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bstract

Aromatic amino acids are targets of reactive nitrogen species (RNS) such as peroxynitrite (ONOO−) and nitrogen dioxide. It is known that
ryptophan (Trp) as well as tyrosine is nitrated, generated isomers. However, no quantitative method to determine nitrotryptophan (NO2Trp) in
roteins has been developed so far.

In this study, we have developed a method for the quantification of Trp and NO2Trp isomers, 2-, 4- and 6-NO2Trp, which uses liquid chromatog-
aphy with electrospray ionization tandem mass spectrometry (LC–ESI-MS/MS). In order to confirm the applicability of our method to in vitro
nd in vivo system, we measured protein-bound NO2Trp levels in ONOO− treated bovine serum albumin (BSA) and in liver of B6C3F1 mice at 2,
, and 8 h after administration of 300 mg/kg acetaminophen (APAP). A mass spectrometer equipped with an electrospray ionization source using
crossflow counter electrode and ran in the positive ion mode (ESI+) was used for multiple reaction monitoring (MRM) of transitions 205 → 188,
50 → 130, 250 → 159 and 250 → 233 for Trp, 2-, 4- and 6-NO2Trp, respectively. The recoveries from mice liver samples were 98.3–105.9%
or each compound. The limits of quantification were 50, 3.0, 10 and 4.0 nM for Trp, 2-, 4- and 6-NO2Trp, respectively. In in vitro experiments
emonstrated that all isomers of NO2Trp were detectable from BSA treated with ONOO− and the amount generated decreased in the order of
-, 4- and 2-NO2Trp. In in vivo experiments, 4- and 6-NO2Trp were detected in the liver of mice administered APAP. The concentration range

f 4- and 6-NO2Trp per mol of Trp in the sample was 2.24–3.92 and 26.96–32.71 nmol/mol of Trp, and its existence in vivo was confirmed for
he first time with our method. The LC–ESI-MS/MS method was able to determine protein-bound NO2Trp in a small amount of tissue sample,
nd is therefore applicable not only as a biomarker of RNS, but also as a mean to clarify novel mechanisms underlying RNS-related tissue
amage.

2007 Elsevier B.V. All rights reserved.
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. Introduction
Nitrotyrosine (NO2Tyr) is well known as a biomarker of reac-
ive nitrogen species (RNS) such as peroxynitrite (ONOO−) and
itrogen dioxide, which are produced in a variety of patho-
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hysiological conditions such as neurodegenerative diseases,
acterial and viral infections, chronic inflammation and cancer
1–5]. ONOO− is produced by the direct reaction of nitric oxide
ith superoxide anion (•O2

−) at an almost diffusion-limited rate
i.e., 6.7 × 109 l mol−1 s−1) [6]. Since the electrophilic nitron-
um species such as RNS is able to react with aromatic amino
cids in protein, it is found that site-specific nitration is induced

ot only in tyrosine (Tyr) but also in tryptophan (Trp) [7].
herefore, nitrated Trp is considered to be a biomarker of RNS-

elated disease like nitrotyrosine (NO2Tyr). Additionally, Ikeda
t al. [17] and Alvarez et al. [9] have reported that human Cu,
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n-superoxide disumutase (SOD), which catalyzes the dispro-
ortionation of •O2

− to H2O2 and oxygen, reacted with ONOO−
n the presence of sodium bicarbonate, resulting in the loss of
ingle Trp in the SOD structure and reduced enzyme activity.
ased on these reports about NO2Trp, the formation of NO2Trp

s expected not only as a biomarker of RNS similar to NO2Tyr,
ut also as the key to clarify new mechanisms of RNS-related
oxicity and carcinogenicity.

Several nitrated products such as 2-, 4-, 5-, 6- and 7-NO2Trp
ave been produced in the reaction of Trp with ONOO− or
combination of myeloperoxidase (MPO), H2O2 and nitrite

NO2
−) in vitro [7,8,10–13]. Ikeda and coworkers [13,14] have

hown that 6-NO2Trp is the major nitration product in the
eactions of ONOO−/CO2 and MPO/H2O2/NO2

− with SOD.
t has been reported that the formation of 6-NO2Trp as the
ajor product in myoglobin or hemoglobin via the reaction
ith ONOO−/CO2 [15], and in bovine serum albumin (BSA)
ia the reaction with ONOO− or MPO/H2O2/NO2

− [16]. How-
ver, no quantitative method to determine 6-NO2Trp in proteins
as been reported so far. Recently, Ikeda et al. [17] developed
method to detect 6-NO2Trp in proteins, which involved west-
rn blot analysis with anti-6-NO2Trp. Although immnochemical
echniques can clarify the existence of NO2Trp, its quantifica-
ion is difficult. To clarify the biological function of NO2Trp,

quantitative method having high sensitivity and precision is
eeded.

