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We reported previously that a single tryptophan residue, Trp32, in human Cu,Zn-
superoxide dismutase is specifically modified by peroxynitrite-CO2 [Yamakura et al.
(2001) Biochim. Biophys. Acta 1548, 38–46]. In this study, we modified Cu,Zn-super-
oxide dismutase by using a combination of myeloperoxidase, hydrogen peroxide, and
nitrite. The modified enzyme showed no loss of copper and zinc, and 15% less enzym-
atic activity. Trp32 was the only significant amino acid lost. After trypsin digestion of
the modified SOD with peroxynitrite-CO2 and the myeloperoxidase system, six newly
appearing peptides containing tryptophan derivatives were observed on microLC-
ESI-Q-TOF mass analyses and HPLC with a photodiode-array detector. The deriva-
tives of the tryptophan residue exhibiting mass increases of 4, 16 (2 peaks), 32, 45
(major), and 45 Da (minor) were identified as kynurenine, oxindole-3-alanine and its
derivatives, dihydroxytryptophan, 6-nitrotryptophan and 5-nitrotryptophan, respec-
tively. We further identified 6-nitrotryptophan from the 1H-NMR spectrum for the
pronase-digested product and calculated the yield of 6-nitrotryptophan as being
about 30% for each of the modification methods. The tryptophan residue in the modi-
fied human Cu,Zn-superoxide dismutase gave the same spectra for the products
including 6-nitrotryptophan as the major nitrated product with the two different
modification systems.

Key words: Cu,Zn-superoxide dismutase, myeloperoxidase, 6-nitrotryptophan, perox-
ynitrite, tryptophan residue.

Abbreviations, ESI, electrospray ionization; FALS, familial amyotrophic lateral sclerosis; HPLC, high perform-
ance liquid chromatography; LC, liquid chromatography; MPO, myeloperoxidase; MS, mass spectrometry; Q-TOF,
quadrupole time-of-flight; SOD, superoxide dismutase.

Reactive nitrogen species, such as peroxynitrite and
nitrogen dioxide (•NO2), have been implicated as causes
of various pathophysiological conditions, including inflam-
mation, neurodegenerative and cardiovascular diseases,
and cancer (1, 2). Peroxynitrite has the potential to cause
DNA-strand breaks, lipid peroxidation, and oxidation
and nitration of nucleotides and proteins (1, 2), or diverse
modifications of small biomolecules, such as the oxida-
tion of thiols or methionine, and the oxidation and nitra-
tion of tyrosine, serotonin (3), or tryptophan (3–6). A
specific nitration product of tyrosine, 3-nitrotyrosine, has

species production in a wide range of human and animal
diseases (1, 2). Furthermore, peroxynitrite has been
shown to react with a physiological concentration of car-
bon dioxide to form a peroxynitrite-carbon dioxide adduct
(nitrosoperoxycarbonate, ONOOCO2

–), which also exhib-
its a very high reactivity to nitrate free and protein-
bound tyrosine, and this may be the ultimate chemical
species in vivo (7). In general, the nitration reaction is
enhanced but the oxidation reaction is diminished by this
adduct, compared with the use of peroxynitrite (8, 9).
Another nitrating agent that could be involved in biologi-
cal nitration is •NO2. This species is produced through
one-electron oxidation of nitrite that can be accumulated
under conditions when NO is overproduced (10, 11). Oxi-
dation of nitrite to •NO2 can be catalyzed by peroxidases
in the presence of hydrogen peroxide via either a com-
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pound I– or II–catalyzed reaction with nitrite (12, 13)
according the following reactions, 1–3:

MPO + H2O2 → Compound I + H2O (1)

Compound I + NO2
– → Compound II + •NO2 (2)

Compound II + NO2
– → MPO + •NO2 (3)

Sampson et al. (14) have reported that MPO utilizes
nitrite and hydrogen peroxide as substrates to catalyze
tyrosine nitration in proteins in vitro and that it may also
do so in vivo. Recently, by using MPO gene knockout
mouse (15), it has been proposed that the formation of
3-nitrotyrosine in extracellular proteins can be ascribed
to at least 50% of the MPO system in vivo. However,
Ichimori et al. (16) have reported the opposite result, a
high nitration product being observed in MPO-deficient
leukocytes. Further studies are required to clarify these
discrepancies.

Superoxide dismutase [EC 1.15.1.1] (SOD) catalyzes
the disproportionation of the superoxide anion to hydro-
gen peroxide and oxygen. Three types of SOD have been
found in human tissues: Cu,Zn-containing SOD, Mn-
containing SOD, and extracellular SOD. We have reported
that exclusive nitration of Tyr-34 in human mitochondrial
Mn-SOD is responsible for inactivation of the enzyme by
peroxynitrite (17). Ischiropoulos et al. (18) have reported
that Tyr 108 in bovine Cu,Zn-SOD, which has no tryp-
tophan residue, was modified by peroxynitrite without
inactivation of its enzymatic activity. On the other hand,
human Cu,Zn-SOD has no tyrosine residue and only one
tryptophan residue in the entire molecule. Therefore it is
an ideal enzyme for analyzing the reaction of reactive
nitrogen species with tryptophan residue in proteins. In
addition, this enzyme is critical for antioxidant processes
in human cells. We have reported that human Cu,Zn-
SOD reacted with peroxynitrite in the presence of sodium
bicarbonate, resulting in the loss of the single tryptophan
residue and 30% reduced enzyme activity (19). Recently,
Alvarez et al. (20) also reported that human Cu,Zn-SOD
was inactivated by peroxynitrite. We suggested the for-
mation of 6-nitrotryptophan from the difference between
the spectra of the modified enzyme and the control
enzyme (19). Herold et al. (21) have reported that the for-
mation of 4-, 5-, and 6-nitrotryptophan was observed on
the addition of peroxynitrite-CO2 to apo-, oxy-, and met
myoglobin, but that only 5- and 6-nitrotryptophan were
formed in oxy- and methemoglobin. Furthermore, Suzuki
et al. (22) have also reported the formation of 6-nitrotryp-
tophan in bovine serum albumin on the addition of mye-
loperoxidase, NO2

–, Cl–, and H2O2. However, no study on
the entire products of the reactions has been reported. It
is very important to know all the reaction products of a
tryptophan residue reacted with each of the peroxyni-
trite-CO2 and MPO-H2O2-NO2

– systems in order to evalu-
ate the pathophysiological and physiological significance
of the tryptophan residue modification by reactive nitro-
gen species.

