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diseases. Determining the specific sites of this modification remains a challenge due to the

Accepted 6 April 2011

low stoichiometry of 3NT modifications in biological samples. Mass spectrometry-based
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proteomics is a powerful tool for identifying 3NT modifications, however several reports
identifying 3NT sites were later demonstrated to be incorrect, highlighting that both the
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accuracy and efficiency of these workflows need improvement. To advance our

3-nitrotyrosine

understanding of the chromatographic and spectral properties of 3NT-containing

Mass spectrometry

peptides we have adapted a straightforward, reproducible procedure to generate a large

Multiple reaction monitoring

set of 3NT peptides by chemical nitration of a defined, commercially available 48 protein

Posttranslational modification

mixture. Using two complementary LC–MS/MS platforms, a QTOF (QSTAR Elite) and dual

Spectral library

pressure ion trap mass spectrometer (LTQ Velos), we detected over 200 validated 3NTcontaining peptides with significant overlap in the peptides detected by both systems. We
investigated the LC–MS/MS properties for each peptide manually using defined criteria and
then assessed their utility to confirm that the peptide was 3NT modified. This broad set of
validated 3NT-containing peptides can be utilized to optimize mass spectrometric
instrumentation and data mining strategies or further develop 3NT peptide enrichment
strategies for this biologically important, oxidative posttranslational modification.
© 2011 Elsevier B.V. All rights reserved.

1.

Introduction

The modification of tyrosine to 3-nitrotyrosine (3NT) under
conditions of oxidative stress has become established as a
significant event that occurs during the progression of many
diseases [1] including, inflammation [2,3], neurodegeneration
[4–6], cardiovascular disease [7,8] and aging [9,10]. 3NT modification has been of significant interest due to the fact that a
nitro group at the 3-position of the aromatic ring of tyrosine
decreases the pKA of the neighboring hydroxyl moiety, and
may alter protein structure, function, and interactions [11,12].

