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demonstrated that peroxynitrite, a toxic species gener-
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Methylene blue photosensitized oxidation of tyro-
ine in the presence of nitrite produces 3-nitrotyro-
ine, with maximum yield at pH 6. The formation of
-nitrotyrosine requires oxygen and increases using
euterium oxide as solvent, suggesting the involve-
ent of singlet oxygen in the reaction. The detection

f dityrosine as an additional reaction product sug-
ests that the first step in the interaction of tyrosine
ith singlet oxygen generates tyrosyl radicals which

an dimerize to form dityrosine or react with a nitrite-
erived species to produce 3-nitrotyrosine. Although
he chemical identity of the nitrating species has not
een established, the possible generation of nitrogen
ioxide (•NO2) by indirect oxidation of nitrite by inter-
ediately produced tyrosyl radical, via electron trans-

er, is proposed. One important implication of the re-
ults of this study is that the oxidation of tyrosine by
inglet oxygen in the presence of nitrite may represent
n alternative or additional pathway of 3-nitrotyro-
ine formation of potential importance in oxidative
njures such as during inflammatory processes. © 2001

cademic Press

Key Words: singlet oxygen; tyrosine nitration; 3-ni-
rotyrosine; nitrite.

Nitration of tyrosine represents in vivo a mechanism
f protein modification which can severely compromise
he cell function (1). The detection of 3-nitrotyrosine
NO2Tyr) in pathological tissues was suggestive of the
ccurrence of nitrating pathways and considered a pos-
ible diagnostic marker for reactive nitrogen species
RNS) production in vivo (2). In particular, it has been

Abbreviations used: 1O2, singlet oxygen; NO2Tyr, 3-nitrotyrosine;
O, nitric oxide; •NO2, nitrogen dioxide; NO2

2, nitrite; DTPA, dieth-
lenetriaminepentaacetic acid.
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ted by reaction of nitric oxide (NO) with superoxide
nion (3), is an effective nitrating agent leading to the
roduction of 3-nitrotyrosine (4, 5). However, nitration
f tyrosine can occur also through mechanisms involv-
ng peroxidase-dependent oxidation of nitrite (NO2

2),
he major end-product of nitric oxide metabolism, form-
ng a reactive nitrogen species, presumably nitrogen
ioxide (•NO2) (6–8). Recent studies demonstrated
hat in inflammatory processes, this mechanism of ty-
osine nitration is catalyzed by myeloperoxidase, an
bundant enzyme secreted from activated phagocytes
9). Another possible pathway for 3-nitrotyrosine for-

ation at sites of inflammation, involves secondary
xidation of nitrite by myeloperoxidase-generated hy-
ochlorous acid (HClO), forming an intermediate spe-
ies, possibly nitryl chloride (Cl-NO2), capable of ni-
rating tyrosine (9, 10). Thus nitrite, rather than being
olely an end product of NO metabolism, may function
s an additional source of reactive nitrogen species
eading to 3-nitrotyrosine formation.

Singlet oxygen has been shown to be produced in
iological systems (11) and to play an important role in
hagocyte-mediated oxidative reactions at sites of in-
ammation where is generated by the myeloperoxi-
ase/H2O2/Cl2 system (12, 13).
In this note we present evidences indicating the pro-

uction of 3-nitrotyrosine by a pathway which involves
inglet oxygen, tyrosine, and nitrite.

ATERIALS AND METHODS

Methylene blue (MB), sodium nitrite, L-tyrosine, 3-nitrotyrosine,
euterium oxide (D2O), diethylenetriaminepentaacetic acid (DTPA),
nd horseradish peroxidase were obtained from Sigma. 3,39-Di-
yrosine was synthesized by reaction of L-tyrosine with horseradish
eroxidase and hydrogen peroxide as described (14). All other re-
gents were of the highest purity commercially available. The reac-
ion mixture contained 10 mM MB, tyrosine (25–400 mM) and nitrite
0–1 mM) in 20 mM phosphate buffer adjusted to the desired pH
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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eaction mixture to avoid interfering reactions with contaminating
etal ions. The reaction was initiated by illumination with a 200-W

ungsten halogen lamp at the distance of about 10 cm from the
olution and allowed to proceed at 25°C for various periods of time,
nder stirring. Reaction mixtures were analyzed by HPLC, using a
aters Chromatograph equipped with a model 600 pump, and a
odel 600 gradient controller. The column was a Nova-pak C18 (3.9
m 3 150 mm), 4 mm (Waters). The mobile phase was: A, 50 mM
-phosphate/H3PO4, pH 3.0; B, acetonitrile:water (50:50, v/v). A