In this study, we analyzed the reaction products of a
tryptophan residue with peroxynitrite-CO2 adducts or a
combination of MPO-H2O2-NO2

–, and obtained almost the
same spectra of the products including 6-nitrotryptophan

as the major nitrated product with other nitrated and
oxidized products. This is the first detailed analysis of the
total products of a single tryptophan residue reacted with
the peroxynitrite-CO2 and MPO-H2O2-NO2

– systems.

MATERIALS AND METHODS

Materials—Peroxynitrite, synthesized through the reac-
tion of sodium nitrite and hydrogen peroxide, was pur-
chased from Dojindo Laboratory Co. (Kumamoto, Japan).
Excess hydrogen peroxide in this reagent had been
removed with MnO2. The concentration of peroxynitrite
was determined using a molar extinction coefficient of
1670 M–1 cm–1 at 302 nm in 0.1 M NaOH. Human
recombinant Cu,Zn-SOD was cloned, expressed in
Escherichia coli, and highly purified (23) by Nippon
Kayaku Co. (Tokyo, Japan), and generously donated by
them. We further purified the enzyme for the modifica-
tion study as described previously (19). 6-Nitrotryp-
tophan was prepared according to the procedure of
Moriya et al. (24). MPO from human polymorphonuclear
leukocytes was purchased from Calbiochem Co., CA,
USA. All other reagents were of the highest possible
quality and obtained from commercial sources.

Modification of Cu,Zn-SOD with the Peroxynitrite-CO2
or MPO-H2O2-NO2

– System—The reaction of peroxynitrite
(1.9 mM, final conc.) with Cu,Zn-SOD (1 mg/ml) was car-
ried out by the successive addition of 0.2 mM peroxyni-
trite at 30 s intervals at pH 7.4 in the presence of 25 mM
sodium bicarbonate at 37°C as described previously (19).
As a control experiment, the same amount of peroxyni-
trite was added to the reaction mixture 1 min before the
addition of Cu,Zn-SOD. The reaction mixtures were dia-
lyzed against 1 liter of 10 mM Tris-HCl buffer, pH 7.8, at
4°C overnight. The reaction of Cu,Zn-SOD with the com-
bination of MPO, hydrogen peroxide, and sodium nitrite
was carried out as follows. Cu,Zn-SOD (1 mg/ml) was
treated with 0.3 mM hydrogen peroxide, 0.6 mM sodium
nitrite, and 0.4 µM MPO in 1.0 ml of 50 mM potassium
phosphate buffer (pH 7.2), containing 0.1 mM diethylene-
triamine pentaacetic acid. Two reaction mixtures with-
out MPO (control [1]) and without sodium nitrite (control
[2]), respectively, were used as controls. The reaction was
started by the addition of a concentrated H2O2 solution.
The reaction mixtures were incubated at 25°C for 10 min,
and then an additional 0.3 mM hydrogen peroxide was
added after 10 min and 20 min incubation of the reaction
mixture. In order to stop the reaction, 10 µg of catalase
was added after 25 min. Each reaction mixture was con-
centrated to 0.1 ml by ultra-filtration (Microcon YM-10;
Millipore, MA, USA). The modified Cu,Zn-SOD was sepa-
rated from MPO, catalase, and the remaining nitrite and
hydrogen peroxide by using a Superdex 75 HR column
(10 × 300 mm; Amersham Bioscience, NJ, USA). The SOD
was eluted after small peaks of MPO and catalase in this
step. For determination of the pH-dependency of the
tryptophan modification by fluorescence measurement,
essentially the same concentrations of each component of
the reaction mixture was used, except that the total
volume of the mixture was 0.1 ml and the reaction was
stopped after 10 min incubation by the addition of 2 µg
of catalase.
J. Biochem.
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Identification of the Tryptic Peptides Containing Trp
Derivatives for the Modified SODs Using a MicroLC-Q-
TOF Mass Spectrometer and an HPLC-Photodiode Array
Detector—The modified enzymes (1 mg) were dialyzed
against ultra-pure water (Milli Q) and concentrated by
freeze-drying. The freeze-dried samples were dissolved in
0.8 ml of nitrogen gas-purged 0.5 M Tris-HCl buffer, pH
8.5, containing 7 M guanidine hydrochloride and 10 mM
EDTA for denaturation, reduced with 10 mg dithio-
threitol for 30 min at 55°C, and then reacted with 25 mg
of monoiodoacetamide for 30 min in the dark at 4°C. The
protein solution was dialyzed extensively against Milli Q
water at 4°C and then freeze-dried. A sample was
digested with trypsin (sequence grade; Promega, WI,
USA; substrate:enzyme = 65:1, mol:mol) in 50 mM ammo-
nium bicarbonate (pH 8.0) at 37°C for 12 h. After freeze-
drying of the sample, the tryptic peptides were analyzed
with an ABI QSTAR Pulsar hybrid mass spectrometer
system (Applied Biosystems, CA, USA), which consisted
of an electrospray and a high performance quadrupole
time-of-flight (ESI-Q-TOF) combined with a micro liquid
chromatograph (Magic 2002; Michrom Bioresources Inc.,
CA, USA). The peptides were separated on a Magic C18
column (0.2 mmID × 50 mm). The solvent systems con-
sisted of (A) 0.1% formic acid and (B) 0.1% formic acid/
90% acetonitrile. The initial step program comprised 5
and 3% B in the ONOO–-modified and MPO system
modified samples, respectively, for 5 min, a gradient of
2.1%/min for 45 min, and 100% for 5 min. The flow rate
was 2.5 µl/min. The conditions for MS analysis were as
follows: ion spray voltage, 3.8 kV; voltage for electron
multiplier, 2,200 V; and curtain gas nitrogen, 10 psi. The
conditions for MS/MS analysis were as follows: collision
energy 15–55 electron voltage; and nitrogen as the colli-
sion gas. Isolation and characterization of the tryptic
peptides containing the Trp derivatives were carried out
using a reverse-phase HPLC (Hitachi L-6200, Tokyo,
Japan) equipped with a photodiode-array detector (Waters
990J, MA, USA). The column was a C8 (4.6 × 250 mm;
Shiseido Capcell Pak, Tokyo, Japan), the same gradient
system as that mentioned above being used. The flow
rate was 0.5 ml/min.