Investigation into the formation of 3-nitrotyrosine has led to
several proposed mechanisms [13–15] and uncovered numerous
examples of specific proteins featuring a 3NT modification.
Carboxypeptidase B1 [16], synuclein [17], synaptophysin [18],
SERCA [10], muscle glycogen phosphorylase [19], manganese
superoxide dismutase [9], and glutathione reductase [20] are
some of the more important proteins that have been identified
as being selectively nitrated and whose biological functions are
affected by nitration.
While the availability of pan-3NT [21,22] antibodies has led
to the characterization of proteins that are 3NT modified, the
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low stoichiometry and extent of modifications in nitrated
tyrosine residues (only 5 3NT residues per 10,000 tyrosines)
[23]have hampered determination of the specific sites that are
modified. Mass spectrometry based proteomics has become
the predominant approach to identify sites of 3NT modification and dozens of proteomic studies have been undertaken
with the aim of characterizing as much of the ‘nitroproteome’
as possible in various diseases and biological processes
(reviewed in [24,25]). These studies are limited by the fact
that while numerous 3NT enrichment approaches using
antibodies and chemical enrichment exist [26–31], none has
been widely adopted or shown widespread success [32].
Approaches to improve 3NT peptide detection at the mass
spectrometry level, such as use of precursor ion scanning,
have also met with limited success to identify sites of 3NT
modification [33]. Although matrix assisted laser desorption
ionization time-of-flight (MALDI TOF) analysis of 3NT-containing peptides produces signature neutral loss ions due to
laser-induced photochemical decomposition, its utility for
complex samples is limited by the poor dynamic range of
MALDI MS [34]. Nonetheless, proteomics approaches have
been able to identify hundreds of 3NT sites in peroxynitrite
treated cell lysates [29,30], though considerably less success
has been achieved in identifying these oxidative modifications
in vivo such as those that accumulate during aging [35,36], for
example. It is generally assumed that the continued advances
in the sensitivity, dynamic range and sampling efficiency of
modern mass spectrometers and their proteomic workflows
are poised to lead to the discovery of even more 3NT sites in
the near future.
Large-scale mass spectrometry-based proteomics studies
are often limited by the bioinformatic tools available to mine
the hundreds of thousand or more MS/MS spectra collected
during the course of a typical study. While identification of a
protein in a complex sample is now fairly routine [37],
typically requiring the identification of two or more proteotypic peptides, characterization of posttranslational modifications (PTMs) such as protein nitration is more difficult since
it almost exclusively relies on the correct interpretation of
only a single MS/MS spectrum. Several biologically interesting
PTMs may overlap in mass with other modifications which
requires careful consideration when interpreting spectra and
evaluating potential ambiguity. For example, phosphorylation
and sulfation can result in near isobaric peptides, as do
trimethyl and acetylated lysines; although high mass accuracy
can potentially differentiate among them. Teasing apart the
PTM assignments is possible, however, through other experimental design features, such as specifically enriching for
phosphopeptides with antibodies or chemical resins. In some
cases, close inspection of the specific MS/MS fragmentation
can differentiate between PTMs that may be close in mass. For
example, the presence of an immonium ion at m/z 126.1 is
only generated for acetylated lysine residues and can be used
to differentiate these modified peptides from trimethyllysines [38,39]. Acetylated and trimethylated peptides can
also be chromatographically resolved by liquid chromatography [40].
The interpretation of MS/MS spectra is additionally complicated by the fact that mass spectrometry can detect
unanticipated low abundant covalent peptide modifications.
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This underpins the important utility of mass spectrometry to
discover authentic in vivo modifications but may also lead to
spurious results or identification of artificially introduced
modifications. Chemical artifacts introduced during SDSPAGE are particularly problematic. A recent report by Nielsen
et al. described that iodoacetamide commonly used for
cysteine alkylation during sample preparation for proteomics
experiments may mimic ubiquitination when non-specifically
reacting with lysine residues [41]. Several 3NT proteomics
studies in particular have been the subject of scrutiny in
recent years [42–45] and have highlighted the need for careful
evaluation of individual MS/MS spectra in order to eliminate
false positive assignments. In these reported cases the
nitrated peptides are at very low levels in vivo and a
combination of several unexpected modifications on peptide
sequences of interest led to MS/MS spectra that partially
matched the theoretical spectra of a 3NT modified peptide.
However, recognition of specific discrepancies in the spectra
and attention to mass accuracy followed by peptide synthesis
confirmed these misassignments by comparison of the
resulting MS/MS spectra from the synthetic and endogenously
generated spectra [44].
Manual interpretation of MS/MS spectra remains a commonly invoked method to better confirm PTM peptide
assignments. However, a broadly applicable set of manual
criteria for spectral evaluation is difficult to define and can
vary dramatically depending on the mass spectrometric
parameters such as mass accuracy, detectable mass range,
etc. and the properties of gas phase ion chemistry of the
modified amino acid residue in question (resulting neutral
losses, effect on charge state, characteristic immonium ions,
etc.). 3NT peptides in particular have several critical LC–MS/
MS characteristics that allow confirmation of their presence
including a characteristic 3-nitrotyrosine immonium ion at m/
z 181.1, increased chromatographic retention time of the more
hydrophobic 3NT modified peptide relative to the unmodified
peptide, and MS/MS fragmentation pattern similarity between
the 3NT and unmodified peptide. Due to the typically low
stoichiometry of the 3NT modification in biological samples
there has been a lack of well-validated ‘positive controls’ of
3NT modified peptides to assess the LC–MS/MS characteristics
and to determine their robustness and applicability as
validating parameters. In order to more rigorously delineate
a set of unbiased criteria for improved assignment of this
modification, we generated a large number of 3NT modified
peptides through chemical modification of a defined, equimolar mixture of 48 proteins, UPS1 (also known as Sigma-48)
by treatment with tetranitromethane (TNM) and evaluation of
this nitrated protein reference standard on two LC–MS/MS
platforms, the QSTAR Elite (QTOF) and LTQ Velos (dual ion
trap) as shown in Fig. 1. We manually validated all MS/MS
spectra of putative 3NT-modified peptides using an extensive
set of defined LC–MS/MS criteria (see Table 1) and identified
well over 200 validated 3NT modified peptides in the obtained
spectral datasets. This approach also allowed us to compare
and contrast the effectiveness of two widely utilized mass
spectrometry platforms (QTOF and dual ion trap) for the
detection of 3NT-containing peptides. The spectral library
generated with Skyline, an open source program [46], is
provided as a resource containing validated MS/MS spectra
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Fig. 1 – Overview of experimental approach to generate, identify, and validate 3NT peptides. An equimolar mixture of 48
proteins, UPS1, was TNM or mock treated to generate a set of nitrated and control samples. Samples were trypsin digested and
analyzed with by both QSTAR Elite (QTOF) and LTQ Velos (dual ion trap) LC–MS/MS systems. Data was searched with Mascot
and each resulting 3NT peptide was analyzed by manual inspection using the criteria defined in Table 1.

of all confidently identified 3NT peptides and their unmodified counterparts. Furthermore, this straightforward, reproducible nitration reaction of a commercially available protein
standard makes it readily available to the proteomics field
interested in studying or identifying nitrated proteins. This
nitrated standard can also be used to optimize mass spectrometry data collection parameters and data mining to
improve confident identification of 3NT-containing peptides
and can also be spiked into biological matrices of interest
(plasma, tissue, etc.) to optimize enrichment strategies for
nitrated peptides.

2.

Materials and methods

Bovine serum albumin (BSA, 98%), UPS1 (universal proteomics
standard consisting of an equimolar mixture of 48 human
proteins), tetranitromethane, sinapinic acid, dithiothreithol,
and iodoacetamide were purchased from Sigma-Aldrich
(St. Louis, MO). Recrystalized α-cyano-4-hydroxycinnamic acid

(α-CHCA) and 2,5-dihydroxy benzoic acid (DHB) were purchased
from LaserBio Labs (Valbonne, France). Trifluoroacetic acid
(TFA), formic acid (FA) and phosphoric acid were from J. T.
Baker, EMD and Aldrich, respectively. Sequencing grade
trypsin was obtained from Promega (Madison, WI). C18
ZipTips and dialysis membrane filters (0.025 μm VSWP) were
purchased from Millipore (Billerica, MA). Oasis HLB reversed
phase extraction cartridges (1 cm3, 30 mg) were purchased
from Waters.

2.1.

