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Abstract
Mitochondria are the primary locus for the generation of reactive nitrogen species including
peroxynitrite and subsequent protein tyrosine nitration. Protein tyrosine nitration may have
important functional and biological consequences such as alteration of enzyme catalytic activity.
In the present study, mouse liver mitochondria were incubated with peroxynitrite, and the
mitochondrial proteins were separated by 1D and 2D gel electrophoresis. Nitrotyrosinylated
proteins were detected with an anti-nitrotyrosine antibody. One of the major proteins nitrated by
peroxynitrite was carbamoyl phosphate synthetase 1 (CPS1) as identified by LC-MS protein
analysis and Western blotting. The band intensity of nitration normalized to CPS1 was increased
in a peroxynitrite concentration-dependent manner. In addition, CPS1 activity was decreased by
treatment with peroxynitrite in a peroxynitrite concentration- and time-dependent manner. The
decreased CPS1 activity was not recovered by treatment with reduced glutathione, suggesting that
the decrease of the CPS1 activity is due to tyrosine nitration rather than cysteine oxidation. LC-
MS analysis of in-gel digested samples, and a Popitam-based modification search located 5 out of
36 tyrosine residues in CPS1 that were nitrated. Taken together with previous findings regarding
CPS1 structure and function, homology modeling of mouse CPS1 suggested that nitration at
Y1450 in an α-helix of allosteric domain prevents activation of CPS1 by its activator, N-acetyl-L-
glutamate. In conclusion, this study demonstrated the tyrosine nitration of CPS1 by peroxynitrite
and its functional consequence. Since CPS1 is responsible for ammonia removal in the urea cycle,
nitration of CPS1 with attenuated function might be involved in some diseases and drug-induced
toxicities associated with mitochondrial dysfunction.

© 2012 Elsevier Inc. All rights reserved.
*Correspondence should be addressed to: Drug Metabolism & Pharmacokinetics Research Laboratories, Daiichi Sankyo Co., Ltd,
1-2-58, Hiromachi, Shinagawa-ku, Tokyo, 140-8710, Japan Phone: +81-3-3492-3131 Fax: +81-3-5436-8567
takakusa.hideo.yb@daiichisankyo.co.jp.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

This work was performed while H.T. was a visiting scholar at the University of Washington.

NIH Public Access
Author Manuscript
Biochem Biophys Res Commun. Author manuscript; available in PMC 2013 March 30.

Published in final edited form as:
Biochem Biophys Res Commun. 2012 March 30; 420(1): 54–60. doi:10.1016/j.bbrc.2012.02.114.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
protein tyrosine nitration; carbamoyl phosphate synthetase 1; peroxynitrite; LC-ESI-MS/MS;
homology modeling; mitochondria

Introduction
Protein tyrosine nitration is a post-translational modification which occurs in the presence of
reactive nitrogen species [1]. One of the reactive nitrogen species is peroxynitrite (ONOO–)
which is formed by the reaction of a superoxide radical anion (O 2–) with nitric oxide (NO)
[2]. Tyrosine nitration can alter protein structure due to a shift in pKa from 10.1 to 7.2 of the
tyrosine hydroxyl group, as well as the addition of bulkiness to the tyrosine residue [3]. The
structural changes may have important functional and biological consequences such as
alteration of enzyme catalytic activity, modulation of the tyrosine phosphorylation cascade
and induction of immune responses [1]. Peroxynitrite can be formed intramitochondrially
through the generation of reactive oxygen species by complexes I – III of the mitochondrial
respiratory chain [4]. Due to the rather short-lived nature of these reactive species, it is
conceivable that mitochondrial proteins are the primary targets of protein tyrosine nitration.
One of the best-studied examples is nitration and inactivation of manganese superoxide
dismutase (MnSOD) [5]. A normal function of MnSOD is to decrease peroxynitrite
formation by dismutating superoxide to hydrogen peroxide and molecular oxygen. However,
recent studies have shown that MnSOD can be inactivated by tyrosine nitration, resulting in
increased peroxynitrite formation and further oxidative/nitrative stress. Decreases in
MnSOD activity due to nitrative stress in mitochondria has been observed in animal models
of renal ischemia/reperfusion [6] and in drug-induced liver injury caused by toxic doses of
acetaminophen [7].

