4.28 2 698.3 1395.5
DM#SGTMGFNEFK 4.64 2 690.3 1379.6
LM#VSM#LDRDM#SGTM#GFNEFK 6.54 3 791.7 2373.0
C*LTQSGIAGGYKPFNLETC*R 7.12 2 1136.5 2272.1
LMVSM#LDRDM#SGTM#GFNEFK 4.09 2 1179.0 2357.0
ITFDDYIAC*C*VK 4.45 2 752.8 1504.7
DMSGTMGFNEFK 4.49 2 682.3 1363.6
LMVSM#LDRDM#SGTMGFNEFK 4.42 3 781.0 2341.0
RDTAQQGVVNFPYDDFIQC*VM#SV 5.54 3 902.4 2705.2
DTAQQGVVNFPYDDFIQC*VM#SV 5.32 3 850.4 2549.1

3 P07437 Tubulin
beta chain

49.6 4.89 7046.56 GHnYTEGAELVDSVLDVVR nY106 3.66 2 1002.5 2004.0

EAESC*DC*LQGFQLTHSLGGGTGSGM#GTLLISK 6.59 3 1109.8 3327.5
EAESC*DC*LQGFQLTHSLGGGTGSGMGTLLISK 7.6 3 1104.5 3311.5
IM#NTFSVVPSPK 4.51 2 668.3 1335.7
IMNTFSVVPSPK 4.53 2 660.3 1319.7
LTTPTYGDLNHLVSATM#SGVTTC*LR 6.29 2 1362.7 2724.3
TLKLTTPTYGDLNHLVSATMSGVTTC*LR 4.3 3 1017.5 3050.5
LTTPTYGDLNHLVSATMSGVTTC*LR 6.28 2 1354.7 2708.3
LHFFM#PGFAPLTSR 4.88 3 546.3 1636.8
LHFFMPGFAPLTSR 4.55 3 540.9 1620.8
SGPFGQIFRPDNFVFGQSGAGNNWAK 8.3 3 933.4 2798.3
VSDTVVEPYNATLSVHQLVENTDET

YC*IDNEALYDICC*FR
4.9 4 1149.0 4593.1

EVDEQM#LNVQNK 5.06 2 731.8 1462.7
M#SM#KEVDEQM#LNVQNK 6.34 3 658.0 1971.9
M#SM#KEVDEQMLNVQNK 5.5 2 978.4 1955.9
M#SMKEVDEQMLNVQNK 5.49 3 647.3 1939.9
EVDEQMLNVQNK 5.03 2 723.8 1446.7
MSMKEVDEQMLNVQNK 5.75 2 962.4 1923.9
ISEQFTAM#FR 4.48 2 623.3 1245.6
RISEQFTAMFR 3.85 2 693.3 1385.7
ISEQFTAMFR 4.27 2 615.3 1229.6
KLAVNM#VPFPR 3.61 2 644.4 1287.7
LAVNM#VPFPR 4.32 2 580.3 1159.6
KLAVNMVPFPR 4.37 2 636.4 1271.7
LAVNMVPFPR 4.37 2 572.3 1143.6
NSSYFVEWIPNNVK 5.32 2 848.9 1696.8
GHYTEGAELVDSVLDVVRK 7.69 2 1044.0 2087.1
GHYTEGAELVDSVLDVVR 7.74 2 980.0 1959.0
AILVDLEPGTM#DSVR 4.87 2 816.4 1631.8
AILVDLEPGTMDSVR 4.55 2 808.4 1615.8
MREIVHIQAGQC*GNQIGAK 6.91 2 1055.5 2110.1
EIVHIQAGQC*GNQIGAK 5.99 2 912.0 1822.9
M#AVTFIGNSTAIQELFKR 5.59 2 1021.5 2042.1
M#AVTFIGNSTAIQELFK 6.23 2 943.5 1886.0
ISVYYNEATGGK 4.05 2 651.3 1301.6
ISVYYNEATGGKYVPR 4.39 2 909.0 1816.9
FWEVISDEHGIDPTGTYHGDSDLQLDR 7.27 3 1034.8 3102.4
ALTVPELTQQVFDAK 4.4 3 554.0 1659.9
MAVTFIGNSTAIQELFK 6.64 2 935.5 1870.0

