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Methylene blue photosensitized oxidation of tyro-
sine in the presence of nitrite produces 3-nitrotyro-
sine, with maximum yield at pH 6. The formation of
3-nitrotyrosine requires oxygen and increases using
deuterium oxide as solvent, suggesting the involve-
ment of singlet oxygen in the reaction. The detection
of dityrosine as an additional reaction product sug-
gests that the first step in the interaction of tyrosine
with singlet oxygen generates tyrosyl radicals which
can dimerize to form dityrosine or react with a nitrite-
derived species to produce 3-nitrotyrosine. Although
the chemical identity of the nitrating species has not
been established, the possible generation of nitrogen
dioxide ("NO,) by indirect oxidation of nitrite by inter-
mediately produced tyrosyl radical, via electron trans-
fer, is proposed. One important implication of the re-
sults of this study is that the oxidation of tyrosine by
singlet oxygen in the presence of nitrite may represent
an alternative or additional pathway of 3-nitrotyro-
sine formation of potential importance in oxidative
injures such as during inflammatory processes. © 2001
Academic Press

Key Words: singlet oxygen; tyrosine nitration; 3-ni-
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Nitration of tyrosine represents in vivo a mechanism
of protein modification which can severely compromise
the cell function (1). The detection of 3-nitrotyrosine
(NO,Tyr) in pathological tissues was suggestive of the
occurrence of nitrating pathways and considered a pos-
sible diagnostic marker for reactive nitrogen species
(RNS) production in vivo (2). In particular, it has been
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ylenetriaminepentaacetic acid.
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demonstrated that peroxynitrite, a toxic species gener-
ated by reaction of nitric oxide (NO) with superoxide
anion (3), is an effective nitrating agent leading to the
production of 3-nitrotyrosine (4, 5). However, nitration
of tyrosine can occur also through mechanisms involv-
ing peroxidase-dependent oxidation of nitrite (NO;),
the major end-product of nitric oxide metabolism, form-
ing a reactive nitrogen species, presumably nitrogen
dioxide ("NO,) (6—8). Recent studies demonstrated
that in inflammatory processes, this mechanism of ty-
rosine nitration is catalyzed by myeloperoxidase, an
abundant enzyme secreted from activated phagocytes
(9). Another possible pathway for 3-nitrotyrosine for-
mation at sites of inflammation, involves secondary
oxidation of nitrite by myeloperoxidase-generated hy-
pochlorous acid (HCIO), forming an intermediate spe-
cies, possibly nitryl chloride (CI-NO,), capable of ni-
trating tyrosine (9, 10). Thus nitrite, rather than being
solely an end product of NO metabolism, may function
as an additional source of reactive nitrogen species
leading to 3-nitrotyrosine formation.

Singlet oxygen has been shown to be produced in
biological systems (11) and to play an important role in
phagocyte-mediated oxidative reactions at sites of in-
flammation where is generated by the myeloperoxi-
dase/H,0,/Cl~ system (12, 13).

In this note we present evidences indicating the pro-
duction of 3-nitrotyrosine by a pathway which involves
singlet oxygen, tyrosine, and nitrite.

