BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 234, 82—84 (1997)

ARTICLE NO. RC976587

Oxidative Modification of Tryptophan Residues

Exposed to Peroxynitrite

Yoji Kato,** Shunro Kawakishi,* Tomoko Aoki,* Koichi Itakura,t and Toshihiko Osawa*

*Department of Applied Biological Sciences, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, 464-01, Japan; and
tFaculty of Education, Aichi University of Education, 1, Hirosawa, lgaya-cho, Kariya City, Aichi, 448, Japan

Received March 28, 1997

The aim of this study was to clarify the mechanism
of loss of Trp residues in proteins exposed to peroxy-
nitrite. The Trp residues in bovine serum albumin
and collagen IV were decreased by peroxynitrite
treatment. To identify the degradation products of
the Trp residue by peroxynitrite, tert-butoxycarbo-
nyl-L-tryptophan (Boc-Trp) was used as a model of
the Trp residue in proteins, and the products formed
from peroxynitrite-treated Boc-Trp were then iso-
lated. Boc-Trp decreased with an increase in peroxy-
nitrite concentration. N-Formylkynurenine, oxin-
dole, and hydropyrroloindole were identified as ma-
jor products. The formation of these products may
account for the losses of Trp residues in proteins by

peroxynitrite. o© 1997 Academic Press

Nitric oxide (NO) performs many functions when pro-
duced in vivo, e.g., by neurons and endothelial cells (1).
Peroxynitrite (ONOQO™), formed by a diffusion-limited
reaction of nitric oxide (NO) and superoxide (Oy), is
capable of the nitration of the tyrosine residue in pro-
teins (2). The 3-nitrotyrosine residue has been detected
in atherosclerotic lesion (3, 4), endotoxin shock (5, 6),
ischemic injury (7, 8), and lung sections of patients
with acute lung injury (9), using specific monoclonal
and polyclonal antibodies that recognize nitrotyrosine
in proteins (3) or HPLC-ECD (10).

Thus, protein modification by peroxynitrite may con-
tribute to some diseases. Ischiropoulos and Al-Mehdi
have investigated the reaction between bovine serum
albumin and peroxynitrite in vitro (11). The reaction
causes protein fragmentation, carbonyl formation, oxi-
dation of Trp and Cys, nitration of Tyr, and the forma-
tion of dityrosine (11). However, the mechanism of the
degradation of Trp residue remains obscure. The study
of protein modification by peroxynitrite concentrates
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on Tyr modification, whereas Trp residues are also de-
composed by peroxynitrite. In this study, we have ex-
amined the modification of Trp residues in collagen IV
and BSA by peroxynitrite in vitro. The loss of Trp resi-
due in proteins was observed by treatment with peroxy-
nitrite. The modification of the Trp residue by peroxyni-
trite was examined using a model compound of Trp
residue in detail. We report on the identification of per-
oxynitrite-modified Trp.

MATERIALS AND METHODS

Materials. Collagen IV (from human placenta) and bovine serum
albumin (BSA) were purchased from Sigma. Hydrogen peroxide was
obtained from Mitsubishi Gas Co. NaNO, was purchased from Wako
Pure Chemical Industries.

Synthesis of peroxynitrite. Peroxynitrite was made by the proce-
dure described by Hughes and Nicklin (12). Briefly, an ice cold solu-
tion of 0.6 M HCI, 0.7 M H,0; (10 ml) was simultaneously added to
a well-stirred, cooled (4°C) solution of 0.6 M NaNO, (10 ml), immedi-
ately followed by the addition of 1.5 M NaOH (20 ml). The synthetic
solution in a 50-ml capped centrifuge tube was frozen at —20°C. Due
to freeze fractionation, peroxynitrite formed a yellow top layer, which
was retained for further studies. The top layer typically contained
150-200 mM peroxynitrite as determined by UV-absorbance spec-
troscopy at 302 nm in 1.2 M NaOH (e302nm = 1670 M~ cm™) (13).

Reaction conditions. Protein (0.5 mg/ml) or Boc-Trp (0.1 mM or
1.0 mM) were dissolved in 0.1 M phosphate buffer (pH 7.4) and
reacted with peroxynitrite at room temperature for 15 min. To ex-
clude the effects of contaminated sodium chloride, sodium hydroxide,
nitrite, nitrate, and hydrogen peroxide on protein modification, as a
control, decomposed peroxynitrite was also used. The treatment of
decomposed peroxynitrite was as follows: Peroxynitrite was added
to 0.1 M phosphate buffer (pH 7.4) and kept at room temperature
for 15 min prior to the addition of protein or Boc-Trp.