3 Q13885 Tubulin
beta-2A
chain

49.9 4.89 6473.1 GHnYTEGAELVDSVLDVVR nY106 3.66 2 1002.5 2004.0

VSDTVVEPnYNATLSVHQLVENTDETnY
SIDNEALYDIC*FR

nY183;
nY200

4.26 4 1153.3 4610.1

VSDTVVEPYNATLSVHQLVENTDETY
SIDNEALYDIC*FR

5.29 3 1507.4 4520.1

INVYYNEAAGNK 4.83 2 678.3 1355.6
3 Q9BVA1 Tubulin

beta-2B
chain

49.6 4.89 7046.56 GHnYTEGAELVDSVLDVVR nY106 3.66 2 1002.5 2004.0

INVYYNEATGNK 4 2 693.3 1385.7
INVYYNEATGNKYVPR 5.5 2 951.0 1900.9
M#SATFIGNSTAIQELFK 3.63 2 937.5 1873.9
M#SATFIGNSTAIQELFKR 5.41 2 1015.5 2030.0
MSATFIGNSTAIQELFK 5.79 2 929.5 1857.9
MSATFIGNSTAIQELFKR 5.33 2 1007.5 2014.0
ALTVPELTQQM#FDSK 4.14 2 862.4 1723.8
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Table 2 (continued)

Gel
spot

Protein
group
accessions

Protein
name

MW
(kDa)

pI score Peptide sequence nTyr-sites XCorr Charge [M + 2H]2+

m/z
[M + H]+

m/z

KESESC*DC*LQGFQLTHSLGGGTGSGM#GTLLISK 4.64 3 1157.9 3471.6
KESESC*DC*LQGFQLTHSLGGGTGSGMGTLLISK 7.06 3 1152.5 3455.6
ESESC*DC*LQGFQLTHSLGGGTGSGM#GTLLISK 6.32 3 1115.2 3343.5
ESESC*DC*LQGFQLTHSLGGGTGSGMGTLLISK 6.82 3 1109.8 3327.5
ALTVPELTQQMFDSK 4.2 3 570.0 1707.8
FWEVISDEHGIDPTGSYHGDSDLQLER 5.27 2 1551.7 3102.4
IM#NTFSVM#PSPK 4.23 2 692.3 1383.7
IM#NTFSVMPSPK 4.12 2 684.3 1367.7
IMNTFSVMPSPK 4.8 2 676.3 1351.7

3 Q13509 Tubulin
beta-3
chain

49.6 4.89 7046.56 GHnYTEGAELVDSVLDVVR nY106 3.66 2 1002.5 2004.0

LHFFM#PGFAPLTAR 4.39 2 810.9 1620.8
LATPTYGDLNHLVSATM#SGVTTSLR 5.9 3 874.4 2621.3
M#SM#KEVDEQM#LAIQSK 4.91 2 958.4 1915.9
M#SM#KEVDEQMLAIQSK 5.48 2 950.4 1899.9
M#SMKEVDEQMLAIQSK 5.65 2 942.4 1883.9
M#SSTFIGNSTAIQELFKR 4.64 2 1023.5 2046.0
M#SSTFIGNSTAIQELFK 5.63 2 945.5 1889.9
KEC*ENC*DC*LQGFQLTHSLGGGTGSGM#GTLLISK 7.14 3 1191.2 3571.6
KEC*ENC*DC*LQGFQLTHSLGGGTGSGMGTLLISK 7.82 3 1185.9 3555.6
EC*ENC*DC*LQGFQLTHSLGGGTGSGM#GTLLISK 6.85 3 1148.5 3443.5
EC*ENC*DC*LQGFQLTHSLGGGTGSGMGTLLISK 5.55 3 1143.2 3427.5
MSSTFIGNSTAIQELFK 6.17 2 937.5 1873.9
MSSTFIGNSTAIQELFKR 5.42 2 1015.5 2030.0
SGAFGHLFRPDNFIFGQSGAGNNWAK 5.98 2 1398.2 2795.3
FWEVISDEHGIDPSGNYVGDSDLQLER 7.28 3 1026.5 3077.4
LHFFMPGFAPLTAR 4.17 2 802.9 1604.8
LATPTYGDLNHLVSATMSGVTTSLR 6.23 2 1303.2 2605.3
ALTVPELTQQM#FDAK 4.1 2 854.4 1707.9
ALTVPELTQQMFDAK 4.78 2 846.4 1691.9
EVDEQM#LAIQSK 4.48 2 703.8 1406.7
EVDEQMLAIQSK 4.49 2 695.8 1390.7