Protein nitration modification

BSA (50 μg, 753 pmol) was suspended in 50 μL (15.1 μM) of
10 mM ammonium bicarbonate (NH4HCO3, pH 8.0), and 5 μL of
8.2 mM tetranitromethane (TNM, in 95% ethanol) was added.
The mixture was gently vortexed and incubated at room
temperature for 1 h. The solution gained a pale yellow color
during the nitration reaction. Glacial acetic acid (5 μL) was
then added to quench the reaction. The nitrated protein
mixture was desalted by drop dialysis against HPLC grade
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Table 1 – Criteria for 3-Nitrotyrosine (3NT) peptide
identification by manual inspection of MS/MS spectra.
Criteria were used to asses both QSTAR Elite (QTOF) and
LTQ Velos (ion trap) spectra.
1. Abundant fragment ions need to be assigned
• Not more than 1 unassigned fragment ion over 50% of base peak
intensity
2. Similar MS/MS fragmentation pattern as unmodified peptide a
• At least 3 of the top 5 fragment ions in the unmodified and 3NT
modified spectra correspond
3. Chromatographic elution time of 3NT peptide is later than
unmodified peptide a
4. Presence of 3NT immonium ion with S/N >6
• 3-nitrotyrosine residues can form a characteristic immonium
ion at 181.1 m/z.
5. Flanking MS/MS fragment ions for 3NT site
• Presence of ≥ 1 fragment ion in the MS/MS spectrum that
includes the modified tyrosine and has a resulting mass shift
due to the 3NT modification as well as ≥ 1 fragment ion that
does not include the modified Y and does not show a mass
shift.
6. Correct precursor ion charge state (QSTAR Elite only)
7. Correct monoisotopic precursor mass chosen (QSTAR Elite only) b
8. Precursor mass accuracy < 25 ppm (QSTAR Elite only)
a

Corresponding unmodified peptides were identified on the
QSTAR Elite for 70.4% of observed 3NT peptides and on the LTQ
Velos for 78.7% of detected 3NT peptides.
b
Criteria applicable to QSTAR Elite data only since LTQ Velos data
is searched using average mass of the precursor instead of the
monoisotopic mass.

water with membrane filters. The desalted protein solution
was concentrated to 20 μL (37.8 μM for total proteins) for
downstream treatments. For nitration of UPS1, the protein
mixture from one vial (240 pmol) was reconstituted in 25 μL of
20% acetonitrile (ACN)/80% 10 mM ammonium bicarbonate.
To this solution, 20 μL of 8.2 mM TNM was introduced into the
protein solution and allowed to react for 1 h at room temperature. The desalted nitrated UPS1 protein mixture was
concentrated to 20 μL (12 μM) and digested with trypsin as
described below. Mock treated samples were prepared as
above without addition of TNM.

2.2.

Trypsin proteolysis

Nitrated BSA (20 μL, 37.8 μM) and UPS1 (20 μL, 12.0 μM),
respectively, were diluted to 10 μM with 10 mM NH4HCO3.
Then, 132 μL or 12 μL of freshly prepared reducing agent
100 mM dithiothreitol (DTT), was added to the BSA and UPS1,
respectively, followed by dilution with ACN to bring the
organic solvent concentration to 40% (v/v). Proteins were
gently vortexed and then incubated for 45 min at 56 °C. To
alkylate samples, freshly prepared 550 mM 2-iodoacetamide
was added to each sample (49.3 μL to BSA or 4.5 μL to UPS1) and
incubated in the dark for 45 min. Samples were diluted with
10 mM NH4HCO3 to a final concentration of 10% ACN (v/v) with
a resulting pH of ~8. Finally, 150 μL or 10 μL of trypsin (20 μg
resuspended in 1200 μL 25 mM NH4HCO3) were then added to
the BSA or UPS1, respectively, to achieve a trypsin:protein
ratio of 1:20 (wt/wt) and the mixture was incubated at 37 °C
overnight. In parallel, non-TNM treated BSA and UPS1 were
prepared as controls in the same manner. Samples were
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acidified with TFA to pH <3.5 and desalted using C18 ZipTips
according to the manufacturer's instructions.

2.3.
Protein mass profile and molecular weight
measurement
The intact mass of proteins was determined using a VoyagerDE STR MALDI Plus (Applied Biosystems) instrument that
allowed acquisition of spectra by MALDI-TOF mass spectrometry in linear mode. Desalted proteins (1 μL) and sinapinic acid
(0.8 μL, saturated in 50% ACN 0.1% TFA) were briefly vortexed
prior to spotting onto a MALDI target plate. The delay time was
set as 750 ns and the accelerating voltage was 25,000 V. Laser
relative intensity was set at 2200, shots/spectrum were set to
100 for BSA and 1000 for the UPS1 mixture.