In this study, we developed a quantitative method to
etermine NO2Trp in proteins, which uses liquid chromatog-
aphy with electrospray ionization tandem mass spectrometry
LC–ESI-MS/MS). The isomers of the target compound were
ound to be 2-, 4-, 6-NO2Trp from the results of pre-experiments
sing BSA treated with ONOO− (data not shown). Furthermore,
suitable enzymatically protein digestion for the prepara-

ion of tissue samples without the artifact formation was
sed, which involved enzymatic protein digestion to detect
O2Trp in tissue protein. In order to confirm the applica-
ility of our method to the detection of NO2Trp levels in
rotein, we measured protein-bound NO2Trp levels in BSA
reated with ONOO− and in liver of acetaminophen (APAP)-
reated mice, an NO-mediated hepatotoxicity animal model
18–21].

. Materials and methods

.1. Chemicals and reagents

Tryptophan (Trp), trichloroacetic acid (TCA), hydrochloric
cid (HCl), nitric acid, acetic acid, HPLC-grade acetonitrile
nd bovine serum albumin (BSA) were obtained from Wako
ure Chemical Ind. Ltd. (Osaka, Japan). Diethylenetriamine-
entaacetic acid (DTPA) as a chelating agent, Protease Type
IV (Bacterial, from Streptomyces griseus) and acetaminophen

APAP) were purchased from Sigma (St. Louis, MO). l-[15N2]-

ryptophan ([15N2]-Trp) was acquired from Spectra Stable
sotopes (Columbia, MD). Purified water was obtained with

illi-Q gradient A 10 equipped with an EDS polisher (Millipore,
edford, MA).

a
m
s
(
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.2. Synthesis and purification of NO2Trp standard and
nternal standards

In order to synthesize NO2Trp as an analytical standard,
.0 g of Trp was dissolved in 10 ml of acetic acid, followed by
he addition of 2.0 ml of nitric acid. The mixture was stirred
or 1.0 h at room temperature and neutralized with aqueous
aOH. The reaction mixture was separated and confirmed
y liquid chromatography with photodiode-array detector and
ass spectrometry (LC-PDA-MS). The LC-PDA-MS sys-

em (SHIMADZU: LC-10ADvp pump, SIL-HTC autosampler,
PD-M10Avp PDA detector, LCMS-2010A, Kyoto, Japan)
as equipped with an electrospray ionization (ESI) source.
wenty microliters of the reaction mixture was injected directly
nto a reversed-phase C18 column (CAPCELL PAK C18 MG,
.0 mm × 250 mm, 5 �m, Shiseido, Kyoto, Japan) and eluted
ith 5.0% acetonitrile in 0.1% acetic acid (flow rate 0.2 ml/min).
ass analysis was performed in selected ion monitoring (SIM)

nd scan modes, respectively. The fragmentor voltage was 120 V
n the positive ion mode for NO2Trp.

To purify the products, 50 �l of the reaction mixture was
njected directly onto a reversed phase C18 column (CAP-
ELL PAK C18 MG, 4.6 mm × 250 mm, 5 �m, Shiseido, Kyoto,

apan). The products were eluted at 21.1, 26.3 and 29.0 min
UV absorbance at 254 nm) with 5.0% acetonitrile in 0.1%
cetic acid (flow rate 1.0 ml/min) and were collected with a
HIMADZU fraction collector (FRC-10A, Kyoto, Japan). The
ractions obtained were dried in vacuo and weighed. The prod-
ct’s identity was confirmed by HPLC with MS (SHIMADZU
CMS-2010A, Kyoto, Japan) and 1H NMR.

Synthesis of the stable isotopically labeled surrogate standard
as also performed on the small scale by the same method.
riefly, 200 mg of [15N2]-Trp was dissolved in 2.0 ml of acetic
cid, followed by the addition of 50 �l of nitric acid. The mixture
as stirred for 1 h at room temperature and neutralized with

queous NaOH. The reaction mixture was purified by HPLC.

.3. Standard solutions

Stock solutions (1.0 mM) of Trp, 2-, 4- and 6-NO2Trp were
repared in 10 mM HCl, respectively. Working solutions for
alibration (4–1000 nM for Trp and 6-NO2Trp, 3–1000 nM for
-NO2Trp and 10–1000 nM for 4-NO2Trp) were prepared by
he adding an adequate amount of surrogate standard (aque-
us solution) and diluting with purified water to appropriate
oncentrations.