61 H0YMN7 Ras-related
protein
Rab-8B

10.5 9.33 3.7 TITTAnYnYRGAMEGILGIK nY77;nY78 3.72 2 1024.5 2048.0

50 P80362 Ig kappa chain
V-I region
WAT

11.7 5.31 33.8 VLInYGASILETGVPSR nY49 3.78 2 860.5 1719.9

DIQM#TQSPSSLSASVGDR 5.5 3 632.3 1894.9
DIQMTQSPSSLSASVGDR 4.06 2 939.9 1878.9

50 Q8IYK2 Coiled-coil
domain-
containing
protein 105

56.9 9.86 3.8 YNQELnYTTHGLIK nY372 3.78 2 812.9 1624.8

65 Q9P2F8-2 Isoform 2 of
Signal-
induced pro
liferation-
associated 1-
like protein 2

84.5 6.42 4.2 VnYIVSHSSGQQVPGSM#SKPnYHR nY1369;
nY1387

4.17 3 850.7 2550.2

58 Q9Y2T5 Probable G-
protein
coupled
receptor 52

41.3 8.07 4.0 ITSVFYM#LWLPnYIInYFLLESSR nY281;
nY284

4.02 3 954.2 2860.5

61,63 E7EU19 Helicase ARIP4 128.5 8.46 4.2 AKVMADWVSEGGVLLMGYEMnYR nY407 4.17 3 850.7 2550.2
3 Q86UR5 Regulating

synaptic
membrane
exocytosis
protein 1

112.9 9.52 4.5 SQRISDSDISDYEVDDGIGVVPPGnYR nY926 4.53 3 962.1 2884.3

22 H7C0C0 General
transcription
factor 3C
polypeptide
3 (Fragment)

16.6 6.77 3.6 HLnYLIKVSR nY110 3.62 2 587.3 1173.7

63 O43150-2 Isoform 2 of
Arf-GAP
with SH3
domain,
ANK repeat
and PH

106.9 6.49 4.2 SVKAINSSGLAHVENEEQnYTQALEK nY75 4.23 5 558.9 2790.3
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Da), peptide charge (2+, 3+, and 4+), one missed cleavage site
allowed, carbamidomethylation of cysteine as a fixed modifica-
tion, and oxidation of methionine and nitration tyrosine as varia-
ble modifications. The numbers of nitroproteins, protein groups,
and nitropeptides were filtered for false discovery rates (FDR)
<1% and only nitropeptides with rank 1. A minimum of two
peptides per protein was accepted for identity with the Proteome
Discoverer. The protein lists from two technical repetitions were
merged, and duplicate protein groups were removed.

Validation of MS-Identified Nitroproteins

Protein Extraction Different grades of astrocytoma tissues
(N, I, II, III, and IV; n = 3 each grade) were used to extract
proteins for Western blot analysis (Table 1). In addition, one
IV-grade astrocytoma and one normal control tissue were used
to extract protein for immunoprecipitation (Table 1). Briefly,
each tissue was fully washed to remove blood, and was ground
in liquid nitrogen, followed by protein extraction with buffer
(7 M urea, 2 M thiourea, 100 mM DTT, and 1 mM PMSF) for
Western blotting, or with buffer (0.025 M Tris, 0.15 M NaCl,
0.001 M EDTA, 1% NP-40, 5% glycerol, and 1 mM PMF) for
immunoprecipitation. Protein content was measured with a
protein assay kit (Integrated Biotech, lot. no. 4119045A;
Land, TX, USA).