2.4.
LC–MS/MS analysis of peptides using a QTOF
(QSTAR Elite)
Digested, desalted peptides were analyzed by reverse-phase
nano-HPLC-ESI-MS/MS using an Eksigent nano-LC 2D HPLC
system (Eksigent, Dublin, CA) connected to a quadrupole timeof-flight (QTOF) QSTAR Elite mass spectrometer (MDS SCIEX,
Concorde, Canada). Briefly, 3 replicates each with 10 μl of
peptide mixtures (approximately 4–5 pmol total peptides in
0.1% formic acid) were loaded onto a guard column (C18
Acclaim PepMap100, 300 μm internal diameter (ID) × 5 mm
long, 5 μm particle size, 100 Å pore size, Dionex, Sunnyvale,
CA) and washed with the loading solvent (0.1% formic acid,
flow rate of 20 μL/min) for 10 min. Subsequently, samples were
transferred onto the analytical C18-nanocapillary HPLC column (C18 Acclaim PepMap100, 75 μm ID × 15 cm long, 3 μm
particle size, 100 Å pore size, Dionex, Sunnyvale, CA) and
eluted at a flow rate of 300 nL/min using the following
gradient: 0–2% solvent B (0.1% formic acid in ACN) in A (0.1%
formic acid in H2O) (from 0 to 5 min), 2–40% solvent B in A
(from 5 to 125 min), 40–90% solvent B in A (from 125 to 140 min)
and at 90% solvent B in A (from 140 to 149 min), with a total
runtime of 194 min (including mobile phase equilibration).
Mass spectra (ESI-MS) and tandem mass spectra (ESI-MS/MS)
were recorded in positive-ion mode with a resolution of
12,000–15,000 full-width half-maximum. MS mass range was
m/z 350–1600 and MS/MS mass range was m/z 100–1500. For
collision induced dissociation tandem mass spectrometry
(CID-MS/MS), the mass window for precursor ion selection of
the quadrupole mass analyzer was set to ± 1 m/z. The
precursor ions were fragmented in a collision cell using
nitrogen as the collision gas. Advanced information dependent acquisition (IDA) was used for MS/MS collection, including QSTAR Elite (Analyst QS 2.0) specific features, such as
“Smart Collision” and “Smart Exit” (fragment intensity multiplier set to 2.0 and maximum accumulation time at 1.5 s), to
obtain MS/MS spectra for the six most abundant parent ions
following each survey scan. Dynamic exclusion features were
based on value M not m/z and were set to exclusion mass
width 50 mDa and exclusion duration of 60 s. Under circumstance of multiple sample runs, in between a short blank
gradient was run [mobile phase gradient: 0–30% B in A (from
0 to 15 min), 30–80% solvent B in A (from 15 to 17 min), 80%
solvent B in A (from 17 to 20 min)].
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2.5.
LC–MS/MS analysis of peptides using a dual pressure
linear ion trap (LTQ Velos)
Chromatographic separation of peptides was carried out using
an Eksigent nanoLC-ultra 2D plus HPLC system directly connected to the LTQ Velos dual-pressure linear ion trap mass
spectrometer (Thermo Scientific, San Jose, CA). Peptide mixtures
were loaded onto a trap column (C18 Acclaim Pep-Map100;
300 μm inner diameter× 5 mm, 5-μm particle size, 100 Å pore
size; Dionex) and washed with the loading solvent (0.1% formic
acid, 98% H2O, and 2% acetonitrile; flow rate, 5 μL/min) for 20 min.
Subsequently, samples were transferred onto the analytical C18nanocapillary HPLC column (C18 Magic; 100 μM inner diameter ×15 cm, 3-μm particle size, 200-Å pore size; Michrom) and
eluted at a flow rate of 500 nL/min using an identical gradient and
solvents listed above for the QSTAR Elite. for the LTQ Velos mass
spectra (ESI-MS) and tandem mass spectra (ESI-MS/MS) were
recorded in positive-ion mode using an Nth Order Double Play
experiment, where N= 10 (1 MS survey scan followed by 10 MS/
MS scans). The mass range (m/z) analyzed was 350–1600 for MS
scans. Fragmentation parameters used were: activation type:
CID, minimum signal required: 1000, precursor isolation width:
1.5, normalized collision energy: 30, activation time: 10 ms.

2.6.
Multiple reaction monitoring (MRM) mass spectrometry
assay for relative quantitation and targeted precursor ion
analysis of peptides
MRM-MS assays of 3NT modified peptides were performed on a
4000 QTRAP hybrid triple quadrupole/linear ion trap mass
spectrometer (Applied Biosystems/MDS Analytical Technologies). In a typical situation for an MRM assay, the instrument
was operated with an ion spray voltage of 2450 V, curtain gas 12,
nebulizer gas (GS1) 18, and interface heater temperature (IHT)
150 °C. MRM precursor/fragment ion transitions were selected
based on QSTAR Elite MS/MS fragment ion signals and charge
states, and acquired at unit resolution in the first (Q1) and third
(Q3) quadrupoles with the dwell times of 10 ms and cycle times
of 4.5 s for all selected transitions. The collision energy (CE) was
calculated by equations: [CE = m/z(Q1) × 0.0625 − 3] for charge 2+
ions; [CE = m/z(Q1)× 0.0625 − 8] for charge 3+ or higher precursor
ions. Specifically to record transitions for the unmodified and
3NT modified tyrosine immonium ions (Q3 set to m/z 136.1 and
m/z 181.1, respectively) the collision energy was set to 60 for all
peptides. Peptides were loaded onto a trap column (C18 Acclaim
Pep-Map100; 300 μm inner diameter× 5 mm, 5-μm particle size,
100-Å pore size; Dionex) at 20 μL/min for 5 min in 0.1% formic
acid and eluted at 300 nL/min with a 75 μm inner diameter
IntegraFrit analytical column (New Objective, Woburn, MA)
packed in-house with 10–12 cm of ReproSil-Pur C18-AQ 3 μm
reversed phase resin (Dr. Maisch GmbH, Germany) with a
gradient of 2% ACN (0.1% formic acid) to 70% ACN over 32 min.
MultiQuant software version 1.2 (Applied Biosystems) and
Skyline [46] were used to quantify peak areas.