.4. LC–ESI-MS/MS conditions

LC–MS/MS analyses were performed using an Alliance HT
odel 2795 liquid chromatographic system (Waters Corp.) cou-

led to a Micromass Quattro Ultima mass spectrometry system
Micromass, Beverly, MA). The mass spectrometer was oper-

ted using an ESI source in the positive ion mode (ESI+) for
ultiple reaction monitoring (MRM). An aliquot (20 �l) of the

ample was injected into a SHISEIDO CAPCEL PAK C18 MG
250 mm × 2.0 mm, 5 �m) maintained at 40 ◦C. Solvent A was
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and the supernatants were passed through 0.45 �m PVDF filter.
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.005% acetic acid and solvent B was acetonitrile. The column
as equilibrated with a mixture of solvent A/solvent B (9/1,
/v). The compounds were eluted isocratically with solvents A
nd B at a flow rate of 0.2 ml/min.

In the assay for 2-NO2Trp, the precursor ion ([M + H]+)
ad a mass of m/z 250 and the selected product ion
[M + H H2O CO CH2N2O2]+) had a mass of m/z 130. Cor-
espondingly for [15N2]-2-NO2Trp, the precursor ion had a
ass of m/z 252 and the selected product ion had a mass of
/z 132. The cone voltage used was 18 V and the collision

nergy was 10 eV. In the assay for 4-NO2Trp, the precursor ion
[M + H]+) had a mass of m/z 250, and the selected product ion
[M + H NH3 C3H6O2]+) had a mass of m/z 159. The detection
t m/z 204 ([M + H H2O CO]+) of the product ion was more
ensitive but less selective than the detection at the m/z of the
ther product ions. Correspondingly for [15N2]-4-NO2Trp, the
recursor ion had mass of m/z 252 and the selected product ion
ad a mass of m/z 160. The cone voltage used was 30 V and
he collision energy was 19 eV. In the assay for 6-NO2Trp, the
recursor ion ([M + H]+) had a mass of m/z 250 and the selected
roduct ion ([M + H NH3]+) had a mass of m/z 233. Corre-
pondingly for [15N2]-6-NO2Trp, the precursor ion had mass of
/z 252 and the selected product ion had a mass of m/z 234.
he cone voltage used was 20 V and the collision energy was
1 eV. In the assay for Trp, the precursor ion ([M + H]+) had a
ass of m/z 205 and the selected product ion ([M + H NH3]+)

ad a mass of m/z 188. For [15N2]-Trp, the precursor ion had
mass of m/z 207 and the product ion had a mass of m/z 189.
he cone voltage used was 20 V and the collision energy was
1 eV. The source block temperature was 150 ◦C and the des-
lvation temperature was 350 ◦C. The flow rate of the cone gas
as set at 200 l/h while that of the desolvation gas was set at
00 l/h. In order that Trp exists in protein at high concentra-
ion, all samples were diluted at the ratio of 1:10,000 before Trp
ssay.

.5. Recovery

Recovery was evaluated by calculating the mean of the
esponses at each concentration. The spiked concentrations (low
nd high doses) of Trp, 2-, 4- and 6-NO2trp were determined
rom the concentrations of each compound in the liver protein
f control mice, using LC–ESI-MS/MS. A standard sample was
piked into control mouse sample at 50, 250 and 500 nM for Trp,
t 5.0, 50 and 500 nM for 2- and 6-NO2Trp, and at 10, 50 nM
nd 500 nM for 4-NO2Trp.

.6. NO2Trp formation in BSA by the addition of ONOO−

Ten milligrams of commercially available BSA was dis-
olved in 1.0 ml of 1.0 mM DTPA containing 100 mM sodium
hosphate buffer (pH 7.4). ONOO− at several concentrations
0–1000 �M) was added to the BSA solutions and reaction mix-

ures were incubated at 37 ◦C after mixing for 1.0 h. After the
eaction, protein was precipitated by adding 0.5 ml of 10% TCA,
ollowed by centrifugation at 14,000 × g for 10 min at 4 ◦C. The
esidue was washed with 1.0 ml of digestion buffer, dispersed

T
L
r
s
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n 1.0 ml of digestion buffer containing 2.0 mg of protease and
ach surrogate standard, and incubated for 20 h at 50 ◦C. The
igested protein was treated with 0.5 ml of 10% TCA and cen-
rifuged at 14,000 × g for 10 min at 4 ◦C, and the supernatants
ere passed through 0.45 �m polyvinylidine difluoride (PVDF)
lter. Then, 20 �l portion of the digested solution was injected

nto the LC–MS/MS for NO2Trp analysis. After the dilution
t the ratio of 1:10,000 of remaining digested sample, 20 �l
ortion of sample was injected into the LC–MS/MS for Trp
nalysis.