MATERIALS AND METHODS

Methylene blue (MB), sodium nitrite, L-tyrosine, 3-nitrotyrosine,
deuterium oxide (D,0), diethylenetriaminepentaacetic acid (DTPA),
and horseradish peroxidase were obtained from Sigma. 3,3'-Di-
tyrosine was synthesized by reaction of L-tyrosine with horseradish
peroxidase and hydrogen peroxide as described (14). All other re-
agents were of the highest purity commercially available. The reac-
tion mixture contained 10 uM MB, tyrosine (25—400 wM) and nitrite
(0-1 mM) in 20 mM phosphate buffer adjusted to the desired pH
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with 10% NaOH or with 5% H;PO,. DTPA was included in the
reaction mixture to avoid interfering reactions with contaminating
metal ions. The reaction was initiated by illumination with a 200-W
tungsten halogen lamp at the distance of about 10 cm from the
solution and allowed to proceed at 25°C for various periods of time,
under stirring. Reaction mixtures were analyzed by HPLC, using a
Waters Chromatograph equipped with a model 600 pump, and a
model 600 gradient controller. The column was a Nova-pak C18 (3.9
mm X 150 mm), 4 um (Waters). The mobile phase was: A, 50 mM
K-phosphate/H;PO,, pH 3.0; B, acetonitrile:water (50:50, v/v). A
linear gradient from A to 33% B for 10 min was used at a flow rate
of 1 ml/min. Tyrosine and 3-nitrotyrosine were analyzed at 274 and
360 nm respectively, using a Waters 996 photodiode array. Dity-
rosine was analyzed by fluorescence detection, using a Perkin—Elmer
LS-1LC with a 260 nm excitation filter and 410 nm emission wave-
length. Peaks were identified using external standards and quanti-
fied using Millenium 32 software (Waters). The elution times of
tyrosine, dityrosine and 3-nitrotyrosine were 3.8, 5.9 and 8.2 min
respectively. The detection limit for 3-nitrotyrosine and dityrosine
was 10 pmoles and 1 pmole, respectively. Oxygen consumption was
measured with a Clark type electrode in a water jacketed cell (1.9 ml,
25°C) connected to a Gilson 5/6 oxygen analyzer.

RESULTS AND DISCUSSION
The Photosensitized Oxidation of Tyrosine

In this study, methylene blue (MB) was used as
sensitizer for the production of singlet oxygen (*O,). It
has been reported that the interaction of singlet oxygen
with tyrosine results in a chemical reaction which
leads, through a tyrosyl radical intermediate, to the
oxidative cleavage of the aromatic ring but the final
products are not well defined (15, 16). The reaction rate
is strongly dependent on pH, being faster in alkaline
solutions where the phenolate ion is present (17).
Moreover it has been demonstrated that photosensi-
tized oxidation of tyrosine involves both type I (electron
transfer or hydrogen atom abstraction mediated by the
photoexcited triplet state of the sensitizer) and type 11
(singlet oxygen-mediated) mechanisms. The relative
contributions of the two mechanisms appears to be
dependent on the pH, being type | mechanism predom-
inant at pH values higher than 8 (18).

Figure 1A shows that exposure to light at pH 5.75 of
the reaction mixture containing 200 uM tyrosine and
10 uM MB, resulted in the loss of tyrosine and in the
formation of dityrosine. This indicates that the first
step in the photooxidation of tyrosine generates tyrosyl
radicals followed by dimerization to form dityrosine.
Dityrosine levels reached a maximum (13.2 uM) after
30-60 min illumination, then decrease possibly be-
cause dityrosine is oxidized further to other undetect-
able products.

The Photosensitized Oxidation of Tyrosine
in the Presence of Nitrite

When the photooxidation of tyrosine was performed
in the presence of 1 mM nitrite, 3-nitrotyrosine
(NO,Tyr) was found as an additional product (Fig. 1B).
No detectable tyrosine oxidation or nitration was ob-
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FIG. 1. Time course of the MB photooxidation of tyrosine in the
absence (A) or presence (B) of nitrite. The reaction mixture contained
200 pM tyrosine, 10 uM MB and 1 mM nitrite (when present) in 20
mM phosphate buffer, including 100 uM DTPA, pH 5.75. The reac-
tion was started by illumination and allowed to occur at 25°C under
stirring. At the indicated time intervals, aliquots were withdrawn
and analyzed for tyrosine (m), dityrosine (A), or 3-nitrotyrosine (V) by
HPLC as described under Materials and Methods. Results are the
mean = SEM of three separate experiments.