NMR Spectra for 6-Nitrotryptophan—For measurement
of NMR spectra of nitrated tryptophan, a modified SOD
was dialyzed against 0.1 M ammonium bicarbonate and
then extensively digested with pronase (Roche, Switzer-
land; substrate:enzyme =100:1, wt:wt) for 16 h at 37°C.
The digested products were analyzed by reverse-phase
HPLC as described above. The yellow colored fractions
eluted at 21 min, which showed the same absorption
spectrum as that of authentic 6-nitrotryptophan, were
collected and analyzed as to the NMR spectrum. 1H NMR
spectra were recorded with a JEOL ECP-400 spec-
trometer (Tokyo, Japan) operating at 399.78 MHz Larmor
frequency at 298 K. The solvent for authentic 6-nitrotryp-
tophan and the pronase-digested sample was exchanged
with a 30 mM NaOD solution, which was prepared by
exchanging of 30 mM NaOH/H2O to NaOD/D2O by three
times addition of the same volume of D2O, with freeze-
drying each time. Six hundred microliters of an authentic
6-nitrotryptophan solution (1.5 mM, pH 12.5) was meas-
ured using a standard 5 mm tube. 200 µl of the pronase-
digested sample (pH 11.1) was measured by using a

micro cell (Shigemi BMS-005, Tokyo, Japan). All proton
chemical shift values were referenced to 3-(tri-methyl-
silyl)-propionic-acid-d4 sodium salt.

Analytical Methods—Superoxide dismutase activity
was measured as the inhibition of cytochrome c reduction
by xanthine oxidase at pH 7.8, with reduction of the final
volume of the assay system from 3 to 0.75 ml (25). The
absorption spectra and fluorescence spectra of the
enzyme were obtained with a Hitachi U-3000 recording
spectrophotometer and a Shimadzu RF-1500 spectro-
fluorophotometer (Kyoto, Japan), respectively. Metal
contents were determined by atomic absorption spec-
trometry with a Hitachi Z-8100 Polarized Zeeman Flame/
Furnace Atomic Absorption Spectorophotometer. The
protein concentrations of peroxynitrite-modified Cu,Zn-
SOD were estimated using a molar absorption coefficient
at 265 nm of 19,880 M–1 cm–1 as described in our previous
paper (19). The protein concentration of the modified
SOD with the MPO system was estimated using bicin-
chonic acid (Pierce Co., Il, USA) with bovine serum albu-
min as a standard (26). Amino acid analyses were per-
formed with a Hitachi L-8500 amino acid analyzer. The
enzyme modified with the MPO system was applied to a
C18 column (Shiseido Capcell Pak, 4.6 × 250 mm) and
eluted with a linear gradient from 10% acetonitrile in
0.1% TFA to 60% acetonitrile in 0.1% TFA. After freeze-
drying of the enzyme samples, air in the samples was
extensively evacuated with a rotary pump. The samples
were hydrolyzed with 4 M methane sulfonic acid contain-
ing 0.2% tryptamine for 10, 20, 30 min for the control [2]
sample and 10, 30 min for the modified sample, respec-
tively, at 160°C. Hen egg-white lysozyme was used as a

Fig. 1. pH-dependent disappearance of the fluorescence at
350 nm of human Cu,Zn-SOD after 10 min incubation in a
reaction mixture containing MPO, nitrite, and hydrogen
peroxide. The reaction mixture comprised 31.6 µM Cu,Zn-SOD in
0.1 ml of the reaction mixture described in the text. After 10 min
incubation, the reaction mixture was diluted by the addition of 0.9
ml of 10 mM Tris-HCl buffer, pH 7.2. The excitation wavelength was
278 nm. circles, with 25 mM NaHCO3; squares, without NaHCO3.
Error bars represent ± SD for three determinations.
Vol. 138, No. 1, 2005
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standard protein to correct the yields of tryptophan and
cysteine + cystine with this method.

RESULTS

pH-Dependency of the Modification of Cu,Zn-SOD with
the MPO-System—We have observed that a single
tryptophan residue in human Cu,Zn-SOD was modified
by peroxynitrite in the presence of sodium bicarbonate
(19). In this study, we examined the reaction of human
Cu,Zn-SOD with another major nitration system, i.e., a
combination of MPO, hydrogen peroxide, and nitrite. In
order to determine the pH dependency of the reaction,
Cu,Zn-SOD was reacted with the combination of MPO
(0.2 µM), hydrogen peroxide (0.2 mM), and sodium nitrite
(0.2 mM) in the presence or absence of 25 mM sodium
bicarbonate. Modification of the tryptophan residue in
the enzyme was monitored as the disappearance of the
fluorescence emission maximum at 350 nm with excita-
tion at 276 nm (19). As shown in Fig. 1, the optimum pH
of the fluorescence decrease of the enzyme was 7.2, the
decreased percentage being the same regardless of the
presence or absence of sodium bicarbonate. However,
the fluorescence decrease percentage was higher in the
acidic region with sodium bicarbonate. According to this

finding, we chose pH 7.2 and no addition of sodium
bicarbonate.

Specific Activity, Metal Contents, and Amino Acid
Analysis of the MPO System–Modified Enzyme—Table 1
shows the specific activity and metal contents of the
MPO system–modified enzyme and the control enzymes.
The values represent the averages of two different experi-
ments. The zinc content of the modified enzyme was the
same as those of the control enzymes. Although the cop-
per contents seem rather higher in the control enzymes
than that in the modified enzyme (Table 1), the difference
is not significant. The specific activity of the MPO-
modified enzymes, which is based on the copper content,
showed 15 and 12% decreases compared with that of the
control [1] (-MPO) and [2] (-nitrite), respectively. Although
the decrease in the enzymatic activity was not pro-
nounced, it was statistically significant. Table 2 shows
the amino acid compositions of the MPO system–modi-
fied and control [2] enzymes. Essentially the same results
as those of control [2] enzyme were obtained using con-
trol [1] enzyme. A decrease of 0.91 moles of tryptophan
per mole of subunit was observed for the modified
enzyme. No statistically significant differences in the
other amino acid compositions, except the serine contents,
were observed between the modified and control enzymes.

Table 1. Metal contents and specific activities of the control and modified Cu,Zn-SODs with the MPO
system.

a,b,cDifferences are statistically significant (p ≤ 0.01) between a and c, and b and c, but not significant between a and b.

Sample
Metal contents (mol/mol of subunit) Specific activity 

(units/mg protein/mol of Cu/mol of subunit)Cu Zn
Control [1] SOD 0.93 ± 0.02 1.18 ± 0.013 3,890 ± 280a

Control [2] SOD 0.95 ± 0.01 1.20 ± 0.006 3,750 ± 210b

MPO-modified SOD 1.00 ± 0.02 1.15 ± 0.096 3,290 ± 290c

Table 2. Amino acid compositions of the control and MPO-modified Cu,Zn-superoxide dismutases.a

aThe number of residues was calculated from the number of leucines, assumed to be 9, and on the basis of the subunit
molecular weight of 15,804. Values are given as means of 10, 20, and 30 min analyses for the control [2] SOD, and 10 and 30
min analyses for the modified SOD ± SD at 160°C. bThe values in parentheses were calculated from the total amino acid
sequence. cBased on extrapolation to zero time of hydrolysis. dThe values at 30 min of hydrolysis. eCombined amount of
cysteine and cystine. fDifference is statistically significant (p < 0.05).