.7. Animals, diet and housing conditions

Five-week-old male B6C3F1 mice (specific-pathogen-free)
ere purchased from SLC Japan (Shizuoka, Japan) and housed

n polycarbonate cages (5 mice per cage) with hardwood chips
s bedding in a conventional animal facility maintained under
onditions of controlled temperature (23 ± 2 ◦C), humidity
55 ± 5%), air change (12 times/h) and lighting (12 h light/dark
ycle). The animals were given free access to CRF-1 basal diet
Oriental Yeast, Tokyo, Japan) and tap water, and were used after
one-week acclimation period.

.8. Animal treatment

The protocols for this study were approved by the Animal
are and Utilization Committee of the National Institute of
ealth Sciences, Japan. Fifteen mice at the age of 6 weeks were

dministered 300 mg/kg APAP by i.p. injection and sacrificed 2,
and 8 h after the APAP administration. Five mice that received

aline were used as control. Samples were immediately frozen
n liquid nitrogen and stored at −80 ◦C until measurements of
rp and NO2Trp.

.9. Sample preparation

Tissue digestion was performed according to the method of
ensley et al. and our previous report [22,23]. Enzymatic pro-

ein digestion was applied to our method in the preparation of
issue samples. The samples were homogenized with digestion
uffer (50 mM sodium acetate, pH 6.5). The mixture was cen-
rifuged at 3000 × g for 10 min at 4 ◦C, and the supernatant was
emoved for analysis and quantified for protein in the super-
atant. After adjusting the concentration of protein to 10 mg/ml
f digestion buffer, the protein was precipitated by the addition
f 0.5 ml of 10% TCA, followed by centrifugation at 14,000 × g
or 10 min at 4 ◦C. The residue was washed with 1.0 ml of diges-
ion buffer, dispersed in 1.0 ml of digestion buffer containing
.0 mg of protease and each surrogate standard, and incubated
or 20 h at 50 ◦C. The digested protein was treated with 0.5 ml
f 10% TCA and centrifuged at 14,000 × g for 10 min at 4 ◦C,
hen, 20 �l portion of the digested solution was injected into the
C–ESI-MS/MS for NO2Trp analysis. After the dilution at the

atio of 1:10,000 of remaining digested sample, 20 �l portion of
ample was injected into the LC–ESI-MS/MS for Trp analysis.
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. Results and discussion

.1. Identification of nitrated Trp

As shown in Fig. 1A, three peaks (Peak1–3) were observed
n the SIM chromatogram (m/z 250) of the reaction mixture of
rp nitration. Simultaneously, mass spectra and UV–vis absorp-

ion spectra were obtained with ESI/MS and PDA. Although
hree peaks showed m/z 250 in their MS spectra (Fig. 1B
D), their absorbance differed: 365, 340 and 400 nm, respec-
ively. It identified that those peaks are 2-NO2Trp (Peak 1),
-NO2Trp (Peak 2) and 4-NO2Trp (Peak 3) as a result of the
H NMR (500 MHz) analysis. The chemical shifts and cou-
ling constants of aromatic region were as follows: those of
-NO2Trp (D2O with 30 mM NaOD) were H-4 (7.53 ppm,
H, d, J4–5 = 8.2 Hz), H-7 (7.30 ppm, 1H, d, J6–7 = 8.55 Hz),
-5 (7.07 ppm, 1H, dd, J5–6 = 7.6 Hz, J4–5 = 8.2 Hz), H-6

6.86 ppm, 1H, dd, J6–7 = 8.55 Hz, J5–6 = 7.6 Hz). Those of

-NO2Trp (D2O with 30 mM NaOD) were H-5 (7.64 ppm,
H, dd, J5–6 = 7.9 Hz, J5–7 = 0.9 Hz), H-7 (7.55 ppm, 1H,
d, J5–7 = 0.9 Hz, J6–7 = 8.2 Hz), H-2 (7.21 ppm, 1H, s), H-6
7.00 ppm, 1H, dd, J5–6 = 7.9 Hz, J5–7 = 8.2 Hz). Those of 6-

e
n
i
1

ig. 1. SIM chromatogram and mass spectra of the products of NO2Trp synthesis: (A
hich were eluted from the C18 column at 21.1 min (B), 26.2 min (C) and 29.0 min (
Biomedical Analysis 44 (2007) 150–159 153

O2Trp (CD3OD) were H-7 (8.37 ppm, 1H, d, J5–7 = 1.9 Hz),
-5 (7.98 ppm, 1H, dd, J4–5 = 8.8 Hz, J5–7 = 1.9 Hz), H-4

7.75 ppm, 1H, d, J4–5 = 8.8 Hz), H-2 (7.60 ppm, 1H, s). The
hemical structures of Trp (A), 2-NO2Trp (B), 4-NO2Trp (C),
-NO2Trp (D) and each stable isotopically labeled compound
s a surrogate standard are shown in Fig. 2.