served in dark controls or in illuminated controls lack-
ing MB. Nitrite could not be replaced by nitrate. In the
presence of nitrite the yield of dityrosine was decreased
(8.8 uM after 30 min illumination) and NO,Tyr was
found to accumulate during the exposure to light (up to
36.8 uM after 3 h illumination), suggesting that ty-
rosine nitration competes with dityrosine formation.
This competition would imply that both products are
formed by a related mechanism, via intermediate for-
mation of tyrosyl radicals. Control experiments using
authentic 3-nitrotyrosine showed that the compound is
slowly decomposed when exposed to light in the pres-
ence of MB at pH 5.75. The recovery of NO,Tyr was
close to 90% after 30 min illumination and decreased to
about 70% after 3 h illumination. Therefore, in further
experiments, the production of 3-nitrotyrosine was de-
termined after 30 min reaction time.

As shown in Fig. 2A, the formation of NO,Tyr by the
photochemical system at pH 5.75 was found to increase
with the concentration of nitrite added. The yield of
NO,Tyr as a function of tyrosine concentration is re-
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FIG. 2. Nitration of tyrosine by the MB photochemical system

and nitrite as a function of nitrite concentration and tyrosine con-
centration. The reaction mixtures containing tyrosine, nitrite, and 10
uM MB, in 20 mM phosphate buffer, including 100 uM DTPA, pH
5.75, were exposed to light for 30 min at 25°C and 3-nitrotyrosine
formation was measured by HPLC as described. (A) 100 uM tyrosine
in the presence of the indicated concentrations of nitrite. (B) 500 uM
nitrite in the presence of the indicated concentrations of tyrosine.
Results are the mean = SEM of three separate experiments.

ported in Fig. 2B: tyrosine nitration in the presence of
500 uM nitrite appeared to increase linearly up to 150
uM tyrosine; at higher tyrosine concentrations smaller
increases of NO,Tyr were observed. These findings most
likely reflect the competitive formation of dityrosine, be-
ing more significant with increasing levels of tyrosine.

As shown in Fig. 3, the yield of NO,Tyr is strongly
dependent on pH, with a maximum at approximately
pH 6. At lower pH, smaller yields of NO,Tyr were
observed; at higher pH, the amount of NO,Tyr fell
sharply with no detectable 3-nitrotyrosine above the
neutrality. Control experiments using authentic 3-nitro-
tyrosine, showed that on exposure to light and MB,
NO,Tyr is gradually decomposed to undetectable prod-
ucts in a reaction which increases with pH (Fig. 3,
insert). This probably reflects the fact that the ionized
phenolate form of NO,Tyr is photooxidized faster than
the protonated form (pK = 7.2). Therefore it is conceiv-
able that the pH-profile of NO,Tyr yields is the result
of two concurring processes: the production of NO,Tyr
and its decomposition, both increasing with pH.
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It is known that nitrite, under acidic conditions, gen-
erates nitrating species which, in the presence of ty-
rosine, lead to the formation of 3-nitrotyrosine (19).
Control experiments, in which tyrosine and nitrite in
the pH range 4—-6 were exposed to light in the absence
of MB indicates that the contribution to nitration due
to this reaction pathway appears significant only at pH
lower than 5 (Fig. 3, broken line).

Additionally, it has been shown that exposure at
mild acidic pH of tyrosine to nitrite plus hydrogen
peroxide results in 3-nitrotyrosine formation, most
likely through a reaction involving peroxynitrous acid
(ONOOH) which is a well-known nitrating agent (20).
This mechanism of tyrosine nitration may also be op-
erative under our experimental conditions since MB
photosensitized reactions can produce hydrogen perox-
ide with a stoichiometry of 1 mol of H,0, formed per
mol of substrate oxidized (21). To check this, tyrosine
(100 uM) was incubated for 30 min, at pH 5.75, with
nitrite (500 uM) in the presence of hydrogen peroxide
at concentrations much higher than those possibly con-
tributed by the photooxidation of tyrosine. No detect-
able 3-nitrotyrosine was found even with 500 uM H,0,
added (not shown), indicating that in the photochemi-
cal system under study, the possible formation of hy-
drogen peroxide does not participate, to an appreciable
extent, in the nitration reaction.