Protein tyrosine nitration demonstrates a degree of selectivity for proteins and specific
tyrosine residues within those proteins [8, 9]. There is no specific or preferred consensus
sequence that promotes tyrosine nitration, however, the protein secondary structure and local
environment of the tyrosine residues seem to be important for reactivity and accessibility of
reactive nitrogen species to the tyrosine residue [8, 9]. Therefore, the identification of
tyrosine nitrated proteins and the sites of nitrated tyrosine residues is key to understanding
the link between protein tyrosine nitration and its biological consequences.

In the present study, we have examined tyrosine nitration of mouse liver mitochondrial
proteins after treatment with peroxynitrite followed by 1D and 2D SDS gel electrophoresis,
Western blot analysis using an anti-nitrotyrosine antibody, and LC-MS/MS analysis of in-
gel tryptic digests of the nitrated protein samples. Several algorithms such as Sequest and
Popitam were utilized to identify proteins and search post-translational modifications,
including tyrosine nitration, based on tandem mass spectrometry data (MS/MS spectra) and
peptide sequence databases [10]. On the basis of our initial findings, we focused on the
tyrosine nitration of carbamoyl phosphate synthetase 1 (CPS1) in mouse mitochondria.
CPS1 is the mitochondrial enzyme that catalyzes the first and rate-limiting step of the urea
cycle and responsible for the detoxification of excess ammonia [11]. N-acetyl-L-glutamate
(NAG) is an allosteric activator of CPS1, playing a key role in controlling the flow of
nitrogen through the urea cycle [12]. Here, we report tyrosine nitration of CPS1 with
functional changes by treatment with peroxynitrite and possible involvement of a nitrated
tyrosine residue as a functional consequence.
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Materials and methods
Chemicals and reagents

Peroxynitrite was purchased from Cayman Chemical (Ann Arbor, MI). Pyruvate kinase,
lactate dehydrogenase, phosphoenolpyruvate, NADH, ATP, NAG, glutathione (GSH) and
glycylglycine were purchased from Sigma-Aldrich (St. Louis, MO). Mouse anti-
nitrotyrosine antibody (clone 2A8.2) was purchased from Millipore Corporation (Temecula,
CA). Rabbit anti-CPS1 antibody was obtained from Abcam Inc. (Cambridge, MA).
Secondary antibodies were obtained from Li-Cor Biosciences (Lincoln, NE).

Preparation of mouse mitochondrial fractions
Mouse liver samples were collected from male C57BL/6 mice (n =3), which were obtained
form Jackson Labs (Bar Harbor, ME). The animal experiments were conducted with
approval by the IACUC for the University of Washington. Preparation of mitochondrial
fractions was based on a previously published protocol [13].

1D and 2D gel electrophoresis
For 1D gel electrophoresis, the mitochondrial fractions (10 μg protein each) collected from
three mice were individually incubated with each concentration of peroxynitrite (0, 0.1 and
1.0 mM) at 37°C for 10 min in an aqueous solution containing 50 mM glycylglycine. Each
reaction mixture was resolved using 7% SDS-polyacrylamide gels. For 2D gel
electrophoresis, the mitochondrial fractions from three mice were pooled. The reaction
mixtures (20 μL) including 100 μg protein of the pooled mitochondrial fractions, 50 mM
glycylglycine, and peroxynitrite (0 or 1.0 mM) were incubated at 37°C for 10 min. Each
reaction mixture was separated by pH 3 - 10 isoelectric focusing as previously described
[14].

Western blot analysis
Proteins were transferred to nitrocellulose membranes, which were blocked in a 1:1 ratio of
phosphate buffered saline (pH 7.4) and Li-Cor Blocking Buffer for 1 h at room temperature.
Membranes were incubated overnight at 4°C with anti-nitrotyrosine antibody (1:500, mouse
IgG) and anti-CPS1 antibody (1:10000, rabbit IgG). Membranes were then incubated with
secondary anti-mouse IRDye 800CW antibody (1:5000, goat IgG) and anti-rabbit IRDye
680LT antibody (1:10000, donkey IgG) for 1 h at room temperature. Detection and
quantification of the immunofluorescence bands was accomplished using the Odyssey
Infrared Imaging System and Software ver. 2.1 (Li-Cor).