Amino acid Control [2] SOD (residues/subunit) Modified-SOD (residues/subunit) Difference (residues/subunit)
Asx 18.20 ± 0.20 (18)b 18.01 ± 0.06 –0.19
Thrc 7.65 (8) 7.40 –0.25
Serc 9.99 (10) 9.09 –0.90
Glx 12.80 ± 0.08 (13) 12.63 ± 0.02 –0.17
Pro 4.70 ± 0.02 (5) 4.66 ± 0.01 –0.04
Gly 24.80 ± 0.29 (25) 24.51 ± 0.13 –0.29
Ala 10.20 ± 0.18 (10) 10.15 ± 0.01 –0.05
Vald 13.12 (14) 13.01 –0.11
Cyse 3.61 ± 0.19 (4) 3.41 ± 0.01 –0.20
Met 0 (0) 0 –
Iled 7.12 (9) 7.14 0.02
Leu 9 (9) 9 –
Tyr 0 (0) 0 –
Phe 3.85 ± 0.02 (4) 3.92 ± 0.21 0.07
Lys 10.94 ± 0.05 (11) 10.86 ± 0.09 –0.08
His 7.70 ± 0.36 (8) 7.71 ± 0.29 0.01
Arg 4.29 ± 0.22 (4) 4.18 ± 0.11 –0.11
Trp 0.96 ± 0.17 (1) 0.05 ± 0.002 –0.91f
J. Biochem.
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Identification of the Tryptic Peptides of the Control and
Modified SODs Using a microLC-ESI-Q-TOF Mass Spec-
trometer—A single tryptophan residue in human Cu,Zn-
SOD is the residue only significantly modified by the
reactions with the MPO system, as shown in this study,
and with the peroxynitrite-CO2 system, as shown in the
previous study (19). In order to identify the derivatives
of the tryptophan residue, the control and modified
enzymes with the two systems were digested with
trypsin and then analyzed by microLC-ESI-Q-TOF mass
spectrometry. Figure 2, A-1 and B-1 shows typical mass
chromatograms for the tryptic peptides of the control and
peroxynitrite-CO2–modified SODs. Fifteen peptides are

theoretically produced on complete trypsin digestion, as
shown in Table 3. Most of the peptides (97.4%) can be
seen in Fig. 2, A-1 and B-1. The N-terminal tri-peptide
and inner Lys residue position 70 are missing (Table 3
and Fig. 2, A-1 and B-1). The same result as in A-1 was
observed for the purified (untreated) Cu,Zn-SOD (data
not shown). Peak 5 was attributed to a peptide consisting
of Val31 to Lys36 (m/z ([M+H]+) = 689.3), which includes
Trp32. This peak decrease drastically in the modified
SOD (Fig. 2, A-1 and B-1). The amino acid sequences of
the peptides were confirmed by MS/MS analysis (data
not shown). Figure 2, A-2–A-6 and B-2–B-6, shows
selected ion monitoring (SIM) chromatograms with the

Fig. 2. Identification of tryptic peptides of the peroxynitrite-
CO2–modified Cu,Zn-SOD by microLC-ESI-Q-TOF mass anal-
ysis. A-1–A-6 represent the control enzyme, which was obtained as
shown in the text. B-1–B-6 represent the modified enzyme. A-1 and
B-1, total ion chromatograms. The peaks indicated by numbers cor-
respond to the expected peptides on trypsin digestion of human
Cu,Zn-SOD, as shown in Table 3. Peak 5 is a single tryptophan-con-

taining peptide, Val31-K36 (A-5 and B-5). A-2–A-6 and B-2–B-6,
selected ion monitoring chromatograms of the m/z values of Trp and
the modified peptides. These are aligned with the sequence of the
elution times of newly appearing peaks. In addition to peak 5, newly
appearing peaks are shown in gray. The gray peaks in B-2, B-3, B-4,
and B-6 were identified as peptides with increases in mass of 32 (B-
2), 16 (2 peaks) (B-3), 4 (B-4) 45 Da (2 peaks) (B-6), respectively.

Table 3. Expected fragments of unmodified Cu,Zn-SOD on trypsin diges-
tion.a All cysteine residues were modified with iodoacetamide to form carbami-
omethyl-cysteine.

aLys70 is expected to be released as a free amino acid. bTryptophan residue is
included in this fragment (VWGSIK).

Fragments Sequence Mass Fragments Sequence Mass
(1) 1–3 318.2 (2) 4–9 688.4
(3) 10–23 1,500.8 (4) 24–30 729.4
(5)b 31–36 688.4 (6) 37–69 3,518.6
(7) 71–75 494.3 (8) 76–79 547.2
(9) 80–91 1,224.6 (10) 92–115 2,504.2

(11) 116–122 824.5 (12) 123–128 617.3
(13) 129–136 820.4 (14) 137–143 661.3
(15) 144–153 1,000.6
Vol. 138, No. 1, 2005
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m/z values of Trp and the modified peptides, which
newly appeared in the mass chromatogram of the modi-
fied SOD. We found six newly appearing peptides; B-2,
m/z 721.3 (Trp+32 Da); B-3, m/z 705.3 (Trp+16 Da) (2
peaks, [1] and [2]); B-4, m/z 693.3 (Trp+4 Da); B-6, m/z
734.3 (Trp+45 Da) (2 peaks, [1] and [2]). They were only
observed for the modified SOD (B-2, 3, 4, and 6). The pep-
tides that were found in both A-4 and B-4, and A-5 and B-
5 in Fig. 2, having retention times of around 5–6 min and
4 min, are not specific for the modified enzyme and can be
attributed to doubly charged peptide 9 and peptide 2
(Table 3), respectively.

In order to confirm the modified amino acids in these
modified peptides, MS/MS analyses of each peptide were
performed. Figure 3 shows the results of MS/MS chroma-
tography of the major peak [1] of the Trp+45 Da peptide
(Fig. 2, B-6, 45 Da [1]). Y5 and all b ions, except b5, which
was not observed in this experiment, exhibit a +45 mass
shift in the MS/MS spectrum. This evidence confirms
that Trp 32 is the site of nitration. The sequence of the
other amino acids of the peptides was consistent with
that of the tryptophan-containing peptide. We obtained
the same MS/MS results for the other newly appearing
peptides, with molecular weight increases of 4, 32, 16, 16,
and 45 Da for the tryptophan residue, respectively (data
not shown).