inear gradient from A to 33% B for 10 min was used at a flow rate
f 1 ml/min. Tyrosine and 3-nitrotyrosine were analyzed at 274 and
60 nm respectively, using a Waters 996 photodiode array. Dity-
osine was analyzed by fluorescence detection, using a Perkin–Elmer
S-1LC with a 260 nm excitation filter and 410 nm emission wave-

ength. Peaks were identified using external standards and quanti-
ed using Millenium 32 software (Waters). The elution times of
yrosine, dityrosine and 3-nitrotyrosine were 3.8, 5.9 and 8.2 min
espectively. The detection limit for 3-nitrotyrosine and dityrosine
as 10 pmoles and 1 pmole, respectively. Oxygen consumption was
easured with a Clark type electrode in a water jacketed cell (1.9 ml,

5°C) connected to a Gilson 5/6 oxygen analyzer.

ESULTS AND DISCUSSION

he Photosensitized Oxidation of Tyrosine

In this study, methylene blue (MB) was used as
ensitizer for the production of singlet oxygen (1O2). It
as been reported that the interaction of singlet oxygen
ith tyrosine results in a chemical reaction which

eads, through a tyrosyl radical intermediate, to the
xidative cleavage of the aromatic ring but the final
roducts are not well defined (15, 16). The reaction rate
s strongly dependent on pH, being faster in alkaline
olutions where the phenolate ion is present (17).
oreover it has been demonstrated that photosensi-

ized oxidation of tyrosine involves both type I (electron
ransfer or hydrogen atom abstraction mediated by the
hotoexcited triplet state of the sensitizer) and type II
singlet oxygen-mediated) mechanisms. The relative
ontributions of the two mechanisms appears to be
ependent on the pH, being type I mechanism predom-
nant at pH values higher than 8 (18).

Figure 1A shows that exposure to light at pH 5.75 of
he reaction mixture containing 200 mM tyrosine and
0 mM MB, resulted in the loss of tyrosine and in the
ormation of dityrosine. This indicates that the first
tep in the photooxidation of tyrosine generates tyrosyl
adicals followed by dimerization to form dityrosine.
ityrosine levels reached a maximum (13.2 mM) after
0–60 min illumination, then decrease possibly be-
ause dityrosine is oxidized further to other undetect-
ble products.

he Photosensitized Oxidation of Tyrosine
in the Presence of Nitrite

When the photooxidation of tyrosine was performed
n the presence of 1 mM nitrite, 3-nitrotyrosine
NO2Tyr) was found as an additional product (Fig. 1B).
o detectable tyrosine oxidation or nitration was ob-
306
erved in dark controls or in illuminated controls lack-
ng MB. Nitrite could not be replaced by nitrate. In the
resence of nitrite the yield of dityrosine was decreased
8.8 mM after 30 min illumination) and NO2Tyr was
ound to accumulate during the exposure to light (up to
6.8 mM after 3 h illumination), suggesting that ty-
osine nitration competes with dityrosine formation.
his competition would imply that both products are

ormed by a related mechanism, via intermediate for-
ation of tyrosyl radicals. Control experiments using

uthentic 3-nitrotyrosine showed that the compound is
lowly decomposed when exposed to light in the pres-
nce of MB at pH 5.75. The recovery of NO2Tyr was
lose to 90% after 30 min illumination and decreased to
bout 70% after 3 h illumination. Therefore, in further
xperiments, the production of 3-nitrotyrosine was de-
ermined after 30 min reaction time.

As shown in Fig. 2A, the formation of NO2Tyr by the
hotochemical system at pH 5.75 was found to increase
ith the concentration of nitrite added. The yield of
O2Tyr as a function of tyrosine concentration is re-

FIG. 1. Time course of the MB photooxidation of tyrosine in the
bsence (A) or presence (B) of nitrite. The reaction mixture contained
00 mM tyrosine, 10 mM MB and 1 mM nitrite (when present) in 20
M phosphate buffer, including 100 mM DTPA, pH 5.75. The reac-

ion was started by illumination and allowed to occur at 25°C under
tirring. At the indicated time intervals, aliquots were withdrawn
nd analyzed for tyrosine (■), dityrosine (Œ), or 3-nitrotyrosine (�) by
PLC as described under Materials and Methods. Results are the
ean 6 SEM of three separate experiments.
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orted in Fig. 2B: tyrosine nitration in the presence of
00 mM nitrite appeared to increase linearly up to 150
M tyrosine; at higher tyrosine concentrations smaller

ncreases of NO2Tyr were observed. These findings most
ikely reflect the competitive formation of dityrosine, be-
ng more significant with increasing levels of tyrosine.