CPS1 activity assay
The mitochondrial fractions (5 μg protein, n = 3) were incubated with different
concentrations of peroxynitrite at 37°C for 10 min, or incubated with 1.0 mM peroxynitrite
at 37°C for different time periods. The assay mixtures contained 5 μg protein of the
mitochondrial fractions after peroxynitrite treatment, 2.5 mM phosphoenolpyruvate, 0.2 mM
NADH, 10 mM NH4Cl, 100 mM KHCO3, 5 mM ATP, 10 mM MgSO4, 10 mM NAG, 10 U/
ml pyruvate kinase, 12.5 U/ml of lactate dehydrogenase, and 50 mM glycylglycine. For (-)
NAG assays, NAG was omitted. CPS1 activity was calculated from the initial velocity of
NADH oxidation (absorbance at 340 nm). For the reversibility assay, the mitochondrial
fractions were incubated with 1.0 mM peroxynitrite at 37°C for 10 min and subsequently
incubated with or without 5.0 mM GSH at 37°C for 10 min, followed by the CPS1 activity
assay with 10 mM NAG.
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Detection and characterization of nitrated peptides by LC-MS/MS
The Coomassie blue-stained 1D gel bands and 2D gel spots that correspond to nitrated CPS1
were excised, and proteins were subjected to in-gel tryptic digestion. The peptides obtained
were analyzed using a nano-HPLC (nanoAcquity systems; Waters, Milford, MA) coupled to
a hybrid linear ion trap Orbitrap (LTQ-Orbitrap) mass spectrometer (Thermo Scientific, San
Jose, CA). Peptide separation was performed with a laser-pulled 75 μm i.d. capillary packed
with 15 cm of 100 Å (5 μm) Magic C18 particles (C18AQ; Michrom). Peptides were eluted
using an acetonitrile gradient flowing at 250 nL/min in a mobile phase consisting of the
following: A, water, 0.1% formic acid; B, acetonitrile, 0.1% formic acid. Peptides were
analyzed in the positive ion mode with an MS survey scan acquired intense precursor over a
full m/z range of 400-2000 with the Orbitrap at a resolution of 60,000. The seven most ions
were sequentially isolated using a data-dependent mode and subjected to collision induced
dissociation before a tandem mass spectrum was obtained with the Orbitrap at a resolution
of 15,000. The Sequest (version 27) algorithm was applied to search the MS data against the
IPI mouse database (ipi.MOUSE.fasta.v3.68). Additionally, the raw data was searched
utilizing the open-modification search engine Popitam (freely accessible at
www.expasy.ch/tools/popitam/).

Homology modeling of NAG binding domain of mouse CPS1
The crystal structures deposited in the PDB as 1JDB [15] and 2YVQ [16], corresponding to
the whole structure of E. Coli CPS and the NAG binding domain of human CPS1 (residues
1343 - 1478), respectively, were used as the templates. Homology modeling of mouse CPS1
was performed in the SWISS-MODEL Workspace [17]. Figures depicting protein structures
were prepared with PyMOL (ver. 1.1, DeLano Scientific).

Results and Discussion
Western blots of nitrated proteins in mouse liver mitochondria

The mitochondrial fractions isolated from mouse liver (n = 3) were incubated with different
concentrations of peroxynitrite for 10 min, followed by 1D SDS gel electrophoresis and
Western blot analysis using an anti-nitrotyrosine antibody (Figure 1A). Many bands
corresponding to nitrated proteins were observed and the most intense band was determined
to be that at around 170 kDa by densitometry analysis. This band was subjected to in-gel
tryptic digestion, LC-MS/MS analysis and a Sequest search, which showed that the band
contained CPS1 (accession number: Q8C196; sequence coverage: 29%; number of unique
peptides assigned to the protein: 60). The blot probed with anti-CPS1 antibody represented
the bands at around 170 kDa corresponding to CPS1 in all samples (Figure 1B). The band
intensity of nitrotyrosine corresponding to CPS1 was normalized to that of CPS1,
demonstrating that nitration of CPS1 increases in a peroxynitrite concentration-dependent
manner (Figure 1C). However, the bands at 170 kDa corresponding to nitrated CPS1 could
include some other nitrated proteins because the 1D Western blots, especially for 1 mM
peroxynitrite treatment, showed numerous bands of nitrated proteins without sufficient
resolution. To further examine the nitration of CPS1, the mitochondrial fractions after
incubation with 1.0 mM peroxynitrite were also subjected to 2D gel electrophoresis,
followed by Western blot analysis using anti-nitrotyrosine and anti-CPS1 antibodies (Figure
1D). CPS1 was detected as multiple serial spots, a so-called “charge-train”, at around 170
kDa, which is consistent with previously reported findings [18]. The spots of nitrated
proteins at around 170 kDa were largely overlapped with those of CPS1, as represented by
yellow spots in Figure 1D. This observation confirms that CPS1 is one of the major targets
of tyrosine nitration in mitochondria and the calculation of nitrated CPS1 from 1D Western
blot shown in Figure 1C presents the peroxynitrite concentration dependency of CPS1
nitration, even though it is not rigorously quantitative. In the present study, SDS-PAGE
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analysis was performed on gels containing a relatively low concentration of acrylamide in
order to resolve high molecular weight proteins including CPS1. In this case, however, small
molecular weight proteins including mitochondrial MnSOD (25 kDa), which is well known
to be nitrated, migrated at the buffer-front and, therefore, nitrated MnSOD was not detected.
In preliminary experiments on gels containing probably corresponds to nitrated MnSOD
(data not shown).