The Involvement of Singlet Oxygen

To investigate the role of singlet oxygen (*O,) in the
mechanism of the reaction under study, the yields of
nitrotyrosine in H,0 and D,0O as solvents were com-
pared. The substitution of D,O for H,O increases the
lifetime of (*O,) and generally stimulates singlet
oxygen-dependent reactions. As seen in Table I, line 2,
the production of NO,Tyr was greater by a factor of
about 1.5 in D,0. This effect, although not large, is
indicative of the involvement of singlet oxygen in the
reaction. Moreover to establish whether type | reac-
tion, i.e., the electron transfer with excited triplet MB,
was also involved in the nitration of tyrosine, the re-
action mixture containing tyrosine, nitrite, and MB (up
to 100 uM) was exposed to light under strict anaerobi-
osis. In these conditions, where only type | mechanism
is operative, no NO,Tyr was detected (Table I, line 3),
indicating that, under our experimental conditions,
this reaction does not participate in the process leading
to the nitration of tyrosine.

The Nitrating Species

Collectively the results reported above indicate that,
under our experimental conditions, the MB photosen-
sitized oxidation of tyrosine is mediated by singlet ox-
ygen with generation of intermediate tyrosyl radicals
(Tyr") which can dimerize to form dityrosine or react
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FIG. 3. Yields of 3-nitrotyrosine by the MB photochemical system and nitrite as a function of pH. The reaction mixtures containing 100
uM tyrosine, 500 uM nitrite and 10 uM MB in 20 mM phosphate buffer plus 100 uM DTPA, at the indicated pH, were exposed to light for
30 min at 25°C. The broken line indicates the formation of 3-nitrotyrosine in control experiments lacking MB. Insert: loss of 3-nitrotyrosine
by the MB photochemical system as a function of pH at 25°C and 30 min illumination. Initial NO,Tyr concentration 5 uM. Results are the

mean = SEM of three separate experiments.

with a nitrite-derived species (NO,) to produce 3-ni-
trotyrosine (Reactions 1-3).

10, + Tyr—>Tyr" + 05 [1]
Tyr™ + Tyr~ — Dityrosine [2]
Tyr® + NO, — NO,Tyr [3]

As first hypothesis, it appeared plausible that the pho-
tochemical system could also oxidize nitrite to form a
reactive species able to accomplish the nitration reac-
tion. To check this, the MB sensitized photooxidation of
nitrite was evaluated by oxygen consumption experi-
ments. However, the results indicated no reactivity,
i.e., no O, consumption, even during prolonged illumi-
nation, using nitrite (up to 100 mM) over the pH range
4.5-7 (not shown). This finding led to exclude that the
mechanism of generation of the nitrating species in-
volves a direct oxidation of nitrite by the photochemical
system. As the interaction of tyrosine with singlet ox-
ygen produces intermediate tyrosyl radicals, it is pos-
sible (but remains to be proved) that indirect oxidation,
via electron transfer, of nitrite by these radicals may
generate nitrogen dioxide ("NO,) (Reaction 4).

Tyr®+ NO, — Tyr + "NO, [4]

Nitrogen dioxide then combines with another tyrosyl
radical leading to formation of 3-nitrotyrosine (Reac-
tion 5), through a diffusion limited reaction (k = 3 X
10° M7's™) (23).

TABLE |

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

Condition® 3-Nitrotyrosine (uM)
MB photooxidation of tyrosine + nitrite 4.43 = 0.17
MB photooxidation of tyrosine + nitrite 6.35 = 0.15
in D,O (pD = 5.75)"
MB photooxidation of tyrosine + nitrite n.d.

under anaerobiosis®

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

® pD was taken as pH measured + 0.4 (22).