Fig. 3. Tandem mass spectrum of the m/z = 734.3 fraction of
the peroxynitrite-CO2–modified Cu,Zn-SOD, which was
eluted at 11 min from a C18 column. The sequence of the tryptic
peptide, Val31–Lys36, with an increase in mass of 45 Da as to
Trp32. The y, b, and a ion nomenclature conforms to that proposed
by Biemann (46). *1 and *2 represent imonium ions of glycine and
tryptophan, respectively. Masses of the y-series ions of predicted
fragment are shown. y5 and all observed b ions exhibit a +45 mass
shift in the MS/MS spectrum, which confirms Trp 32 is the site of
nitration.

Fig. 4. Identification of tryptic peptides of the MPO/H2O2/NO2
–

system-modified Cu,Zn-SOD by microLC-ESI-Q-TOF mass
analysis. A-1–A-6 represent the control [1] enzyme, which was pre-
pared as shown in the text. B-1–B-6 represent the modified enzyme.
The peaks indicated by numbers correspond to the expected peptides

on trypsin digestion of human Cu,Zn-SOD, as shown in Table 3 (A-1
and B-1). The newly appearing peaks are shown in gray and were
identified as peptides with increases in mass of 32 (B-2), 16 (2 peaks)
(B-3), 4 (B-4) 45 Da (2 peaks) (B-6), respectively. Intensities are mag-
nified 10 times within the area indicated by arrows in A-3 and B-3.
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Figure 4 shows the total ion chromatograms for the
tryptic peptides of the control [1] (-MPO) and modified
Cu,Zn-SOD with the MPO-H2O2-NO2

– system. The same
result as in A-1 was obtained for the purified (untreated)
Cu,Zn-SOD (data not shown). Although the intensities of
the tryptic peptides derived from the control and modi-
fied SODs were almost the same, peak 5 containing the
single tryptophan residue was markedly decreased for
the modified SOD (Fig. 4, A-1 and B-1). Figure 4, A2–A6
and B2–B6, shows selected ion monitoring (SIM)
chromatogram with the m/z values of Trp and the modi-
fied peptides, as in Fig. 2. The same six peaks, which had
the same relative elution positions and m/z values corre-
sponding to the tryptic peptides derived from the perox-
ynitrite-CO2–modified SOD, were also observed for the
SOD modified with the MPO system. MS/MS analysis of
these peptides showed that the increased molecular

weights were associated with tryptophan residues in
each of the peptides (data not shown).

The increase in mass of 32 Da corresponds to the
addition of two oxygen atoms, therefore either N-
formylkynurenine or dihydroxytryptophan is a possible
product of the modifications with the peroxynitrite-CO2
and MPO-H2O2-NO2

– systems. The increase in mass of 4
Da corresponds to kynurenine as a possible product of
tryptophan. The increased mass of 16 Da corresponds to
the addition of one oxygen atom, therefore a hydroxytryp-
tophan (including oxindole-3-alanine) is a possible prod-
uct of the modification. The modified tryptophan residue
exhibiting the increase in mass of 45 Da corresponds to
substitution of a single nitro group.

HPLC Separation and Photodiode-Array Detection of
the Tryptic Peptides—In order to further identify the
modified products of the tryptophan residues in the tryp-
tic peptides with both the modification systems, we sepa-

Fig. 5. HPLC chromatograms of the prod-
ucts of Cu,Zn-SOD reacted with peroxyni-
trite-CO2 after digestion with trypsin.
Chromatograms: upper, measured at 230 nm;
middle, measured at 280 nm; lower, measured
at 350 nm. A–D: Absorption spectra of the
peaks exhibiting absorption over 250 nm, which
were eluted from the C 8 column at 21.1 min
(A), 25.4 min (B), 25.7 min (C), and 30.3 min
(D). Peak 5 represents the tryptophan-contain-
ing fragment, which may correspond to peak 5
on LC/MS analysis. Absorption spectrum (E*)
was obtained for a peak at 34 min from the C 8
column with the other preparation.
Vol. 138, No. 1, 2005
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rated the tryptic peptides with a reverse-phase HPLC
system and obtained UV-visible absorption spectra for
them with a photodiode-array detector. Figure 5 shows
typical elution profiles of peroxynitrite-CO2–modified
SOD monitored at 230, 280, and 350 nm. The absorption
spectra of fractions exhibiting absorption over 250 nm
were monitored with a photodiode-array and are shown
in Fig. 5. The fraction at 20.8 min gave a weak absorption
spectrum with a peak at 255 nm and a shoulder at
around 295 nm, as shown in Fig. 5A. This spectrum does
not resemble that of N-formylkynurenine [absorption
maxima at 260 and 322 nm (27)] but resembles that of
5,7-dihydroxytryptamine, which has two absorption
maxima at 264 nm and 295 nm. Therefore it might be a
dihydroxytryptophan. We observed that the fraction at
25.4 min exhibited the same absorption spectrum as that
of oxindole-3-alanine (tautomer of 2-hydroxytryptophan)
(28), but different from those of other hydroxytryp-
tophans (4-, 5-, 6-, and 7-) (28) (Fig. 5B). Therefore, the
compound in the fraction at 25.4 min is most probably
oxindole-3-alanine. In addition, we observed the same
absorption spectrum as for kynurenine (29) at the elution
position of 25.7 min (Fig. 5C). The fraction at 30.3 min
had a very similar absorption spectrum to that of authen-
tic 6-nitrotryptophan [Fig. 5D (30)]. Although we did not
detect another nitrotryptophan in the chromatogram of
this ONOO–-modified preparation, we found a small peak
eluted at around 34 min, which had the spectrum shown
as Fig. 5E*, for the other preparation. This spectrum
resembles that of 5-nitrotryptophan (30). We found no
other fractions exhibiting significant absorbance over

250 nm. In order to link these results with the results of
LC-MS analysis, we collected these fractions on the
reverse-phase HPLC and subjected these fractions to LC-
MS analysis. The fraction eluted at 20.8 min (Fig. 5A)
gave a peak with m/z = 721.3, which is the same that of
+32 Da peptide on mass analysis (Fig. 2, B-2). This result
supports the conclusion that one of the modified products
is a dihydroxytryptophan. The fraction eluted at 25.4 min
(Fig. 5, B) consisted of two peaks with m/z= 705.3, which
were the same that of +16 Da [1] and +16 Da [2] peptides
on mass analysis (Fig. 2, B-3). We could not explain why
the oxindole-3-alanine fraction was divided into two
peaks on LC-MS analysis, but the presence of a tautomer
form (oxindole-3-alanine ⇔ 2-hydroxytryptophan) and/or
an unknown modification of oxindole-3-alanine could be
the reason. The fractions eluted at 25.7 min and 30.3 min
gave the peaks of the +4 Da peptide (Fig. 2, B-4) and +45
Da [1] peptide (Fig. 2, B-6) on mass analysis, respectively.
These results are consistent with the products, kynure-
nine and 6-nitrotryptophan, identified from these spectra.