Expression levels of sorcin and tubulin, and the nitrotyrosine
immunoactivity level among different grades of astrocytoma
tissues (N, I, II, III, IV; n = 3 for each grade) were semi-
quantified withWestern blotting. An amount (30 μg) of proteins
for each tissue was separated with one-dimensional electropho-
resis, and transferred to a PVDF membrane, followed by incu-
bation (2 h) with the corresponding primary antibody, including
rabbit anti-human sorcin polyclonal antibody (1:500 dilution)
(Gene Tex, GTX106105), rabbit anti-human β-tubulin poly-
clonal antibody (1:1000 dilution) (H-235: sc-9104; Santa Cruz
Biotechnology), mouse anti-human nitrotyrosine antibody
(1:1000 dilution) (cat. no. MAB5404; Millipore), and mouse
anti-human β-actin monoclonal antibody clone AC-15 (1:5000

dilution) (A5441-2ML/107K4800, Sigma). The protein–prima-
ry antibody complex on the PVDF membrane was incubated
(1 h) with the corresponding secondary antibody, including
anti-rabbit peroxidase (HRP)-linked IgG (1:1000 dilution)
(04-15-06, KPL), anti-mouse peroxidase (HRP)-linked IgG
(1:1000 dilution) (04-18-06, KPL), and goat anti-mouse alka-
line phosphase-conjugated IgG (1:4000 dilution) (cat. no.
103004; Southern Biotech). The sorcin, β-tubulin, and β-actin
immunoreactivities were visualized with Protein Simple
Fluorchem FC3, and nitrotyrosine was detected with 1-Step
NBT/BCIP. The β-actin was used as internal standard to nor-
malize the targeted protein intensity.

Nitro-sorcin and nitrotubulin between IV-grade astrocytoma
and control were semiquantified with immunoprecipitation and
Western blot . Brief ly, sorcin (or β - tubul in) was
immuneprecipitated with rabbit anti-human sorcin polyclonal
antibody (5 μg; Gene Tex, GTX106105) [or rabbit anti-human
β-tubulin polyclonal antibody H-235 (5 μg; Santa Cruz
Biotechnology, sc-9104)] from an amount (1mg) of proteins
extracted from IV-grade astrocytoma and normal control tis-
sues, and half IP product was used to detect nitrotyrosine
immune activities with Western blotting based on mouse anti-
human nitrotyrosine antibody (1:1000 dilution) (cat. no.
MAB5404; Millipore). For a negative-control experiment to
test the specificity of anti-sorcin antibody or anti-β-tubulin
antibody, normal rabbit IgG (5 μg; sc-2027, Santa Cruz
Biotech) was used to replace anti-sorcin antibody (or anti-β-
tubulin antibody) for immunoprecipitation, and followed by
anti-nitrotyrosine immunoaffinity-basedWestern blotting anal-
ysis. A portion (2 μg) of anti-sorcin antibodies (or anti-β-
tubulin antibodies) was immunoblotted with anti-nitrotyrosine
antibody (Millipore cat. no. MAB5404) to test the nitration
status of the anti-sorcin or anti-β-tubulin antibody, and to
consolidate nitro-sorcin (or nitro-β-tubulin) immunoreactiv-
ities. The total nitroproteins extracted from IV-grade astrocy-
toma and normal control tissues were immunoblotted with anti-
nitrotyrosine antibody (Millipore cat. no.MAB5404) to display
the overall status of tyrosine nitration in the whole tissues.

Table 2 (continued)

Gel
spot

Protein
group
accessions

Protein
name

MW
(kDa)