° The solution, in a cuvette sealed to a Thumberg tube, was
deareated and purged with Nitrogen; this operation was repeated
three times.

4 Not detected also with MB increased to 100 uM.
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Tyr® + "NO, — NO,Tyr [5]
In the proposed mechanism, two tyrosyl radicals are
needed for the nitration of one tyrosine.

CONCLUDING REMARKS

The results presented herein show that the singlet
oxygen-mediated oxidation of tyrosine in the presence
of nitrite produces 3-nitrotyrosine, with maximum
yield at pH 6. Interestingly, in many of the pathologies
where NO,Tyr is detected, tyrosine nitration appears
to be associated with the activation of phagocytes (2). A
key feature of these cells is the production of reactive
oxygen species (ROS) such as singlet oxygen, formed
by the interaction of H,0, with myeloperoxidase-
generated HCIO (12, 13), as well as an increased level
of nitrite as consequence of stimulated generation of
nitric oxide (24, 25). In addition, the pH in the phago-
some falls to levels (pH 5.8—6.1) (26) where the yield of
NO,Tyr by the tyrosine/nitrite/singlet oxygen system is
maximal. Hence, one important implication of the re-
sults reported herein is that oxidation of tyrosine by
singlet oxygen in the presence of nitrite may represent
an alternative pathway of 3-nitrotyrosine formation at
sites of inflammation, to be added to those previously
reported which involve myeloperoxidase, hydrogen
peroxide and nitrite (7-10).

This potential contributing mechanism requires fur-
ther studies to evaluate its physiological and/or patho-
logical importance.

REFERENCES

1. Eiserich, J. P., Estévez, A. G., Bamberg, T. V., Ye, Y. Z., Chum-
ley, P. H., Beckman, J. S., and Freeman, B. A. (1999) Microtu-
bule dysfunction by posttranslational nitrotyrosination of a-tu-
bulin: A nitric oxide-dependent mechanism of cellular injury.
Proc. Natl. Acad. Sci. USA 96, 6365-6370.

2. Halliwell, B., Zaho, K., and Whitheman, M. (1999) Nitric oxide
and peroxynitrite. The ugly, the uglier and the not so good. Free
Rad. Res. 31, 651-669.

3. Huie, R. E., and Padmaja, S. (1993) The reaction of NO with
superoxide. Free Rad. Res. Commun. 18, 195-199.

4. Koppenol, W. H., Moreno, J. J., Prior, W. A., Ischiropoulos, H.,
and Beckman, J. S. (1992) Peroxynitrite, a cloaked oxidant
formed by nitric oxide and superoxide. Chem. Res. Toxicol. 5,
834-842.

5. Ischiropoulos, H. (1998) Biological tyrosine nitration: A patho-
physiological function of nitric oxide and reactive oxygen species.
Arch. Biochem. Biophys. 356, 1-11.

6. van der Vliet, A, Eiserich, J. P., Halliwell, B., and Cross, C. E.
(1997) Formation of reactive nitrogen species during peroxidase-
catalyzed oxidation of nitrite. J. Biol. Chem. 272, 7617-7625.

7. Sampson, J. B., Ye, Y. Z., Rosen, H., and Beckman, J. S. (1998)
Myeloperoxidase and horseradish peroxidase catalyze tyrosine
nitration in proteins from nitrite and hydrogen peroxide. Arch.
Biochem. Biophys. 356, 207-213.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

309

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

. Burner, U., Furtmdller, P. G., Kettle, A. J., Koppenol, W. H., and

Obinger, C. (2000) Mechanism of reaction of myeloperoxidase
with nitrite. J. Biol. Chem. 275, 20597-20601.

. Eiserich, J. P., Hristova, M., Cross, C. E, Jones, A. D., Freeman,

B. A., Halliwell, B., and van der Vliet, A. (1998) Formation of
nitric oxide-derived inflammatory oxidants by myeloperoxidase
in neutrophils. Nature 391, 393-397.