Effects of peroxynitrite treatment on CPS1 activity
The mitochondrial fractions were incubated with 1.0 mM peroxynitrite for different time
periods, followed by measuring their CPS1 activities in the presence of NAG, an allosteric
activator of CPS1 (Figure 2A). The CPS1 activity was quickly and significantly decreased
by treatment with peroxynitrite in a time-dependent manner (47% decrease in 1 min and
60% decrease in 10 min). The CPS1 activities after 10-min incubations with different
concentrations of peroxynitrite were also examined (Figure 2B). In the presence of NAG,
CPS1 activity was decreased in a peroxynitrite concentration-dependent fashion. Significant
decreases in the activity were observed for the samples treated by 0.1 mM or higher
concentrations of peroxynitrite. In the absence of NAG, CPS1 activity without treatment
with peroxynitrite was approximately half of that in the presence of NAG, which is
consistent with the previous findings that NAG activates CPS1 by increasing the affinities of
ATP, Mg2+ and K+ to CPS1 [12]. Treatment with increasing concentrations of peroxynitrite
did not have significant effects on CPS1 activity in the absence of NAG as shown in Figure
2B. CPS1 activities after treatment with 1.0 mM peroxynitrite were comparable between in
the presence and absence of NAG. These observations suggest that tyrosine nitration
decreases CPS1 activity by affecting the interaction of CPS1 with NAG. In addition to
tyrosine nitration, peroxynitrite can oxidize thiol groups of cysteines. The contribution of
thiol oxidation to the decrease of CPS1 activity can be evaluated because thiol oxidation is
reversible in the presence of the reducing agents such as GSH and dithiothreitol [19]. CPS1
activity decreased by peroxynitrite was not recovered by treatment with reduced GSH as
shown in Figure 2C, suggesting that the decrease of the CPS1 activity is due to tyrosine
nitration rather than cysteine oxidation.