pI score Peptide sequence nTyr-sites XCorr Charge [M + 2H]2+

m/z
[M + H]+

m/z

domain-
containing
protein 2

3 Q9NR96-2 Isoform 2 of
Toll-like
receptor 9

109.6 8.19 4.1 nYVDLSDNRISGASELTATMGEADGGEK nY419 4.08 3 944.4 2831.3

22 Q9NZI5-2 Isoform 2 of
Grainyhead-
like protein 1
homolog

49.2 8.79 4.0 GVKGLPLNIQVDTnYSnYNNR nY400;
nY402

3.98 2 1121.1 2241.1

60 B4DE62 Transducin-like
enhancer
protein 2

44.2 8.15 3.9 TPnYGASIFQSKESSSVLSC*DISR nY369 3.85 3 855.4 2564.2

The bold font means the nitrotyrosine residue
* Cys_Carbamidomethyl; # Met_Oxidation; nY = nitrotyrosine residue
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Figure 2. Representative MS/MS spectrum of tryptic nitropeptide. (a) Nitropeptide (ITFDDnYIAC*C*VK) that is derived from sorcin
(C9J0K6). (b) Nitropeptide (GHnYTEGAELVDSVLDVVR) that is derived from tubulin beta-2A chain (Q13885), tubulin beta chain
(P07437), tubulin beta-3 chain (Q13509), and tubulin beta-2B chain (Q9BVA1). nY = nitrotyrosine residue
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Figure 3. Semiquantitative analysis of nitro-sorcin among different grade of astrocytomas and controls. (a) The protein expression of
sorcin in different grade (I, II, III, and IV) of astrocytoma tissues versus controls (N), detected with sorcin immunoaffinity-based Western
blotting (n = 3). Tumor = sumof different grade (I, II, III, and IV) of astrocytomas. For theWestern blotting analysis of each sample, the image
intensity of sorcinwas normalizedwith the image intensity of the corresponding internal β-actin. Three normalized sorcin intensities in each
group were used to quantify its expression among different grades of astrocytomas. Compared with controls (N), * P < 0.05. (b)
Nitrotyrosine immune activities in nitro-sorcin-immunoprecipitated products from IV-astrocytoma and normal control (N) tissues. Nitro-
sorcinwas immunoprecipitatedwith anti-sorcin antibody (5 μg) froman amount (1mg) of protein extracted from IV-grade astrocytoma and
normal control (N) tissues. One-half of the IP product was used to detect nitrotyrosine immuno-activities with anti-nitrotyrosine immuno-
affinity-based Western blotting. For a negative control experiment to test the specificity of anti-sorcin antibodies, IgG (5 μg) was used to
replace anti-sorcin antibody for immunoprecipitation, and followed by anti-nitrotyrosine immunoaffinity-basedWestern blotting analysis. A
portion (2 μg) of anti-sorcin antibodies (Ab) was immunoblotted with anti-nitrotyrosine antibody to test nitration status of anti-sorcin
antibody and consolidate the result of sorcin nitrotyrosine immunoreactivity. The total proteins extracted from IV-grade astrocytoma and
control (N) tissueswere immunoblottedwith anti-nitrotyrosine antibody to display the overall status of tyrosine nitration in thewhole tissues
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Bioinformatics Analysis

The functional characteristics of most nitroproteins were ob-
tained from literature data. The SwissProt annotation page
offers a comprehensive reference for each protein. Based on
the functional information of these nitroproteins, an experimen-
tal data-based model that involves these nitroproteins was
proposed to rationalize each nitroprotein in the astrocytoma
biological system.

Results and Discussion
2DGE Map of Nitroproteins in a High-Grade
Astrocytoma

Approximately 1100 protein spots were detected in each
Coomassie-stained 2D gel (Figure 1a). Most proteins were
distributed within a range of pI 4–8 and Mr of 15–150 kDa.
Nitroproteins were transferred onto a PVDF membrane with
>70% transfer rate (Figure 1b), and detected with the anti-
nitrotyrosine antibody (Figure 1c). A total of 57 nitrotyrosine-
immunopositive Western blot spots were detected, and each
nitrotyrosine-immunopositive spot (Figure 1c) corresponded to
a Coomassie-stained 2D gel spot (Figure 1a). A parallel
negative-control experiment (no primary antibody, only sec-
ondary antibody), which determined cross-reactivity of the
secondary antibody with a protein, showed nine nonspecific
nitrotyrosine-immunopositive Western blot spots (Figure 1d),
and a high-level specificity of nitrotyrosine immunoblotting
analysis.

Nitroproteins Identified with LC-MS/MS

Those (n = 38) 2D gel spots that corresponded to the
nitrotyrosine-immunopositiveWestern blot spots were excised.
The other nitrotyrosine-immunopositive spots (n = 19) were
not excised because the spot was too small (Figure 1a). Nine
nonspecific spots were also excised. The nitroproteins in each
immunopositive spot were subjected to in-gel trypsin digestion
and purification of the tryptic peptides. Nitropeptides from 18
of the 38 immunopositive gel spots (spots 3, 7, 8, 16, 22, 31,
46, 48, 49, 50, 52, 53, 58, 60, 61, 63, 64, and 65) were analyzed
with LC-MS/MS on the Orbitrapmass spectrometer at the State
Key Laboratory for Chemo/Biosensing and Chemometrics of
Hunan University, after failure in obtaining nitrotyrosine sites
from the analysis of 20 spots randomly selected from these 38
immunopositive gel spots (spots 1, 4, 5, 6, 9, 14, 18, 19, 27, 29,
30, 32, 34, 38, 44, 45, 47, 51, 54, and 66) with a qTOF mass
spectrometer at our own laboratory. Any proteins found in the
nine nonspecific spots were removed from consideration.