2.7.
Protein identification and modification assignment
through database searches
Both QSTAR Elite and LTQ Velos MS/MS data were searched
using Mascot version 2.3.02 (Matrix Science) against Swissprot

version 2010_10 specifying human taxonomy (20,259 sequence) using the following criteria: 2 missed cleavages
(trypsin); fixed modification-carbamidomethyl (C); Variable
modifications-Acetyl (Protein N-term), Oxidation (M), Deamidated (NQ), and Nitro (Y). For the QSTAR Elite the precursor ion
mass tolerance was 25 ppm and fragment ion mass tolerance
0.05 Da. For the LTQ Velos the precursor ion mass tolerance
was 1.5 Da (using average mass value) and the fragment ion
mass tolerance was 0.9 Da. The maximum expectation value
(P value) for accepting spectra assigned to peptides by Mascot
was 0.05. To assess false discovery rate (FDR) we did targetdecoy database searches using a custom list of the 48 human
proteins found in UPS1 standard mixture as the decoy
database. All peptides presented in this manuscript were
within a 5% FDR based on these searches.

3.

Results

3.1.
Optimization of chemical nitration reaction using BSA
and UPS1
BSA was used to optimize conditions for partial protein
nitration in vitro using tetranitromethane (TNM). The extent
of nitration was determined by an increase in average mass of
full length BSA as determined by MALDI-TOF mass spectrometry in linear mode. A time course of BSA nitration is shown in
Supplementary Fig. S1a. After 1, 2, and 3 h of TNM treatment
the mass gains for the BSA protein were 392 Da, 500 Da, and
566 Da, respectively, which corresponded to the addition of 8–
9, 11–12, and 12–13 nitro groups (NO2) to each BSA molecule.
BSA that was nitrated with TNM for 1 h was then trypsin
digested and analyzed by LC–MS/MS on a QSTAR Elite LC–MS/
MS to map the sites of 3NT modification. Nineteen 3NT sites in
24 BSA peptides were detected confirming that significant
levels of modified tyrosine residues could be detected with a
1 h TNM treatment (Supplementary Table S1).
The UPS1 mixture contains 48 equal molar proteins of
human origin that range in their molecular weights from
6.2 kDa (epidermal growth factor) to 83 kD (gelsolin). Eighteen
proteins in the UPS1 mixture have a mass over 25 kDa while 30
proteins are smaller than 25 kDa. Nitration of the 48 proteins
by incubation with TNM at room temperature for 1 h resulted
in a shift in the intact masses of all protonated molecular ion
peaks detected by MALDI TOF MS in linear mode, confirming
that significant levels of nitration had occurred (Supplementary Fig. S1b).

3.2.
UPS1

Mass spectrometric characterization of 3NT modified

TNM treated and untreated UPS1 proteins were digested with
trypsin and analyzed using two different LC–MS/MS platforms
to maximize the number of 3NT peptides identified and to
compare the instrument performance and efficiency for the
detection of 3NT-containing peptides. Data was acquired
using both a quadrupole time-of-flight (QTOF) mass spectrometer (QSTAR Elite) and a dual linear ion trap (LTQ Velos)
which are common platforms in MS-based proteomics. A long
LC gradient (120 min) was used to improve chromatographic
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separation of peptides and three mass spectrometric replicates were analyzed to maximize sampling of the mixture.
The data was searched using an in-house Mascot MS/MS
search algorithm as described in the methods. Initial examination of the search results for peptides with an expectation
score below 0.05 determined that the QSTAR Elite and LTQ
Velos detected 123 and 223 3NT-containing peptides in the
treated, nitrated sample, respectively (Fig. 2a). As expected, in
the non-nitrated sample both the QSTAR Elite and LTQ Velos
detected none or only one 3NT modified peptide, respectively.
In our experiments TNM treatment generated a mixture of
both unmodified and modified peptides with 77–81% of
tyrosine-containing peptides in the TNM treated sample
being 3NT modified. In many cases, peptides with multiple
tyrosines were found to contain more than one nitration site.
As expected, in the untreated sample only <1% of peptides
were 3NT modified (Fig. 2b).

Fig. 2 – Peptides from UPS1 detected by LC–MS/MS after TNM
or mock treatment. 4.5 pmol of UPS1 either TNM (1 h) or mock
treated was trypsin digested and analyzed using both a
QTOF (QSTAR Elite) and dual ion trap (LTQ Velos) mass
spectrometer. Three technical replicates were acquired.
A) The total number of peptides indentified including ones
not containing a Y, the number of peptides with no 3NT
modified Ys, and the number of peptides with 3NT modified
Ys are shown. B) The proportion of 3NT modified peptides
shown as a percent of all Y containing peptides detected
shown for both conditions. Distinct peptides were defined as
differences in the site of nitration, missed cleavages, and
methionine oxidation state.