Determination of nitrated tyrosine residues by LC-MS/MS and Popitam analysis
Mouse CPS1 consists of 1,500 amino acids including 36 tyrosine residues (NCBI protein
database, Accession No. AAI26970). In order to determine the target tyrosine residues of
nitration, the 1D gel bands and 2D gel spots corresponding to nitrated CPS1 were excised,
followed by in-gel tryptic digestion of the proteins and LC-MS/MS of the digested peptides.
LC-MS/MS spectra were analyzed using Popitam, which is an algorithm designed to
identify mutations and modifications to peptides based on MS/MS spectral data. The
Popitam-based modification search of the mouse CPS1 sequence identified 5 peptides that
could contain nitrotyrosine (Table 1). The observed mass number of the precursor ions was
close to the theoretical mass number for all candidate peptides (mass errors < 3.1 ppm). The
structures of the 5 nitrated peptides were verified by their MS/MS spectra. Representative
MS/MS spectra and assignments of b and y ions are shown in Figure 3. The mass difference
of 208 Da corresponding to nitration (+45 Da) of tyrosine (163 Da) was observed in y ions
and b ions. Previous studies reported that most nitrated tyrosines are found in loop structures
with turn-inducing residues, proline or glycine, in the vicinity (from −5 to +5 residues
around nitrated tyrosines) [8]. The proximity of a negative charge of acidic amino acids (i.e.,
aspartate and glutamate) is also beneficial [8]. All five nitrated tyrosines have acidic amino
acid residue(s) in their proximal sequences (Table 2), which is consistent with the previous
findings mentioned above. The tyrosines Y120, Y162, Y529 and Y1305 have turn-inducing
residue(s) in their proximity, suggesting that they are located in loop structures.
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Homology modeling of mouse CPS1 and location of nitrated tyrosine residues
Since a crystal structure of mouse CPS1 has not been solved, we created its model based on
E. Coli CPS (PDB file: 1JDB) [15] by homology modeling on SWISS-MODEL Workspace
[17]. The created model of mouse CPS1 superimposed with the template structure is shown
in Figure 4A. The model mostly covered the sequence of mouse CPS1, whereas some parts
of the protein, such as the allosteric domain, were not modeled because of poor homology of
the sequence. Four out of five nitrated tyrosine residues (Y120, Y162, Y529 and Y1305) were
included in the created model of mouse CPS1 as shown in Figure 4A. They appear to be
located in or close to loop structures, which is consistent with the findings in primary
sequences. Also, all these nitrated tyrosine residues are positioned on the protein surface,
which can be explained by their accessibility to reactive nitrogen species. According to
previous studies regarding the crystal structure of CPS from E. Coli, there is a molecular
tunnel for the transport of reaction intermediates between remotely located active sites
(Figure 4A) [15]. The superimposed image of mouse CPS1 indicates that those four tyrosine
residues are located away from active sites and the molecular tunnel, suggesting that they
are unlikely to be involved in the nitration-mediated decrease in CPS1 activity. The other
tyrosine residue, Y1450, was considered to be located in the allosteric domain which interacts
with the activator, NAG. Recently, the crystal structure of the NAG binding domain of
human CPS1 (residues 1343 – 1478, PDB file: 2YVQ) has been solved and NAG-
interacting residues were characterized [16]. We created the NAG binding domain of mouse
CPS1 using the three-dimensional structure of human CPS1 as a template (Figure 4B). Since
the sequence of the domain is highly conserved among species including human and mouse,
the created model is almost identical to the template. The tyrosine Y1450 is located in an α-
helix, which is considered to directly contribute to NAG binding via an electrostatic
interaction with N1449 and by hydrophobic interactions with F1445 and I1452 [16]. The
primary amino acid sequence of this α-helix, including Y1450, is strictly conserved as shown
in Figure 4C. The importance of this α-helical structure for CPS1 activity has also been
demonstrated by CPS1 mutations found in CPS1 deficient patients. It was reported that the
mutations R1453Q and R1453W, which were found in severe CPS1 deficiency, inactivated
CPS1. Since R1453 does not interact with NAG directly, CPS1 inactivation by the mutations
to R1453 was considered to be due to distortion of the α-helical structure [20]. Similarly,
nitration to Y1450 could elicit a structural change of the α-helix and decrease the binding
affinity to NAG, which is a possible mechanism for the decrease in CPS1 activity by
peroxynitrite. This interpretation seems to be consistent with the finding that the
peroxynitrite-dependent decrease in CPS1 activity was more significant in the presence of
NAG than in its absence as shown in Figure 2B. Even though most nitrated tyrosine residues
are found in flexible loop regions, as mentioned above, functionally critical tyrosine
nitration tends to be found in α-helices, such as Y34 in MnSOD [21] and Y97 and Y74 in
cytochrome c [22]. Also, a recent study demonstrated that the content of the α-helical
structure of insulin was reduced by nitration to a tyrosine residue in an α-helix [23]. These
findings support our results and interpretation. Future studies such as mutation analysis will
be needed to clarify a mechanistic link between the nitration to Y 1450 and loss of NAG
binding.

In conclusion, our study for the first time revealed that CPS1 is one of the major targets of
tyrosine nitration in mitochondria after treatment with peroxynitrite, and the functional
consequence is the decrease in its enzymatic activity in the presence of NAG. Since CPS1 is
responsible for the detoxification of excess ammonia, nitration of CPS1 with attenuated
function may result in hyperammonemia and subsequent mitochondrial dysfunction in in
vivo situations. Future in vivo studies will be required to investigate the relevance of these
findings to some diseases and drug-induced toxicities.
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CPS1 carbamoyl phosphate synthetase 1

MnSOD manganese superoxide dismutase

NAG N-acetyl-L-glutamate

GSH glutathione
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Highlights

• CPS1 is one of the major proteins nitrated by peroxynitrite in liver
mitochondria.

• The enzymatic activity of CPS1 is inactivated by peroxynitrite.

• CPS1 activity decreased by peroxynitrite is not recovered by reduced GSH.

• Five out of 36 tyrosine residues in CPS1 are selectively nitrated.