A total of 870 nonredundant proteins were identified with
MS/MS from these 38 spots (Supplemental Table 1).
Supplemental Table 1 contains spot number, SwissProt acces-
sion number, protein name, protein score, coverage, number of
unique peptides, molecular weight, and calculated pI. These
data clearly demonstrated that each 2D gel spot that
corresponded to a nitrotyrosine Western blot-positive spot

contained multiple protein species, which are mainly attributed
to several factors: (1) much higher amount (500 μg) of proteins
used for each 2D gel analysis was compatible with Coomassie
staining; (2) for each small spot, 2–3 matched gel spots were
combined for one LC-MS/MS analysis; (3) Coomassie staining
has a better compatibility with mass spectrometry analysis; and
(4) the higher sensitivity Orbitrap mass spectrometer detected
many more proteins/nitroproteins than our old QTOF mass
spectrometer.

Among 870 proteins, only 18 proteins were identified as
nitroproteins and their 20 nitrotyrosine sites were located
(Table 2, Figure 2, and Supplemental Figure 1); these 18
nitroproteins were identified from the 18 immunopositive gel
spots (spots 3, 7, 8, 16, 22, 31, 46, 48, 49, 50, 52, 53, 58, 60, 61,
63, 64, and 65) with Orbitrap MS/MS analysis. However, no
nitroproteins were identified from these 20 immunopositive gel
spots (spots 1, 4, 5, 6, 9, 14, 18, 19, 27, 29, 30, 32, 34, 38, 44,
45, 47, 51, 54, and 66) with QTOF MS/MS analysis. A main
reason is possibly the higher sensitivity of the newer Orbitrap
Velos compared with our 10-year-old QTOF instrument. The
other 852 non-nitrated proteins from nitrotyrosine-
immunopositive spots were identified, perhaps due to several
possible reasons: (1) each 2D gel spot contains multiple pro-
teins (nitrated and non-nitrated proteins) because of the limita-
tion of 2DGE resolution; (2) some nitroproteins were not
identified with MS/MS because the number and/or amount of
tryptic nitropeptides were much less than non-nitrated peptides
from a nitroprotein, which might lead to ion suppression of
tryptic nitropeptides in the LC-MS/MS experiments; (3) al-
though nitroproteins were preferentially detected with 2DGE,
endogenous nitroproteins have an extremely low abundance
(one in about 106); tryptic nitropeptides were not further
enriched prior to MS/MS analysis; and (4) nitropeptides un-
dergo complicated mass spectrometry fragmentation [1, 32,
33]. For example, we found b-ion, y-ion, and a-ion fragmenta-
tion in our studies [34, 37] and loss of one or two oxygen atoms
from the nitro group under the condition of UV-laser MALDI-
MS [34]. Thus, in future studies it will be essential to prefer-
entially enrich tryptic nitropeptides and to use sensitive mass
spectrometers for quantitative nitroproteomics.