The same analyses were carried out on the tryptic pep-
tides of Cu,Zn-SOD modified with MPO-H2O2-NO2

–.
Essentially the same fractions with the same retention
times and the same absorption spectra were observed as
in the case of peroxynitrite-CO2 modification (Fig. 6, A, C,
D, and E), except for fraction B in Fig. 5. Fractions A
(21.1 min), C (26.0 min), D (30.4 min), and E (33.8 min)
seemed to correspond to +32, +4, +45 [1], and +45 Da [2]
in microLC-ESI-Q-TOF mass (Fig. 4), respectively, on the
basis of the similarity of the relative elution positions
and coincidence of molecular weights. We did not observe

Fig. 6. HPLC chromatograms of the prod-
ucts of Cu,Zn-SOD reacted with the MPO
system after digestion with trypsin. Chro-
matograms: upper, measured at 230 nm; middle,
measured at 280 nm; lower, measured at 350
nm. A–E: Absorption spectra of the peaks exhib-
iting absorption over 250 nm, which were eluted
from the C8 column at 21.1min (A), 26 min (C),
30.4 min (D), and 33.9 min (E).
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any significant absorbance over 250 nm around 25.5 min,
therefore we could not identify the +16 Da tryptophan
derivatives on this HPLC analysis. The reason for the
inability to detect oxindole-3-alanine on HPLC analysis
is not clear at present, but the relatively low absorption
over 250 nm of this product and the limitation of the sen-
sitivity of the photodiode-array system could be reasons.

Estimation of the Yields of 6-Nitrotryptophan with the
Two Modification Systems—Since 6-nitrotryptophan is
a specific major product of the reaction between the
tryptophan residue and reactive nitrogen species formed
with both of the modification systems, it is important to
know the yields of 6-nitrotryptophan with the two modifi-
cation systems. In order to calculate the yields of 6-nitro-
tryptophan formation under these reaction conditions,
we used the absorbance at 420 nm in the difference spec-
tra between the modified and control enzymes with each
reaction system for estimation of the amounts of 6-nitro-
tryptophan, since dihydroxytryptophan, kynurenine,
oxindole-3-alanine, and 5-nitrotryptophan exhibit no or
negligible absorption at 420 nm. Figure 7 shows the dif-
ference spectrum for the MPO system–modified enzyme
and control [1] enzyme (A), with that of the peroxynitrite-
modified Cu,Zn-SOD (B) (19) for comparison. The MPO
system–modified SOD showed a similar difference spec-
trum to that of the peroxynitrite-modified enzyme. We
obtained almost the same yields of 6-nitrotryptophan,
i.e., 29.6 ± 2.3 mol% (5 preparations) and about 28.4 ± 1.7
mol% (3 preparations) of the total modified tryptophan
residue in Cu,Zn-SOD for the peroxynitrite-CO2 and

MPO-H2O2-NO2
– systems, respectively, using 3,320 M–1

cm–1 as the extinction coefficient of 6-nitrotryptophan at
420 nm, which was calculated with authentic 6-nitrotryp-
tophan. We also calculated the proportion of 6-nitrotryp-
tophan–containing peptide among the total modified pep-
tides by using the intensity of each of the modified
peptides on microLC-ESI-Q-TOF mass analyses (Figs. 2
and 4), obtaining 22 ± 7% for the peroxynitrite-CO2 sys-
tem and 31 ± 8% for the MPO-H2O2-NO2

– one. Although
the accuracy of these values is limited since the ioniza-
tion-efficiency for each of the peptides could not be the
same, these values are fairly similar to the values
obtained from the different absorbance at 420 nm.

HPLC Separation of Pronase-Digested Modified-SOD
and NMR Measurement of the Fraction Containing
Nitrated Tryptophan—In order to confirm the nitrotryp-
tophan and the other oxidized products further, we
digested the peroxynitrite-CO2–modified SOD with pro-
nase extensively. The digested mixture was subjected
to reverse-phase HPLC with a photodiode-array as a
detector. We found fractions eluted at the same retention
times (10.7 min and 21.4 min) as standard kynurenine
and 6-nitrotryptophan, respectively, which had the same
absorption spectra as the standards (data not shown). We
also found fractions having similar spectra to oxindole-3-
alanine among the tryptic peptides (Fig. 5B) at the elu-
tion times of 11.6 and 9.95 min, respectively (data not
shown). We selected the peak material 21.4 min for 1H
NMR analysis, in order to further confirm this product to
be 6-nitrotryptophan. Figure 8 shows 1H NMR spectra of
the aromatic region. The chemical shifts and coupling
constants were as follows: Those of authentic 6-nitrotryp-
tophan (D2O, pH = 12.51) were H-7 (8.35 ppm, 1H, d, J5–7
= 2.0 Hz), H-5 (7.96 ppm, 1H, dd, J4–5 = 9.0 Hz, J5–7 = 2.0
Hz), H-4 (7.75 ppm, 1H, d, J4–5 = 9.0 Hz), and H-2 (7.55
ppm, 1H, s) (Fig. 8A). The major peaks in the 1H-NMR
spectrum of the pronase-digested modified-SOD (6-nitro-
tryptophan) (D2O, pH = 11.09) were H-7 (8.40 ppm, 1H, d,
J5–7 = 1.8 Hz), H-5 (7.96 ppm, 1H, dd, J4–5 = 8.8 Hz, J5–7 =

Fig. 7. Difference spectra for the modified and the control
enzymes. A, between the modified enzyme with the MPO system
and the control [1] enzyme. B, between the modified Cu,Zn-SOD
with the peroxynitrite-CO2 system and the control enzyme (19). The
concentration of each enzyme was 3.2 mg/ml in 10 mM Tris-HCl
buffer, pH 7.8, respectively. The broken vertical lines indicate the
position of 420 nm.