Determination of Trp loss. Reaction mixtures of the native and
peroxynitrite-treated protein were directly used for fluorescence
measurement (excitation wavelength, 295 nm; emission wavelength,
340 nm) using a Hitachi F-2000 fluorescence spectrometer.

Isolation and characterization of peroxynitrite-modified Boc-Trp.
Boc-Trp was dissolved in 0.1 M phosphate buffer (pH 7.4) at a concen-
tration of 1 mM (for isolation) or 0.1 mM (for analysis) and exposed
to peroxynitrite (0—1 mM). Reversed-phase HPLC was used for the
analysis of the Trp modification and the isolation of the modified
Boc-Trp. Chromatography was performed on a JASCO Galiver using
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FIG. 1. Changes in fluorescence of Trp residue in BSA and colla-
gen IV exposed to peroxynitrite. Reaction mixtures of the native
and peroxynitrite-treated proteins were directly used for fluorescence
measurement (ex. 295 nm; em. 340 nm) using Hitachi F-2000 fluo-
rescence spectrometer.

an ODS-HG-5 column (Nomura Chemical Co., 4.6 X 250 mm) for
analytical separation and an ODS-HG-5 (8 X 250 mm) for prepara-
tive isolations; flow rates were 0.8 and 1.5 ml/min, respectively. A
gradient system was used for analysis. Solvent A contained 0.045 M
acetate buffer (pH 4.0)/CH3CN (4/1), and solvent B was CH3;CN. The
solvent gradient was 0 min = 100% A, 30 min = 100% A, 60 min =
20% A. For isolations, isocratic elution was performed using a solu-
tion of 1% acetic acid/methanol (9/11). The elution was monitored by
UV absorbance at 254 nm. For isolation, a 500-ml volume of reaction
mixture (containing 1 mM Boc-Trp treated with 1 mM peroxynitrite)
was prepared and applied to an XAD-2 column (15 X 100 mm) pre-
viously equilibrated with 1% acetic acid. The XAD-2 column was
prepared as follows: XAD-2 was loaded with methanol into a glass
column and then washed with 1% acetic acid. After the application
of the reaction mixture, each 100 ml of 1% acetic acid, 1% acetic
acid/methanol (8/2), 1% acetic acid/methanol (6/4), 1% acetic acid/
methanol (4/6), 1% acetic acid/methanol (2/8), and methanol was
applied to the column. Each fraction was analyzed by HPLC as pre-
viously described (for analysis condition). Fractions of 1% acetic acid/
methanol (4/6) and 1% acetic acid/methanol (2/8) mainly contained
the modified products. These fractions were combined and concen-
trated and then applied to reversed-phase preparative HPLC. The
purification was repeated, and the purified products were used for
H-NMR and FAB-MS. Three major peaks were detected by HPLC.
Two of the three peaks (products) were isomers. Because the other
peak was a mixture of two compounds, the isolated products were
methylated with diazomethane. The methylation was performed as
follows: Diazomethane solution was added to the isolated products
in methanol until the yellow color derived from diazomethane disap-
peared. The methylated derivatives were separated by thin layer
chromatography (TLC), which was performed with Silica Gel 60 Fs,
(Merck) using a chloroform/methanol mixture, and used for further
analysis. Diazomethane was prepared as follows: KOH (1.2 g) was
dissolved in 2 ml of water and added to 4 ml of ethanol. To the
solution, N-methyl-N-nitroso-p-toluene sulfonamide (4.3 g/25 ml
ether) was added under ice cool condition and then distilled. The
distilled solution was used for the methylation of the isolated prod-
ucts.

RESULTS

First, collagen IV and BSA were exposed to peroxyni-
trite and the loss of Trp residue was investigated. The
intensity of fluorescence derived from the Trp residue
in both type IV collagen and BSA was decreased with
increasing peroxynitrite concentration (Fig. 1). The ad-
dition of decomposed peroxynitrite to proteins had no
effect on Trp fluorescence in proteins. This suggests
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FIG. 2. Loss of Boc-Trp exposed to peroxynitrite. Boc-Trp (0.1
mM) was reacted with peroxynitrite and immediately subjected to
HPLC as described in Materials and Methods. The elution was moni-
tored by absorbance at 254 nm. The residual substance was deter-
mined from the peak height.

that contaminated hydrogen peroxide, nitrate, or ni-
trite in a synthetic solution of peroxynitrite did not
contribute to the modification of Trp residues.