As shown in Fig. 3, the yield of NO2Tyr is strongly
ependent on pH, with a maximum at approximately
H 6. At lower pH, smaller yields of NO2Tyr were
bserved; at higher pH, the amount of NO2Tyr fell
harply with no detectable 3-nitrotyrosine above the
eutrality. Control experiments using authentic 3-nitro-
yrosine, showed that on exposure to light and MB,
O2Tyr is gradually decomposed to undetectable prod-
cts in a reaction which increases with pH (Fig. 3,

nsert). This probably reflects the fact that the ionized
henolate form of NO2Tyr is photooxidized faster than
he protonated form (pK 5 7.2). Therefore it is conceiv-
ble that the pH-profile of NO2Tyr yields is the result
f two concurring processes: the production of NO2Tyr
nd its decomposition, both increasing with pH.

FIG. 2. Nitration of tyrosine by the MB photochemical system
nd nitrite as a function of nitrite concentration and tyrosine con-
entration. The reaction mixtures containing tyrosine, nitrite, and 10
M MB, in 20 mM phosphate buffer, including 100 mM DTPA, pH
.75, were exposed to light for 30 min at 25°C and 3-nitrotyrosine
ormation was measured by HPLC as described. (A) 100 mM tyrosine
n the presence of the indicated concentrations of nitrite. (B) 500 mM
itrite in the presence of the indicated concentrations of tyrosine.
esults are the mean 6 SEM of three separate experiments.
307
rates nitrating species which, in the presence of ty-
osine, lead to the formation of 3-nitrotyrosine (19).
ontrol experiments, in which tyrosine and nitrite in

he pH range 4–6 were exposed to light in the absence
f MB indicates that the contribution to nitration due
o this reaction pathway appears significant only at pH
ower than 5 (Fig. 3, broken line).

Additionally, it has been shown that exposure at
ild acidic pH of tyrosine to nitrite plus hydrogen

eroxide results in 3-nitrotyrosine formation, most
ikely through a reaction involving peroxynitrous acid
ONOOH) which is a well-known nitrating agent (20).
his mechanism of tyrosine nitration may also be op-
rative under our experimental conditions since MB
hotosensitized reactions can produce hydrogen perox-
de with a stoichiometry of 1 mol of H2O2 formed per

ol of substrate oxidized (21). To check this, tyrosine
100 mM) was incubated for 30 min, at pH 5.75, with
itrite (500 mM) in the presence of hydrogen peroxide
t concentrations much higher than those possibly con-
ributed by the photooxidation of tyrosine. No detect-
ble 3-nitrotyrosine was found even with 500 mM H2O2

dded (not shown), indicating that in the photochemi-
al system under study, the possible formation of hy-
rogen peroxide does not participate, to an appreciable
xtent, in the nitration reaction.

he Involvement of Singlet Oxygen

To investigate the role of singlet oxygen (1O2) in the
echanism of the reaction under study, the yields of

itrotyrosine in H2O and D2O as solvents were com-
ared. The substitution of D2O for H2O increases the
ifetime of (1O2) and generally stimulates singlet
xygen-dependent reactions. As seen in Table I, line 2,
he production of NO2Tyr was greater by a factor of
bout 1.5 in D2O. This effect, although not large, is
ndicative of the involvement of singlet oxygen in the
eaction. Moreover to establish whether type I reac-
ion, i.e., the electron transfer with excited triplet MB,
as also involved in the nitration of tyrosine, the re-
ction mixture containing tyrosine, nitrite, and MB (up
o 100 mM) was exposed to light under strict anaerobi-
sis. In these conditions, where only type I mechanism
s operative, no NO2Tyr was detected (Table I, line 3),
ndicating that, under our experimental conditions,
his reaction does not participate in the process leading
o the nitration of tyrosine.

he Nitrating Species

Collectively the results reported above indicate that,
nder our experimental conditions, the MB photosen-
itized oxidation of tyrosine is mediated by singlet ox-
gen with generation of intermediate tyrosyl radicals
Tyr•) which can dimerize to form dityrosine or react
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ith a nitrite-derived species (NOx) to produce 3-ni-
rotyrosine (Reactions 1–3).