.2. Optimal conditions for LC–MS/MS detection

Fig. 3A – D show the product ion spectra for Trp, 2-, 4- and
-NO2Trp. The mass spectrometer equipped with an ESI source
sing a crossflow counter electrode and ran in the positive ion
ode (ESI+) was used for MRM of the transitions 205 → 188,

50 → 130, 250 → 159 and 250 → 233 for Trp, 2-, 4- and 6-
O2Trp, respectively.
The critical parameters affecting LC–MS/MS, namely, cone

oltage, collision energy and mobile phase, were investigated.
n order to establish the optimum cone voltage and collision

nergy for the detection of Trp and NO2Trp isomers, the sig-
al of m/z 205 and 250 precursor ions versus cone voltage were
nvestigated, respectively. The optimal cone voltages were 20,
8, 20 V and 23 V in the positive ion mode for Trp, 2-, 4- and 6-

) SIM chromatogram (m/z 250) of reaction mixture, mass spectra of the peaks,
D). LC–MS conditions are described in Section 2.
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Fig. 2. Chemical structures of Trp, NO2Trp isomers and each stable isotopi-
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4.0 nM for Trp, 2-, 4- and 6-NO2Trp, respectively. In order that
ally labeled compound. (A) Trp, (B) 2-NO2Trp, (C) 4-NO2Trp (D) 6-NO2Trp.
sterisk (*) indicates nitrogen 15-labeled.

O2Trp standard solutions, respectively. Then, the signals of m/z
88, 130, 159 and 233 product ions versus collision energy were
nvestigated, respectively. The optimal collision energies were
1, 10, 19 and 11 V for Trp, 2-, 4- and 6-NO2Trp standard solu-
ions, respectively. The ionization of the samples at the LC–MS

nterface is affected by the mobile phase; hence, a mobile phase
ontaining a volatile acid or salt is used frequently. In this
tudy, the responses were measured using 0–0.1% acetic acid

T
t
w

Fig. 3. Product ion spectra of (A) Trp, (B) 2-NO
Biomedical Analysis 44 (2007) 150–159

n water–acetonitrile (v/v) as the mobile phase. The responses
f Trp, 2-, 4- and 6-NO2Trp were increased by the addition of
cetic acid to the mobile phase. The increase in response reached
maximum and leveled off when 0.005% acetic acid was added.
he LC conditions were as follows: 90% solvent A and 10% sol-
ent B for 20 min, and 30% solvent A and 70% solvent B for
0 min. Then, the column was equilibrated with 90% solvent

and 10% solvent B for 10 min. Under these conditions, the
tandard retention times were 7.3 min for Trp, 9.2 min for 2-
O2Trp, 12.9 min for 6-NO2Trp and 14.9 min for 4-NO2Trp.
dditionally, although 6-NO2Trp appeared concomitantly with
-NO2Trp in the MRM chromatogram of m/z 250 → 233, 2-
nd 4-NO2Trp was individually detectable in the MRM chro-
atogram of m/z 250 → 130 and 250 → 159, respectively.

.3. Validation of LC–MS/MS

The calculated instrument detection limit (IDL) of Trp, 2-,
- and 6-NO2Trp of the standard solutions were 1.3, 0.4, 1.6
nd 0.6 nM, respectively, for LC–MS/MS detection at the ratio
f the compound’s signal to the background signal (S/N) of 3.
n addition, the instrument quantification limit (IQL) calculated
hen S/N = 10 were 4.0, 1.5, 5.5 and 2.0 nM for Trp, 2-, 4-

nd 6-NO2Trp, respectively. On the other hand, the limit of
uantification (LOQ) in the real sample was 50, 3.0, 10 and
rp existed in the blank sample, it set up 50 nM from which
he satisfactory recovery rate was obtained. The peak area ratio
ith respect to each surrogate standard was plotted, and the