Eighteen nitroproteins and their 20 nitrotyrosine sites
(Table 2) were confirmed with amino acid sequence data
(Figure 2 and Supplemental Figure 1). These nitroproteins are
described with spot number, protein group accession number,
protein name, peptide sequence, nitrotyrosine sites, molecular
weight (kDa), pI, score, XCorr, charge, m/z, and precursor ion
[M + H]+ (Table 2). The MS/MS spectrum of each nitropeptide
was inspected manually to ensure good signal intensity, good
S/N, corresponding chromatography intensity, and appropriate
ion-series. A representative LC-MS/MS analysis of a 12 amino
acid nitropeptide is shown in Figure 2a. A doubly charged
peptide ([M + 2H]2+, m/z = 775.33 Da with a tolerance +3.85
ppm) in the MS spectrum (scan number = 5072) that eluted at a
retention time (RT) of 30.63 min was selected for MS/MS
analysis. Figure 2a shows the MS/MS spectrum of that [M +
2H]2+ precursor ion. The labeled product ions derived from the
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Figure 4. Semiquantitative analysis of nitro-β-tubulin among different grades of astrocytomas and controls. (a) The protein
expression of β-tubulin in different grades (I, II, III, and IV) of astrocytoma tissues versus controls (N), detected with β-tubulin
immunoaffinty-based Western blotting (n = 3). Tumor = sum of different grade (I, II, III, and IV) of astrocytomas. For the Western
blotting analysis of each sample, the image intensity of β-tubulin was normalized with the image intensity of the corresponding
internal β-actin. Three normalized β-tubulin intensities in each group were used to quantify its expression among different grades of
astrocytomas. Compared with controls (N), *P < 0.05, **P < 0.01. (b) Nitrotyrosine immunoactivities in nitro-tubulin-
immunoprecipitated products from IV-astrocytoma and normal control (N) tissues. Nitrotubulin was immunoprecipitated (IP) with
anti-tubulin antibody (5 μg) from an amount (1 mg) of proteins extracted from IV-grade astrocytoma and normal control (N) tissues.
One-half of the IP product was used to detect nitrotyrosine immuno-activities with anti-nitrotyrosine immunoaffinity-based Western
blotting. For negative control experiment to test the specificity of anti-tubulin antibodies, IgG (5 μg) was used to replace anti-tubulin
antibody for immunoprecipitation, and followed by anti-nitrotyrosine immunoaffinity-based Western blotting analysis. A portion (2
μg) of anti-tubulin antibodies (Ab) was immunoblotted with anti-nitrotyrosine antibody to test nitration status of anti-tubulin antibody
and consolidate the result of tubulin nitrotyrosine immunoreactivity. The total proteins extracted from IV-grade astrocytoma and
control (N) tissues were immunoblotted with anti-nitrotyrosine antibody to display the overall status of tyrosine nitration in the whole
tissues
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SEQUEST analysis and good b- and y-ion series were detected.
The amino acid sequence ITFDDnYIAC*C*VK (nY,
nitrotyrosine residue; C*, Cys_CAM) matched the sequence
for residues 111-122 of sorcin (SwissProt no. = C9J0K6) with
an XCorr 3.91 and probability 0.00 (Table 2). A nitrotyrosine
site was assigned to Tyr-116. Another representative LC-MS/
MS analysis of a nitropeptide that contains 18 amino acids is
shown in Figure 2b. A doubly charged peptide ([M + 2H]2+,
m/z = 1002.49 Da with a tolerance +7.44 ppm) in the MS
spectrum (scan number = 16167) eluted at RT = 63.55 min.
The MS/MS spectrum of that [M + 2H]2+ precursor ion
(Figure 2b) shows b- and y-ion and b2+- and y2+-ion series.
The amino acid sequence GHnYTEGAELVDSVLDVVR
(nY, nitrotyrosine residue) was matched to residues 104-121
of tubulin beta-2A chain (Q13885), tubulin beta chain
(P07437), tubulin beta-3 chain (Q13509), and tubulin beta-2B
chain (Q9BVA1) with an XCorr 3.66 and probability 0.00
(Table 2). A nitrotyrosine site was assigned to Tyr-106. The
same methods were used to determine all other nitroproteins
(Table 2 and Supplemental Figure 1).

Rationalization of Nitroproteins

Fifteen samples were used to semiquantify the overall
nitrotyrosine level among different-grade astrocytomas (I, II,
III, IV; n = 3 for each grade) and controls (N; n = 3)
(Supplemental Figure 2). The overall nitrotyrosine level of
each grade of astrocytoma is semiquantitatively higher than
the control group. This result is consistent with the literature
that states that nitrotyrosine immunoreactivity is semiquantita-
tively increased in glioma tissues relative to controls [26, 28,
29].