3.3.
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Criteria for 3NT peptide identification

An extensive set of criteria (Table 1) was used to manually
inspect each MS/MS spectrum of the putative nitrated
peptides as suggested from the database search. These criteria
were created in order to (i) fully assess the analytical
properties of 3NT-containing peptides relative to their unmodified counterparts, (ii) confirm that the search algorithm
correctly identified the nitrated peptides, and (iii) prevent
misassignment of the modified residue in the peptides
detected. As nitration of tryptophan has been known to
occur to a lesser degree during harsh chemical oxidation
conditions and may lead to misinterpretation [47], this side
reaction was closely considered in peptides that also contained a tryptophan residue. The criteria used to inspect mass
spectral data for both MS instruments were the same except
with regard to mass accuracy in which the data acquired by
the instruments differ significantly.
Each 3NT-containing peptide underwent rigorous manual
inspection of the corresponding MS/MS spectrum and the
identification criteria were assessed for each. For example, the
LC–MS/MS analysis of the doubly nitrated peptide 162Y(NO2)
LY(NO2)EIAR168 from albumin and its unmodified counterpart
from albumin are shown in Fig. 3 to demonstrate the
application of many of the criteria we used to identify 3NT
modified peptides. The MS/MS spectra of the 3NT modified
peptide (MH2+
2 , 509.2 m/z) from both the QSTAR Elite and LTQ
Velos closely match the MS/MS fragmentation pattern of the
unmodified peptide (MH2+
2 , 464.3 m/z). In addition, an appropriate mass increment corresponding to a 3NT residue
(Δ208 Da) is observed between y4 and y5 flanking fragment
ions in the MS/MS of the modified peptide compared to the
mass increment of an unmodified tyrosine (Δ163 Da) in the
unmodified peptide confirming the site of modification (Y164).
There is also a mass difference of 45 m/z in the b2 ion due to
the nitration of the N-terminal tyrosine. In both spectra of this
3NT modified peptide, the characteristic 3NT immonium ion
at m/z 181.1 is relatively weak, but still observable above the
noise, whereas the unmodified peptide has a tyrosine
immonium ion at m/z 136.1. The extracted ion chromatograms (XIC) for the MS1 signal of the nitrated and unmodified
peptide are shown in the insets and demonstrate the
increased chromatographic retention time of the 3NT modified peptide due to the higher hydrophobicity of the nitrated
peptide.
Manual inspection of the spectra obtained from QSTAR
Elite and LTQ Velos were found to have identified 119 and 197
distinct 3NT peptides, respectively, from 40 of the 48 UPS1
proteins. 3% and 12% of the QSTAR Elite and LTQ Velos
peptides, respectively, that initially had a Mascot search
engine expectation value below 0.05 were removed. An
example of an MS/MS spectrum with a significant expectation
value that didn't meet our criteria is shown in Supplementary
Fig. S2. There was an overlap of 95 peptides between the two
MS platforms and a total of 221 3NT-containing peptides were
detected (Fig. 4a). Distinct peptides were defined as sequences
with differences in the site of nitration and methionine
oxidation state. There was no significant bias for detection
of multiply nitrated peptides. We observed 23 multiply
nitrated peptides with the QSTAR Elite and 36 multiply
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Fig. 3 – LC–MS/MS analysis the nitrated and unmodified peptide YLYEIAR and its unmodified counterpart by the QSTAR Elite
and LTQ Velos. A) MS/MS of the unmodified peptide YLYEIAR (MH2+
2 , 464.3 m/z) from albumin detected by the QSTAR Elite.
B) The MS/MS spectra of the 3NT modified peptide Y(NO2)LY(NO2)EIAR (MH2+
2 , 509.2 m/z) from the QSTAR Elite and C) LTQ Velos.
The Y and 3NT immonium ions are highlighted in bold as well as the y5 and b2 ions which are increased in mass due to the
presence of the 3NT modification. Inset: Extracted ion chromatogram of the nitrated and unmodified peptide demonstrating the
increased retention time that occurs after 3NT modification.

nitrated peptides with the LTQ Velos yielding an overlap of 17
peptides (Fig. 4b). Four of the peptides identified have
ambiguous sites of modification. All MS/MS spectra of the
3NT and corresponding unmodified peptides are included as a
Skyline file in the Supplementary Data. Notably, the single
3NT-containing peptide initially suggested by the search
engine from the LTQ Velos in the untreated sample did not
meet our manual inspection criteria and was removed from
the final list.

3.4.

LC–MS/MS characteristics of 3NT peptides

Next we determined the percentage of 3NT-containing
peptides that met each of the specific criteria that we used
to aid in the identification of a true 3NT modification (Fig. 5,
with a complete table including all criteria for every peptide
listed in Supplementary Tables S2 and S3 for the QSTAR Elite
and LTQ Velos, respectively). In addition, we are providing a
Skyline spectral library file that contains all identified MS/MS
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generated from a peptide by multiple internal cleavages and is
a faithful signature for individual amino acids when observed
in the MS/MS spectrum [48]. A schematic mechanism by
which immonium ions for tyrosine and 3NT tyrosine are
produced in MS/Ms spectra is shown in Supplementary Fig. S3.
The presence of 3NT immonium ions was not a conserved
feature in our spectral datasets, with only 19.4% of QSTAR Elite
spectra and 5.7% of LTQ Velos spectra showing a m/z 181,1
immonium ion with a signal to noise greater than 6 (Fig. 5a).
The percentage of LTQ Velos with the 3NT immonium ion
would be expected to be lower than the QSTAR Elite due to its
low mass cutoff which is a result of ion trap fragmentation.
72.8% of LTQ Velos MS/MS spectra collected data in the low
mass region of interest.