Fig. 8. 1H-NMR spectra of the aromatic region for (A) authen-
tic 6-nitrotryptophan (pH 12.5) and (B) pronase-digested
products (pH 11.1) in D2O. The peaks in (A) and the major ones in
(B) are assigned to 6-nitrotryptophan. Asterisks indicate minor
peaks.
Vol. 138, No. 1, 2005
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1.8 Hz), H-4 (7.75 ppm, 1H, d, J4–5 = 8.8 Hz), and H-2
(7.52 ppm, 1H, s) (Fig. 8B). The major peaks of the
pronase-digested product coincided with the peaks of
authentic 6-nitrotryptophan in the aromatic region.
Since the sample showed no single triplet-peak, we can
rule out the possibility of 4-nitrotryptophan and 7-nitrot-
ryptophan. The coupling constants among the data also
suggest a 5- or 6-mono substituted tryptophan as a candi-
date for the product. From these analyses of the absorp-
tion spectra of trypsin and pronase-digested samples, we
concluded that the major nitrated tryptophan is 6-nitrot-
ryptophan. The pronase-digested fraction also contained
minor components (ratio of intensity of major to minor
components, 6:1) having signals similar to those of 6-
nitrotryptophan. Although we cannot determine the ori-
gin of these minor signals, a peptide containing 5- or 6-
nitrotryptophan, which is formed through the incomplete
digestion by pronase, could be a possible product, based
on the same procedure of assignment as described above.

DISCUSSION

Products of Trp32 Modification with the Two Systems—
The pH optimum we observed for the tryptophan-modifi-
cation with the MPO system was the same as the
reported value for nitration of tyrosine by eosinoperoxi-
dase (13). Sodium bicarbonate had no effect on the modi-
fication of the tryptophan residue, except for the acidic
region (Fig. 1). No significant effects of sodium bicarbo-
nate on the nitration of tyrosine and related compounds
with the myeloperoxidase system have been reported
either (15, 22). Although a clear explanation of the
enhanced modification of the tryptophan residue in the
acidic region is difficult at present, a possible explanation
is that an increase in carbon dioxide, which is in equilib-
rium with the bicarbonate ion, at acidic pH, and an
increase in the formation of peroxynitrite from myeloper-
oxidase at acidic pH (15) could have resulted in enhanced
nitration of the tryptophan residue.

The copper and zinc contents were not significantly dif-
ferent between the control enzymes and the modified
enzyme (Table 1). On amino acid analysis of the MPO-
modified enzyme, we observed a little decrease in serine
residues, which corresponds to one residue out of ten res-
idues, in addition to disappearance of the tryptophan res-
idue (Table 2). However, we could rule out an influence of
this apparent decrease in serine residues on the enzyme
activity of the MPO-modified SOD, because a similar
decrease in the enzyme activity was observed for the per-
oxynitrite-CO2 modified SOD, which showed no decrease
in serine residues and disappearance of the tryptophan
residue in the modified enzyme (19).

We identified the major nitrated product (+45 Da [1])
with both the modification systems as 6-nitrotryptophan
and the minor nitrated product (+45 Da [2]) as 5-nitrot-
ryptophan. In contrast to 6-nitrotryptophan, 5-nitrotryp-
tophan was found consistently with the MPO system (3
preparations), but was only found in two preparations in
five modification experiments with the peroxynitrite-CO2
system (data not shown). In addition to these nitrated
products, we found kynurenine, oxindole-3-alanine and
its modified product, and a dihydroxytryptophan as
oxidized products of the tryptophan residue with each of

the modification methods. Recently, Herold et al. (21)
reported that the formation of 4-, 5-, and 6-nitrotryp-
tophan in apo-, oxy-, and met myoglobin, and 5- and 6-
nitrotryptophan in oxy- and met hemoglobin occurred
upon the addition of peroxynitrite-CO2. They also pointed
out that 6-nitrotryptophan seems to be generated to the
greatest extent among all the proteins. Although they did
not find any oxidized products of tryptophan residues
among the reaction products of hemoglobin or myoglobin
with peroxynitrite-CO2, they did not exclude the possible
formation of these products. They observed products that
absorb at 350 nm at the faster elution position than those
of nitrotryptophan in their chromatography (21). These
products could be oxidized products of the tryptophan
residue, such as kynurenine. Suzuki et al. (22) reported
that they found the formation of 6-nitrotryptophan in
bovine serum albumin reacted with various sources of
reactive nitrogen species, including peroxynitrite-CO2
and MPO-H2O2-NO2

– systems, on HPLC with electro-
chemical detection. With this detection system, other
possible reaction products of tryptophan residues could
not be detected. Therefore, this is the first report of total
products, i.e., nitrated and oxidized products, of the
tryptophan residue modified with the peroxynitrite-CO2
and MPO-H2O2-NO2

– systems. Recently, Sala et al. (31)
reported the formation of the N1-NO2 and N1-NO prod-
ucts, and Suzuki et al. (22) reported the formation of the
N1-NO2 product, in addition to 6-nitrotryptophan, as a
major nitrated product of the reaction of N-acetyl-L-
tryptophan with the peroxynitrite-CO2 and MPO-H2O2-
NO2

– systems, respectively. However, we did not observe
these products in this study. This discrepancy can be
attributed to the difference in reactivity between free
tryptophan and tryptophan residues and/or the short
half-lives of the N1-NO2 and N1-NO products (22), which
may have disappeared during the dialysis and protease
digestion in our study.

Proposed Reaction Mechanism—In the case of perox-
ynitrite-CO2, the carbonate radical (•CO3

–) and •NO2 are
produced from nitrosoperoxycarbonate (32–34). Trp32 in
the enzyme may react with •CO3

– preferentially to form a
tryptophan radical, because of its high reactivity with
•CO3

–, rather than with •NO2 (Reaction 4) (35). Reaction
with •NO2 to form a tryptophan radical may also occur
(Reaction 5) to a lower extent.

Trp32-SOD + •CO3
– → •Trp32-SOD + HCO3 (4)

Trp32-SOD + •NO2 → .Trp32-SOD + HNO2 (5)

•Trp32-SOD + •NO2 → NO2Trp32-SOD (6)

On the other hand, MPO reacts with H2O2 and NO2
– to

form •NO2 and compound II (Reactions 1 and 2). Com-
pound II also oxidizes nitrite to form nitrogen dioxide
(•NO2) (Reaction 3). In contrast to free tryptophan, it may
rarely occur that the tryptophan residue in Cu,Zn-SOD
reacts directly with compounds I and II, and the
tryptophan residue radical being formed (36). In this
case, •NO2 may react with the tryptophan residue to form
its radical (Reaction 5). The tryptophan radical then
recombines with •NO2 to form nitrotryptophan with both
the modification systems (Reaction 6).
J. Biochem.
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The tryptophan (residue) radical is known to react
readily with an oxygen molecule to form the tryptophan
peroxy radical (Reaction 7). Although the detailed mech-
anism is not clear at present, this radical may become
kynurenine, through the formation of N-formylkynure-
nine. Recently, Zhang et al. (37) suggested that •CO3

– pro-
duced kynurenine-type products of Trp32 in human
Cu,Zn-SOD in the presence of oxygen and then caused
covalent aggregation of the enzyme. However, we did not
find an aggregated form of Cu,Zn-SOD with the H2O2
concentration used in our system (data not shown). This
apparent discrepancy may be due to the low concentra-
tion of H2O2 we used in our study (0.3 mM) and the pres-
ence of •NO2, which may compete with oxygen for the
tryptophan radical. Nevertheless, the evidence reported
by Zhang et al. supports the formation of kynurenine
through the tryptophan radical in the presence of oxygen.