Eiserich, J. P., Cross, C. E., Jones, A. D., Halliwell, B., and van
der Vliet, A. (1996) Formation of nitrating and chlorinating
species by reaction of nitrite with hypochlorous acid. J. Biol.
Chem. 271, 19199-19208.

Briviba, K., Klotz, L. O., and Sies, H. (1997) Toxic and signaling
effects of photochemically or chemically generated singlet oxy-
gen in biological system. Biol. Chem. 378, 1259-1265.
Steinbeck, M. J., Khan, A. U., Karnovsky, M. J. (1992) Intracel-
lular singlet oxygen generation by phagocytosing neutrophils in
response to particles coated with a chemical trap. J. Biol. Chem.
267, 13425-13433.

Rosen, H., and Klebanoff, S. J. (1977) Formation of singlet oxy-
gen by the myeloperoxidase-mediated antimicrobial system.
J. Biol. Chem. 252, 4803-4810.

Malencik, D. A., Sprouse, J. F., Swanson, C. A., and Anderson,
S. R. (1996) Dityrosine: Preparation, isolation, and analysis.
Anal. Biochem. 242, 202-213.

Matheson, I. B. C., and Lee, J. (1979) Chemical reaction rates of
amino acids with singlet oxygen. Photochem. Photobiol. 29, 879—
881.

Michaeli, A., and Feitelson, J. (1994) Reactivity of singlet oxygen
toward amino acids and peptides. Photochem. Photobiol. 59,
284-289.

Seely, G. R., and Hart, R. L. (1976) The photosensitized oxida-
tion of tyrosine derivatives in the presence of alginate-I: Reac-
tion under homogeneous conditions. Photochem. Photobiol. 23,
1-6.

Rizzuto, F., and Spikes, J. D. (1977) The eosin-sensitized pho-
tooxidation of substituted phenylalanines and tyrosines. Photo-
chem. Photobiol. 25, 465-476.

Oldreive, C., Zhao, K., Paganga, G., Halliwell, B., and Rice-
Evans, C. (1998) Inhibition of nitrous acid-dependent tyrosine
nitration and DNA base deamination by flavonoids and other
phenolic compounds. Chem. Res. Toxicol. 11, 211-214.

Oury, T. D., Tatro, L., Ghio, A. J., and Piantadosi, C. A. (1995)
Nitration of tyrosine by hydrogen peroxide and nitrite. Free Rad.
Res. 23, 537-547.

Weil, L. (1965) On the mechanism of the photo-oxidation of
amino acids sensitized by methylene blue. Arch. Biochem. Bio-
phys. 110, 57-68.

Salomaa, P., Schaleger, L. L., and Long, F. A. (1964) Solvent
deuterium isotope effects on acid-base equilibria. J. Am. Chem.
Soc. 86, 1-7.

Prutz, W. A., Mbnig, H., Butler, J., and Land, E. J. (1985)
Reactions of nitrogen dioxide in aqueous model systems: Oxida-
tion of tyrosine units in peptides and proteins. Arch. Biochem.
Biophys. 243, 125-134.

Hibbs, J. B., Taintor, R. R., Vavrin, Z., and Rachlin, E. M. (1988)
Nitric oxide: A cytotoxic-activated macrophage effector molecule.
Biochem. Biophys. Res. Commun. 157, 87-94.

Padgett, E. L., and Pruett, S. B. (1992) Evaluation of nitrite
production by human monocyte-derived macrophages. Biochem.
Biophys. Res. Commun. 186, 775-781.

Lukacs, G. L., Rotstein, O. D., and Grinstein, S. (1990) Phago-
somal acidification is mediated by a vacuolar-type H(+)-ATPase
in murine macrophages. J. Biol. Chem. 265, 21099-21107.



	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	FIG. 1
	FIG. 2
	FIG. 3
	TABLE I

	CONCLUDING REMARKS
	REFERENCES