3.5.
Nitrated UPS1 is reproducibly generated and stable
during storage

Fig. 4 – Overlap of validated 3NT peptides identified by the
QSTAR Elite and LTQ Velos. Venn diagram of the overlap of all
validated 3NT (A) and multiply 3NT modified (B) peptides
identified by the QSTAR Elite and LTQ Velos. Distinct
peptides were defined as differences in the site of nitration,
missed cleavages, and methionine oxidation state.

spectra of nitrated and corresponding unmodified peptides.
Criteria with the highest utility would be expected to be
present in all 3NT peptides and be especially useful for
assessing large proteomic datasets for 3NT modifications
where false-positives present a strong possibility. Based on
our dataset, increased retention time of the 3NT peptide and
similarity of the dominant 3NT fragment ions to the unmodified peptide provided excellent validation criteria for
putative 3NT peptides since these held true for all cases
where we identified both a 3NT modified peptide and the
unmodified counterpart (Fig. 5a). The differences in chromatographic retention time for 3NT peptides relative to the
unmodified peptides for both the QSTAR Elite and LTQ Velos
are shown in Fig. 5b. The wide range of retention time
differences (ΔRT: 2.5–26 min) is likely due to the long
(120 min) gradient used in this study. The retention difference
between a pair of 3NT modified and intact peptides originates
from introduction of the electron withdrawing group (−NO2)
upon tyrosine residue, which makes the peptide of interest
less polar and more hydrophobic as compared to the
unmodified counterpart. Lastly, in instrument platforms
with reasonably high mass accuracy such as the QSTAR
Elite, in which 50 ppm precursor mass accuracy is routinely
achievable, all peptides were within 25 parts per million (ppm)
mass accuracy and most were within 10 ppm as shown in
Fig. 5c. It was also observed that the charge states of 3NTmodified peptides were generally not affected by the presence
of the nitro group (data not shown).
The presence of a 3NT immonium ion at m/z 181.1 in the
MS/MS spectra typically provides a clear indication that a
peptide is nitrated at tyrosine and was an important criterion
for evaluation. Immonium ions are MS/MS fragment ions

To determine the suitability of the nitrated UPS1 as a standard
mixture of 3NT-containing peptides, we evaluated the reproducibility of nitration and the stability of the nitrated peptides
using multiple reaction monitoring (MRM) mass spectrometry
using a 4000 QTRAP. The MRM assay detected 47 pairs of 3NT
modified and unmodified peptides representing 21 UPS1
proteins with Q1/Q3 transitions based on MS/MS data from
the QSTAR Elite. The full transition list is detailed in
Supplementary Table S4. Transitions included at least two yor b-ions as well as the 3NT or tyrosine immonium ions for
each peptide. The percent nitration was approximated by
intensity of the 3NT peptide divided by the sum of the
intensity of the 3NT and unmodified peptide. To determine
reproducibility, the peak areas were quantified for two
separate TNM reactions of UPS1 with a representative set of
peptides shown in Fig. 6a. The relative level of 3NT modification ranges from 0 to 100%, with most of the peptides nitrated
over 70% (Fig. 6a). The reproducibility for achieving the same
nitration level per peptide comparing two independent TNM
sample preparations deviates by less than 1%. To assess longterm stability, the level of nitration of the individual UPS1
peptides was evaluated after 4, 7, and 9 months of storage at
−20 °C with representative peptides shown in Fig. 6b demonstrating that only very limited degradation of the 3NT peptides
occurred.

4.

Discussion

There is growing interest in identifying tyrosine residues that
are oxidatively modified by reactive nitrogen species in vivo.
Tyrosine nitration among cellular proteins is likely to be an
important hallmark of oxidative stress and contribute to
cellular dysfunction and disease. Unbiased proteomics approaches are ideal for the detection of 3NT sites, though
several recent reports have pointed out the importance of
careful evaluation of MS/MS spectra to insure correct assignments [43,44,49]. With this in mind we generated a large LC–
MS/MS dataset of 3NT modified peptides by chemical treatment of proteins with a commonly used nitration reagent,
tetranitromethane, and validated the resulting protein nitration after trypsin digestion and LC–MS/MS analysis. This
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Fig. 5 – LC–MS/MS properties of the 3NT peptides identified by the QSTAR Elite and LTQ Velos. A) The percent of all the validated
3NT peptides which met each of the criteria assessed using Table 1 for both the QSTAR Elite and LTQ Velos mass spectrometers.
B) The difference in chromatographic retention time (Δ RT) between 3NT modified peptides and their unmodified counterparts.
C) Distribution of the precursor mass error (in ppm) for 3NT peptides indentified by the QSTAR Elite.