• Nitration at Y1450 is suggested to be involved in the loss of CPS1 activity.
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Figure 1.
Western blot analysis of mouse mitochondrial proteins after treatment with peroxynitrite.
(A) The mitochondrial fractions collected from three mice were individually incubated with
each concentration of peroxynitrite (0, 0.1 and 1.0 mM) at 37°C for 10 min and subjected to
1D SDS gel electrophoresis. The blots were probed with antibodies to nitrotyrosine. (B) The
blots were probed with antibodies to CPS1. (C) Densitometry analysis of nitration to CPS1
was performed using the Odyssey Infrared Imaging System. (D) The mitochondrial proteins
pooled from three mice were incubated with 1.0 mM peroxynitrite at 37°C for 10 min and
subjected to 2D gel electrophoresis. The blots of nitrated proteins (green) were
superimposed with those of CPS1 (red). The overlap is represented by yellow.
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Figure 2.
The effects of peroxynitrite treatment on CPS1 activity in mouse mitochondrial fractions.
(A) The mitochondrial fractions were incubated with 1.0 mM peroxynitrite at 37°C for
different time periods and subjected to the CPS1 activity assay. (B) The mitochondrial
fractions were incubated with different concentrations of peroxynitrite at 37°C for 10 min
and subjected to the CPS1 activity assay with or without 10 mM NAG. (C) The
mitochondrial fractions were incubated with 1.0 mM peroxynitrite at 37°C for 10 min and
subsequently incubated with or without 5.0 mM GSH at 37°C for 10 min, followed by the
CPS1 activity assay with 10 mM NAG.
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Figure 3.
Representative LC-MS/MS spectra and assignments of the sequence-specific fragment ions
of the nitrated peptides. The sequence-specific fragment ions are labeled as y and b ions on
the spectra. For the peptide 2, the mass difference of 208 detected between b4 and b5 and
between y5 and y6 corresponds to nitrated tyrosine residue (163 (Tyr) + 45 (nitration)). For
the peptide 5, the mass difference of 208 detected between b5 and b6 and between y3 and y4
corresponds to nitrated tyrosine residue.
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Figure 4.
Homology modeling of mouse CPS1. (A) The superimposed image of the created model of
mouse CPS1 (yellow) with the template structure for the E. Coli CPS (white, PDB file:
1JDB). Three active sites are shown in blue (1: glutamine binding site, 2: bicarbonate
binding site, 3: carbamoyl phosphate binding site) and the molecular tunnel is shown in red.
(B) The superimposed image of the created model of the mouse NAG binding domain (pink)
with the template structure for the human NAG binding domain (white, PBD file: 2YVQ).
(C) The sequences (residues 1442 - 1459) in NAG binding domain of CPS1s from mouse
(Mus musculus), human (Homo sapiens), rat (Rattus norvegicus) and monkey (Macaca
mulatta), were obtained from the NCBI protein database.
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Table 1

Nitrated peptides of mouse CPS1 detected by LC-MS/MS and Popitam analysis.

Peptide
No.

Sequence Calculated
m/za

Observed m/za
(mass error: ppm)

Sample from 1D gel Sample form 2D gel

1 113DELGLNKY*M#ESDGIK127 886.9045 886.9055
(1.1)

886.9046
(0.1)

2 158VPAIY*GVDTR167 568.2914 568.2917
(0.5)

568.2917
(0.5)

3 524GVLKEY*GVK532 519.2855 519.2855
(0)

N.D.

4 1293LPTLEQPIIPSDY*VAIK1309 971.5309 971.5339
(3.1)

971.5311
(0.2)

5 1445FVHDNY*VIR1453 604.2969 604.2974
(0.8)

604.2975
(1.0)

a
Numbers show m/z of doubly protonated molecular ions. Y*and M# represent nitrotyrosine and oxidized (+ O) methionine, respectively. N.D.

represents “not detected”.
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Table 2

Proximal amino acids of nitrated tyrosine residues

No. Sequence from −5 to +5 amino acids
relative to the nitrated tyrosine

1 LGLNKY120*MESDG

2 KVPAIY162*GVDTR

3 GVLKEY529*GVKVL

4 IIPSDY1305*VAIKA

5 FVHDNY1450*VIRRT

Turn-inducing residues, proline and glycine, are shown in bold. Negatively-charged residues, aspartate and glutamate, are underlined. Y*
represents nitrotyrosine.
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