1O2 1 Tyr3 Tyr• 1 O2
•2 [1]

Tyr• 1 Tyr•3 Dityrosine [2]

Tyr• 1 NOx3 NO2Tyr [3]

s first hypothesis, it appeared plausible that the pho-
ochemical system could also oxidize nitrite to form a
eactive species able to accomplish the nitration reac-
ion. To check this, the MB sensitized photooxidation of
itrite was evaluated by oxygen consumption experi-
ents. However, the results indicated no reactivity,

.e., no O2 consumption, even during prolonged illumi-
ation, using nitrite (up to 100 mM) over the pH range
.5–7 (not shown). This finding led to exclude that the
echanism of generation of the nitrating species in-

olves a direct oxidation of nitrite by the photochemical
ystem. As the interaction of tyrosine with singlet ox-
gen produces intermediate tyrosyl radicals, it is pos-
ible (but remains to be proved) that indirect oxidation,
ia electron transfer, of nitrite by these radicals may
enerate nitrogen dioxide (•NO2) (Reaction 4).

FIG. 3. Yields of 3-nitrotyrosine by the MB photochemical system
M tyrosine, 500 mM nitrite and 10 mM MB in 20 mM phosphate bu
0 min at 25°C. The broken line indicates the formation of 3-nitrotyr
y the MB photochemical system as a function of pH at 25°C and 30
ean 6 SEM of three separate experiments.
308
Tyr• 1 NO2
23 Tyr 1 •NO2 [4]

itrogen dioxide then combines with another tyrosyl
adical leading to formation of 3-nitrotyrosine (Reac-
ion 5), through a diffusion limited reaction (k 5 3 3
09 M21s21) (23).

TABLE I

3-Nitrotyrosine Formation by MB Photooxidation
of Tyrosine and Nitrite in Different Conditions

Conditiona 3-Nitrotyrosine (mM)

B photooxidation of tyrosine 1 nitrite 4.43 6 0.17
B photooxidation of tyrosine 1 nitrite
in D2O (pD 5 5.75)b

6.35 6 0.15

B photooxidation of tyrosine 1 nitrite
under anaerobiosisc

n.d.d

a The reaction mixtures containing 100 mM tyrosine, 500 mM ni-
rite, and 10 mM MB in 20 mM phosphate buffer plus 100 mM DTPA,
H 5.75, were illuminated for 30 min at 25°C.

b pD was taken as pH measured 1 0.4 (22).
c The solution, in a cuvette sealed to a Thumberg tube, was

eareated and purged with Nitrogen; this operation was repeated
hree times.

d Not detected also with MB increased to 100 mM.

d nitrite as a function of pH. The reaction mixtures containing 100
plus 100 mM DTPA, at the indicated pH, were exposed to light for

ne in control experiments lacking MB. Insert: loss of 3-nitrotyrosine
n illumination. Initial NO2Tyr concentration 5 mM. Results are the
an
ffer
osi
mi
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Tyr 1 NO23 NO2Tyr [5]

n the proposed mechanism, two tyrosyl radicals are
eeded for the nitration of one tyrosine.

ONCLUDING REMARKS

The results presented herein show that the singlet
xygen-mediated oxidation of tyrosine in the presence
f nitrite produces 3-nitrotyrosine, with maximum
ield at pH 6. Interestingly, in many of the pathologies
here NO2Tyr is detected, tyrosine nitration appears

o be associated with the activation of phagocytes (2). A
ey feature of these cells is the production of reactive
xygen species (ROS) such as singlet oxygen, formed
y the interaction of H2O2 with myeloperoxidase-
enerated HClO (12, 13), as well as an increased level
f nitrite as consequence of stimulated generation of
itric oxide (24, 25). In addition, the pH in the phago-
ome falls to levels (pH 5.8–6.1) (26) where the yield of
O2Tyr by the tyrosine/nitrite/singlet oxygen system is
aximal. Hence, one important implication of the re-

ults reported herein is that oxidation of tyrosine by
inglet oxygen in the presence of nitrite may represent
n alternative pathway of 3-nitrotyrosine formation at
ites of inflammation, to be added to those previously
eported which involve myeloperoxidase, hydrogen
eroxide and nitrite (7–10).
This potential contributing mechanism requires fur-

her studies to evaluate its physiological and/or patho-
ogical importance.
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