resulting peptide spectral dataset underwent rigorous manual
interpretation and allowed us to investigate numerous
chromatographic and fragmentation properties of 3NT peptides that could serve as criteria in their proper identification.
Furthermore, we have developed a straightforward, reproducible means to prepare a complex nitrated protein standard
that is well defined and validated. This standard can be easily
generated by other laboratories to optimize their own mass
spectrometry instrumentation or develop and evaluate new
3NT peptide enrichment strategies.
Choosing the appropriate type of mass spectrometer for a
large-scale proteomic experiment is an important consideration in studies that seek to identify posttranslational modifications. There are many tradeoffs and each instrument has
specific advantages and disadvantages. For example, mass
accuracy and resolution are especially important parameters
for the identification of PTMs that have very similar, but not
identical masses. Analysis of complex biological samples
requires MS/MS fragmentation and MS platforms which have
shorter duty cycles comprising MS and data dependent MS/MS

scans which are able to sample and identify more molecules in
a fixed period of time. In this study we have utilized two
different MS platforms; a hybrid quadrupole time of flight
(QTOF) QSTAR Elite and a dual linear ion trap LTQ Velos. While
the QTOF routinely acquires high resolution/high accuracy
data, the LTQ Velos scans faster and is able to acquire more MS/
MS spectra per unit time. We find that both systems perform
quite well, though the LTQ Velos identified more peptides.
Importantly, there is high overlap of peptides identified with
~80% of the QSTAR Elite peptides also detected by the LTQ
Velos. While the mass accuracy in an ion trap is not as high as
for a QTOF platform, peptides that were only identified in the
LTQ Velos instrument had very convincing MS/MS spectral
quality. Supplementary Fig. S4 shows an annotated MS/MS
spectrum of a peptide detected only by the LTQ Velos. An
important conclusion from this is that while there is a large
difference in the mass accuracy of the two instruments, using
our stringent identification criteria results from both platforms
are confident as also confirmed by the large overlap of
independent peptide identifications between platforms.
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Fig. 6 – UPS1 nitration is reproducible and stable. A) Two independent nitration reactions were performed on UPS1 and the
levels of nitration was evaluated by quantitative MRM. The y-axis represents ion percentage of 3NT peptide relative to the
unmodified peptide with representative peptides shown. Error bars represent the standard of deviation. B) Storage stability
evaluation of 3NT modified UPS1 peptides by quantitative MRM assay of a set of ions on 4000 QTRAP MS platform. The y-axis
represents the peak area percentage of the 3NT peptide divided by the total peak area of the unmodified and 3NT species of the
peptide. The x-axis displays storage period in month at − 20 °C.

Analysis of our dataset clearly demonstrates that an
important aspect of validating 3NT peptides is the comparison
to the unmodified form. All 3NT peptides we detected had
increased chromatographic retention time relative to the
unmodified peptides and also showed similar dominant fragment ions in their corresponding MS/MS spectra. Thus, 3NT
peptides that do not conform to these two criteria relative to an
unmodified form of the identified peptides in the dataset should
be considered highly suspect assignments. This result also
suggests that one drawback of enriching for 3NT-containing
peptides is that comparison to the unmodified peptide is not
possible unless one also runs a comparative analysis of the unenriched sample and one is fortunate enough to detect the
unmodified peptide as well. In contrast to relative retention time
and spectral similarity, neither LC–MS/MS platform used in this
study robustly detected the 3NT immonium ion at m/z 181.1

(Fig. 2). However, other reports have indicated that the formation
of immonium ions for 3NT is suppressed [33]. There is potential
to enhance the formation of this low mass ion by increasing the
collision energy used for MS/MS fragmentation [49]. However,
there is a trade-off in this approach due to a decreased intensity
of higher m/z fragment ions which are more informative of the
peptide sequence and important for effective mining of the data
with search algorithms. For some platforms, it may well be
possible to alternate between high and low collision energies to
obtain spectra where both features can be obtained consecutively. Indeed, such an approach has recently been reported for
the acquisition of iTRAQ data sets where a similar trade-off in
the low mass iTRAQ reporter ion region and overall fragmentation quality for proper spectral identification is present [50].
Proteomics often plays an important scientific role through
the generation of candidate lists of proteins or PTMs with
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potential biological significance which warrants further investigation. There are many ways to generate these lists from
proteomics experiments, and MS/MS search algorithms play an
important role in this process. With regard to searching
proteomic spectral data, we found that Mascot analysis of data
from both LC–MS/MS systems was quite efficient and thorough
in its assignments. However, manual validation of the spectra
guided by the selection criteria that we assessed was a vital
component to the proper assignment of these MS/MS spectra
and resulted in removal of some peptides. Using our criteria no
3NT-containing peptides were detected in the negative control
(the untreated UPS1 mixture) supporting the rigor of our
validation approach (Fig. 2). Nonetheless, additional validation
beyond MS/MS spectra interpretation may be warranted for
endogenous 3NT-containing peptides detected from in vivo
sources considered for further characterization. The price of
crude peptide synthesis on a 96 well scale is on par with the total
investment in proteomics studies and synthesis of important
3NT target peptides can add additional confidence through
retention time and MS/MS comparison with the endogenous
analyte. While the in vitro nitration approach is not novel, the
described study resulted in a well characterized standard
protein mixture that can be generated reproducibly to yield a
stable nitrotyrosine standard and this approach can be easily
adapted by other laboratories to generate a standard mix of
nitrated peptides to assess their own analytical workflows. We
believe that with proper assessment of proteomic data and
validation of workflows using defined standards, one can avoid
many of the pitfalls that have plagued such studies in the past
and allow for the development of truly efficient and comprehensive methodologies for identifying the nitroproteome.
Supplementary materials related to this article can be
found online at doi:10.1016/j.jprot.2011.04.007.
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