2Trp, (C) 4-NO2Trp and (D) 6-NO2Trp.
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Fig. 4. MRM chromatograms of the mixture of Trp, NO2Trp isomers and each surrogate standards at the LOD (A) and LOQ (B) levels. LC–MS/MS conditions are
described in Section 2.
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Fig. 5. MRM chromatograms of the products of BSA reacted with/without ONOO− after digestion with protease. 10 mg/ml BSA dissolved in 1.0 mM DTPA
containing sodium phosphate buffer (pH 7.4) was incubated with several concentrations ONOO− (0–1000 �M) for 60 min at 37 ◦C. (A) Control, (B) 10 mg/ml BSA
after treated with 1.0 mM ONOO−. Protein digestion procedure is described in Section 2.
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Table 1
Recoveries of Trp and NO2Trp isomers in mice liver samples (n = 5)

Added (nM) Concentration Recovery (%) R.S.D. (%)

Trp 50 132.8 ± 4.3 100.7 7.10
250 330.9 ± 2.7 99.5 1.00
500 586.7 ± 12.7 100.6 2.54

0 81.3 ± 1.3 – –

2-NO2Trp 5 4.9 ± 0.3 98.3 6.76
50 50.5 ± 1.0 100.9 1.91

500 520.8 ± 17.7 104.2 3.40

4-NO2Trp 10 9.9 ± 0.5 100.8 4.79
50 51.5 ± 0.7 103.1 1.35

500 528.4 ± 14.9 105.7 2.83

6-NO2Trp 5 5.2 ± 0.32 103.1 6.25
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Fig. 6. Changes in NO2Trp levels in BSA reacted with several concentra-
tions ONOO−. 10 mg/ml BSA dissolved in 1.0 mM DTPA containing sodium
phosphate buffer (pH 7.4) was incubated with several concentrations ONOO−
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50 51.0 ± 1.41 102.0 2.77
500 529.5 ± 6.49 105.9 1.22

esponse was found to be linear over the calibration range,
rom LOQ to 1000 nM, with a correlation coefficient (r) of
.999. The average retention times of Trp, 2-, 4- and 6-NO2Trp
tandards were 7.27 min (R.S.D. = 0.49%, n = 5), 9.15 min
R.S.D. = 0.39%, n = 5), 14.97 min (R.S.D. = 0.34%, n = 5) and
2.94 min (R.S.D. = 0.59%, n = 5), respectively. Moreover, the
ccuracy of the R.S.D.s of the peak areas was 2.80, 2.04, 1.44
nd 1.65%, respectively. MRM chromatograms of the mixture
f Trp, NO2Trp isomers and their corresponding surrogate stan-
ards in water at LOD and LOQ levels are shown in Fig. 4.
lthough the measurement sensitivity of 4-NO2Trp in m/z
50 → 233 was the same as that in 250 → 159, m/z 250 → 159
as always monitored to confirm a peak.
As shown in Table 1, the recoveries from mice liver samples

ere 98.3–105.9% for each compound.
These results indicate that the method enables the precise

etermination of Trp and NO2Trp isomers with the use of their
urrogate standard, and is applicable to the detection of these
ompounds in animal tissue samples. Additionally, this method
ade it possible to measure 2-NO2Trp and 4-NO2Trp selec-

ively in three isomers with the same molecular weight using
he advantage of LC–MS/MS, respectively.

.4. NO2Trp formation in BSA by the addition of ONOO−

In order to confirm whether NO2Trp isomers are generated as
result of reacting protein with ONOO−, we applied our method

o the analysis of BSA treated with ONOO−. Typical MRM
hromatograms of the products of BSA treated with/without
NOO− are shown in Fig. 5. The NO2Trp levels in BSA treated
ith ONOO− at several concentrations are shown in Fig. 6.
O2Trp formation was increased with increasing concentration
f ONOO− (0–1000 �M). By reacting with ONOO−, it became
lear that all three isomers of NO2Trp were generated in BSA,
nd the amount generated decreased in the order of 6-, 4- and

-NO2Trp. Although 6-NO2Trp is widely known in the nitrated
rp, there is almost no report about other isomers related bio-

ogical function. However, in our study, it was confirmed to
enerate 2-, 4-NO2Trp as well as 6-NO2Trp in the BSA treated

t
m
o
p

0–1000 �M) for 60 min at 37 ◦C. The amount of generation of each isomer was
alculated by obtaining the ratio with Trp. Values are mean ± S.D. of data for 5
amples.

ith ONOO−. This result indicates the need to measure all the
somers of NO2Trp in order to evaluate Trp modification induced
y RNS.