Furthermore, nitro-sorcin and nitro-β-tubulin were se-
lected to semiquantify their protein expression and nitra-
tion levels among different grades of astrocytomas (I, II,
III, IV; n = 3 for each grade) and controls (N; n = 3).
Sorcin was increased in astrocytomas relative to controls;
however, no difference was found among different grades
of astrocytomas (I, II, III, and IV) (Figure 3a). Nitro-sorcin
immunoprecipitation in combination with a nitrotyrosine
immunoblot was used to semiquantify the nitration level of
sorcin in IV-grade astrocytoma, which was higher than
control (Figure 3b). Similarly, β-tubulin was semiquantita-
tively higher in astrocytomas relative to controls; however,
no difference was found among different grades of astro-
cytomas (I, II, III, and IV) (Figure 4a). Nitro-β-tubulin
immunoprecipitation in combination with a nitrotyrosine
immunoblot was used to semiquantify the nitration level
of β-tubulin in IV-grade astrocytoma, which was higher
than controls (Figure 4b). Thereby, sorcin and β-tubulin
were not only higher in astrocytomas but also were
nitrated at an increased level in high-grade astrocytomas
relative to controls. These data are immune-based semi-
quantitative measurements, and not rigorous MS/MS-
based quantitative nitroproteomics data.

Functional Characteristics of the Nitroproteins

A PTM is an important factor in a given functional proteome
because it could link a protein to human pathophysiology and
disease status. Protein tyrosine nitration is a redox-related
PTM. Clarification of the functions of nitroproteins might
reveal potential functions and biological roles of tyrosine ni-
tration in human glioma biological systems. Literature-based
bioinformatics and comprehensive annotation of protein in the
SwissProt page were used to rationalize the functional charac-
teristics of each nitroprotein, and to provide important clues to
the biological significance of each nitroprotein relevant to
glioma (Supplemental Figure 3). These nitroproteins partici-
pated in multiple cancer-related biological processes as fol-
lows: (1) tumor cell migration and metastasis, which mainly
involved isoform 2 of Toll-like receptor 9 [39], transducin-like
enhancer protein 2 [40], isoform 2 of Arf-GAP with SH3
domain/ANK repeat and PH domain-containing protein 3,
sorcin [41], and GPR52 [42]; (2) cell proliferation and apopto-
sis, which mainly involved isoform 2 of grainyhead-like pro-
tein 1 [43], а-tubulin [44, 45], regulating synaptic membrane
exocytosis protein 1, Ras-related protein Rab 8 [46], and
coiled-coil domain-containing protein 105; (3) chemotherapy
resistance, which mainly involved sorcin [47], βIII-tubulin [48,
49], βIVa-tubulin [50], βVI-tubulin [51], and Ras-related pro-
tein Rab 8 [46]; (4) signal transduction, which mainly involved
isoform 2 of signal-induced proliferation-associated 1-like pro-
tein 2 [52]; (5) phenotypic dedifferentiation, which involved
gamma-tubulin [53]; (6) microtubule dynamic stabilization and
cytoprotection, which mainly involved β-tubulin [54], and
βVIII-tubulin; (7) tumor malignancy and recurrence-free sur-
vival, which involved βIII-tubulin and βII-tubulin; (8) others
such as immune response, transcription, and transformation.

Conclusion
This study provides a comprehensive method that integrated
2DGE, Western blot, LC-MS/MS, and literature data-based
bioinformatics system to discover in vivo nitroproteins and
their nitrotyrosine sites, and to rationalize the functions of each
nitroprotein. Nitroproteins were separated by 2DGE and were
selectively detected with a nitrotyrosine immunoblot. LC-MS/
MS was used to determine the amino acid sequences of the
tryptic nitropeptides and each nitrotyrosine site. This approach
used LC-MS/MS to discover endogenous nitroproteins, and
Western blotting to semiquantify nitroproteins in human glio-
mas relative to controls.

This first nitroproteome map of a human high-grade astro-
cytoma described in this report is one component in our long-
term program to discover glioma-specific nitroproteins to clar-
ify the molecular mechanisms of gliomas. Quantitative com-
parative nitroproteomics methods must be developed to
achieve this goal in the future. The present results provide
new insight to explore the significance of tyrosine nitration in
astrocytomas. Eighteen nitroproteins and their 20 nitrotyrosine
sites provide a qualitative status of tyrosine nitration in
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astrocytomas. Among these nitroproteins were nitro-sorcin and
nitro-β-tubulin, which were increased in astrocytoma tissues
relative to controls, and which were nitrated at an increased
level of tyrosine nitration level in astrocytoma relative to con-
trols. Further investigation is needed to determine the biologi-
cal significance of these tyrosine nitration events and their
relevance to glioma pathogenesis.
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