•Trp32-SOD + O2 → Trp32-OO•-SOD 
→ N-formylkynurenine → Kynurenine (7)

For the formation of oxindole-3-alanine, •OH is the
most probable cause of hydroxylation of the tryptophan
residue. Lemercier et al. (9) suggested that a substantial
level of hydroxylation of phenol occurred with peroxyni-
trite in the presence of CO2 through isomerization of per-
oxynitrous acid to nitrate and •OH. This •OH may be the
cause of the hydroxylation reaction of the tryptophan res-
idue in the peroxynitrirte-CO2 system. We observed no
increase in the yield of 6-nitrotryptophan with the MPO
system (28.4%) compared with that with the peroxyni-
trite-CO2 system (29.6%). This finding is not consistent
with the results for tyrosine nitration reported by

Brennan et al. (15), who showed the absence of a hydro-
xylated product and the presence of a nitrated product in
the reaction of MPO-H2O2-NO2

– at pH 7.0. However, they
suggested that the MPO system still retained the ability
of hydroxylation at neutral pH for salicylate (15). There-
fore, the ratio of the hydroxylation and nitration reac-
tions with the MPO-H2O2-NO2

– system could differ
according to the substrate. Although the mechanism
underlying the hydroxylation reaction of the tryptophan
residue is not clear at present, Brennan et al. suggested
the participation of a nascent oxidant liberated from the
distal heme of MPO for the hydroxylation of salicylate
(15).

Physiological Significance—The properties of the modi-
fied Cu,Zn-SODs with both the methods showed a little
less enzymatic activity [Table 1 (19)]. Since Trp32 is
located 22 Å away from the active site Cu as shown in
Fig. 9, it is not probable that this site is directly per-
turbed by this modification (Fig. 9). However, if some of
the six modified products could affect the local main-
chain conformation, it might alter the fine structure of
the active environment. Studies on FALS-associated
SOD mutants, which show decreased zinc affinity, sug-
gest that diverse mutation sites far from the zinc-binding
site can result in similar effect on the metal-binding
properties of the zinc site, although the mutated amino
acids in these mutants were far from the zinc-binding
site (38, 39). We also observed a little less stability of the
enzymatic activity of both the modified Cu,Zn-SODs
against 6 mM EDTA at pH 5.3 (data not shown). This evi-
dence also supports the possibility mentioned above.

Although the formation of 6-nitrotryptophan com-
prised about 30% of the total modified tryptophan resi-
due in human Cu,Zn-SOD, 6-nitrotryptophan in proteins
could be used as a new tool for revealing the novel func-
tional sites of reactive nitrogen species in vivo, since this
modification is specific for reactive nitrogen species.
Since kynurenine and the other hydroxylated products of
the tryptophan residue could also be produced by reactive
oxygen species, such as the hydroxyl radical and hydro-
gen peroxide, these products are not suitable as reactive
nitrogen species–specific biomarkers. 6-Nitrotryptophan
was also found to be a major product of the reaction
between reactive nitrogen species and hemoglobin (21),
myoglobin (21), bovine serum albumin (22), and lysozyme
(unpublished data). Therefore, 6-nitrotryptophan might
be produced widely in the regions where the concentra-
tion of peroxynitrite and/or myeloperoxidase-H2O2-NO2

–

is elevated. In spite of the possible formation of 3-hydrox-
ytyrosine along with the formation of 3-nitrotyrosine by
reactive nitrogen species in vivo (40), 3-nitrotyrosine in
proteins is widely used as a biomarker for the reaction
sites of reactive nitrogen species (1, 2).

Although some tryptophan residues are components of
the active sites of enzymes (41, 42), many other tryptophan
residues participate in the recognition of molecules inter-
active with enzymes or proteins. Trp286 in human vita-
min D receptor (43), and Trp158 and 172 in human G
protein–coupled receptors (44) are examples that show
binding sites for interactive molecules, respectively.
Therefore, through modification of tryptophan residues
to nitrated or oxidized products with reactive nitrogen
species, there is the possibility to modulate the interac-

Fig. 9. Position of Trp32 in the dimer structure of human
Cu,Zn-SOD. The distance between the copper atom and ε1N of
Trp32 within the same molecule is 21.9 Å. Trp32 is shown as 6-
nitrotryptophan.
Vol. 138, No. 1, 2005
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tion of proteins with these interactive molecules. Fur-
thermore, Craig et al. (45) have reported the presence of
a 6-bromotryptophan in a 33–amino acid peptide from
Conus radiatus, which induces a sleep-like state in mice.
They suggested that there was a relation between the
pharmacological activity and the bromination at the 6-
position of the tryptophan. As shown in this case, modifi-
cation at this position of tryptophan residues could play a
role in the regulation of the recognition of a protein by
other molecules. The introduction of a nitro group to the
6 position of the tryptophan residue may affect the struc-
tural role of the tryptophan residue in a protein by
increasing the bulk at this position. It may also affect the
π-electron state of the indole ring through the attractive
effect of the nitro group. Therefore, acting as a biomarker
for nitrative stress in cells may not be the sole function of
6-nitrotryptophan in proteins. In order to examine this
possibility, immunological detection of 6-nitrotryptophan
with a specific antibody is underway in our laboratory.

The recommended IUPAC nomenclature for the peroxynitrite
anion and peroxynitrous acid is oxoperoxonitrate (1-) and
hydrogen oxoperoxonitrate, respectively. Peroxynitrite is used
in the text to refer generically to both oxoperoxonitrate (1-)
(ONOO–) and its conjugate acid, hydrogen oxoperoxonitrate
(ONOOH). We are grateful to Nippon Kayaku Ltd., Tokyo,
Japan, for providing the human recombinant Cu,Zn-SOD. We
also thank Professor Bruce E. Allen for critical reviewing of
the manuscript. This work was supported by grants (E1301)
from The Institute for Environmental and Gender-Specific
Medicine, Juntendo University Graduate School of Medicine.
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