.5. Determination of Trp and NO2Trp in liver of mice
dministered APAP

It has been reported that NO2Tyr is formed in the liver of mice
dministered a toxic dose of APAP [18–21], which implies that
eactive oxygen and nitrogen species may play a key role in the
ediation of APAP hepatotoxicity. In order to confirm whether

he new method can detect NO2Trp levels in vivo, it was applied
o the analysis of liver protein in mice administered APAP. Typ-
cal MRM chromatograms of mouse liver protein samples are
hown in Fig. 7. No peaks indicative of NO2Trp were observed
n control mice. In contrast, peaks indicative of 4- and 6-NO2Trp
ere observed in APAP-treated mice. The 4- and 6-NO2Trp/Trp

atios in liver proteins at 2, 4 and 8 h after APAP administra-
ion are summarized in Table 2. Although 2-NO2Trp was not
bserved in all samples, 4-NO2Trp and 6-NO2Trp were detected
n APAP-treated mice at 9.03–12.60 and 24.54–32.71 nmol/mol
f Trp, respectively. Additionally, 6-NO2Trp was detected in all
he samples at 8 h after APAP administration.

In our previous study, NO2Tyr was detected in both
PAP treated and control mouse liver samples at a range of
8.2–81.6 �mol/mol of Tyr [23]. Furthermore, the increase of
he NO2Tyr/Tyr ratio was observed 2 h after APAP adminis-
ration. The ratio reached a maximum (81.6 ± 7.0 �mol/mol of
yr) at 4 h. On the other hand, no NO2Trp was detected in
ontrol mice in the present experiment. Although 6-NO2Trp
as detected in all the samples 8 h after APAP administration,

he time-dependent increase of the 6-NO2Trp/Trp ratio was not
bserved. Additionally, since NO2Trp/Trp (nmol/mol) ratio was
/1000 of NO2Tyr/Tyr (�mol/mol), these results may indicate

hat Tyr is more easily nitrated than Trp, and that NO2Tyr is

ore suitable than NO2Trp as a biomarker of RNS in physi-
logical conditions. To date, no NO2Trp has been detected in
roteins from biological materials, and its existence was con-
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Fig. 7. MRM chromatograms of the mouse liver protein samples containing surrogate standards: (A) liver from a saline treated mouse; (B) liver from mouse
administrated 300 mg/kg APAP for 8 h after treatment.
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Table 2
Concentrations of 4- and 6-NO2Trp in the mice administrated 300 mg/kg APAP
for 2, 4 and 8 h after treatment

Sample no. 4-NO2Trp/Trp
(nmol/mol)

6-NO2Trp/Trp
(nmol/mol)

Control 1 N.D. N.D.
2 N.D. N.D.
3 N.D. N.D.
4 N.D. N.D.
5 N.D. N.D.

APAP 2 h 6 2.99 29.58
7 N.D. N.D.
8 N.D. N.D.
9 N.D. N.D.

10 N.D. N.D.

APAP 4 h 11 N.D. N.D.
12 3.92 26.96
13 2.78 24.54
14 N.D. 32.71
15 N.D. N.D.

APAP 8 h 16 3.45 31.36
17 2.24 30.51
18 N.D. 30.17
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19 N.D. 28.02
20 N.D. 29.32

.D.: not detected.

rmed for the first time with our method. These results indicate
hat NO2Trp isomers need to be measured in order to evalu-
te RNS related damage. Furthermore, since we found that not
nly NO2Tyr but also NO2Trp is generated in the liver of mice
dministered APAP, NO2Trp may be generated in other diseases
n which NO2Tyr generation is known, and may contribute to
NS-related several damages. Therefore, although NO2Trp may
ot be suitable as a biomarker of RNS in physiological con-
itions, taking into consideration the influence on SOD, it is
pplicable as a powerful tool to clarify new mechanisms RNS
elated damage.

. Conclusions

We have developed an LC–ESI-MS/MS method to detect
rp and NO2Trp isomers. Use of the stable isotopes of Trp
nd NO2Trp gave high precision of analysis. As our proposed

ethod does not need SPE, it can be utilized for the routine

nalysis of in vivo samples. 4- and 6-NO2Trp were successfully
etected in the liver of mice administered APAP. Additionally,
ince our method that includes protein digestion has sufficient

[

[

Biomedical Analysis 44 (2007) 150–159 159

ensitivity and precision, it could also be used for the detection
f NO2Trp generated in other organs or enzymes. Finally, our
C–ESI-MS/MS method was able to measure Trp and NO2Trp

somers in a small amount of tissue sample and could therefore
ontribute to exploring the mechanisms underlying RNS-
ediated toxicity and carcinogenicity in animal experiments

cknowledgement

This work was supported by a Grant-in-Aid from the Ministry
f Health, Labour and Welfare, Japan.

eferences

[1] J.S. Beckman, W.H. Koppenol, Am. J. Physiol. 271 (1996) C1424–C1437.
[2] H. Ischiropoulos, Arch. Biochem. Biophys. 35 (1998) 61–71.
[3] S.A.B. Greenace, H. Ischiropoulos, Free Radic. Res. 34 (2001) 541–581.
[4] J.S. Beckman, Chem. Res. Toxicol. 9 (1996) 836–844.
[5] H. Ischiropoulos, Biochem. Biophys. Res. Commun. 305 (2003) 776–783.
[6] R.E. Huie, S. Padmaja, Free Radic. Res. Commun. 18 (1993) 195–199.
[7] B. Alvarez, H. Rubbo, M. Kirk, S. Barnes, B.A. Freeman, R. Radi, Chem.

Res. Toxicol. 9 (1996) 390–396.
[8] F. Yamakura, T. Matsumoto, T. Fujimura, H. Taka, K. Murayama, T. Imai,

K. Uchida, Biochim. Biophys. Acta 1548 (2001) 38–46.
[9] B. Alvarez, V. Demichelli, R. Duran, M. Trujillo, C. Cervenansky, B.A.

Freeman, R. Radi, Free Radic. Biol. Med. 37 (2004) 813–822.
10] Y. Kato, S. Kawakishi, T. Aoki, K. Itakura, T. Osawa, Biophys. Res. Com-

mun. 234 (1997) 82–84.
11] S. Padmaja, M.S. Ramazenian, P.L. Bounds, W.H. Koppenol, Redox Rep.

2 (1996) 173–177.
12] A. Sala, S. Nicolis, R. Roncone, L. Casella, E. Monzani, Eur. J. Biochem.

271 (2004) 2841–2852.
13] F. Yamakura, K. Ikeda, Nitric Oxide 14 (2006) 152–161.
14] F. Yamakura, T. Matsumoto, K. Ikeda, H. Taka, T. Fujimura, K. Murayama,

E. Watanabe, M. Tamaki, T. Imai, K. Takamori, J. Biochem. 138 (2005)
57–69.

15] S. Herold, Free Radic. Biol. Med. 36 (2004) 565–579.
16] T. Suzuki, H.F. Mower, M.D. Friesen, I. Gilibert, T. Sawa, H. Ohshima,

Free Radic. Biol. Med. 37 (2004) 671–681.
17] K. Ikeda, B.Y. Hiraoka, H. Iwai, T. Matsumoto, R. Mineki, H. Taka, K.

Takamori, H. Ogawa, F. Yamakura, Nitric Oxide 16 (2006) 18–28.
18] T.R. Knight, Y.S. Ho, A. Farhood, H. Jaeschke, J. Pharmacol. Exp. Ther. 3

(2002) 468–475.
19] J.A. Hinson, S.L. Michael, S.G. Ault, N.R. Pumford, Toxicol. Sci. 53 (2000)

467–473.
20] L.P. James, S.S. McCullough, L.W. Lamps, J.A. Hinson, Toxicol. Sci. 2

(2003) 458–467.
21] J.A. Hinson, S.L. Michael, N.R. Pumford, P.R. Mayeux, Chem. Res. Tox-
icol. 6 (1998) 604–607.
22] K. Hensley, M.L. Maidt, Z. Yu, H. Snag, W.R. Markesbery, R.A. Floyd, J.

Neurosci. 18 (1998) 8126–8132.
23] Y. Ishii, M. Iijima, T. Umemura, A. Nishikawa, Y. Iwasaki, R. Ito, K. Saito,

M. Hirose, H. Nakazawa, J. Pharm. Biomed. Anal. 41 (2006) 1325–1331.


	Quantification of nitrated tryptophan in proteins and tissues by high-performance liquid chromatography with electrospray ionization tandem mass spectrometry
	Introduction
	Materials and methods
	Chemicals and reagents
	Synthesis and purification of NO2Trp standard and internal standards
	Standard solutions
	LC-ESI-MS/MS conditions
	Recovery
	NO2Trp formation in BSA by the addition of ONOO-
	Animals, diet and housing conditions
	Animal treatment
	Sample preparation

	Results and discussion
	Identification of nitrated Trp
	Optimal conditions for LC-MS/MS detection
	Validation of LC-MS/MS
	NO2Trp formation in BSA by the addition of ONOO-
	Determination of Trp and NO2Trp in liver of mice administered APAP

	Conclusions
	Acknowledgement
	References