To clarify the mechanism of Trp modification, Boc-
Trp was used as a model of the Trp residue in protein,
and the modification was investigated. The reason why
we did not use the acid amide derivative of Boc-Trp is
that the acid amide is reactive (14, 15). First, the loss
of Boc-Trp by peroxynitrite was determined by HPLC.
As shown in Fig. 2, the loss of Boc-Trp by peroxynitrite
was observed, accompanied by the formation of prod-
ucts from Boc-Trp (Fig. 3). The products, named A, B,
and C, were isolated by HPLC as described in Materi-
als & Methods, and the purified products were identi-
fied by *H-NMR, FAB-MS, and UV scan (14—16). The
structures of the identified products are summarized
in Fig. 4. When product A (C) was isolated, the isolated
product showed two divided peaks (both A and C) on
further HPLC purification. In addition, the two peaks
have the same UV properties. Products A and C were
considered to be isomers. This compound was identified
as an oxindole derivative by *H-NMR, FAB-MS, and
its UV properties by comparison with authentic oxin-
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FIG. 3. HPLC profile of peroxynitrite-modified Boc-Trp. Concen-
trated reaction mixture was applied to HPLC on a Develosil ODS-
HG-5 (8 X 250 mm) at a flow rate of 1.5 ml/min with a solution of
1% acetic acid/methanol (45/55). Peaks A, B, and C were collected
and characterized.
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FIG. 4. Summary of products isolated from peroxynitrite-modi-
fied Boc-Trp.

dole (14—-16). Product B was comprised of two products.
Because the peaks were closely eluted, the products
could not be separated from each other by HPLC. The
mixture of the two peaks was then methylated, and
the derivatives were separated by TLC as described in
Materials & Methods. The two isolated products were
identified as hydropyrroloindole and N-formylkynuren-
ine, respectively, by *H-NMR, FAB-MS, and UV spec-
tra. The loss of Boc-Trp (1 mM) by peroxynitrite (1 mM)
is 29.4%. The yields of oxindole, hydropyrroloindole,
and N-formylkynurenine from loss of Boc-Trp are 5.9%,
12.1%, and 2.8%, respectively.

DISCUSSION

It has been reported that the Trp as well as Tyr resi-
dues are modified by peroxynitrite (11). We found that
Trp residues in both collagen 1V and BSA were de-
creased by incubation with peroxynitrite. The modifica-
tion mechanism has not been reported in detail. To clar-
ify the mechanism of Trp degradation, the Boc-Trp used
for a model of the Trp residue in protein was treated
with peroxynitrite, and the modified products were iso-
lated and identified. Hydropyrroloindole, oxindole, and
N-formylkynurenine were then identified as the major
products formed (Fig. 4). Alvarez et al. (17) has been
reported the formation of nitrated Trp, hydroxytrypto-
phan, and N-formylkynurenine (or dihydrotryptophan).
However, the identification was only performed by spec-
tral characteristics and LC-MS. We identified N-formyl-
kynurenine, oxindole, and hydropyrroloindole from per-
oxynitrite-modified Trp on the basis of spectral charac-
teristics, MS, and NMR spectrum. As far as we know,
oxindole and hydropyrroloindole derived from peroxyni-
trite-treated Trp were identified for the first time. These
products including N-formylkynurenine are probably
formed in peroxynitrite-treated proteins. The presence
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of these peroxynitrite-modified products in proteins has
to be proven. It is thought that the treatment of Trp
with peroxynitrite may cause the nitration of Trp (11,
17). However, we could not isolate the nitrated molecule,
at least, from the three major products obtained. In this
experiment, we isolated the products using reversed-
phase HPLC from only the fractions before the elution
of Boc-Trp. The nitrated Trp possibly elutes after the
Boc-Trp.

ACKNOWLEDGMENTS

We thank Yasunori Sugiyama, Seiji Norinobu, and Yuko Makino
for MS and NMR measurements. We thank Dr. Rong Zhu Cheng for
the synthesis of diazomethane.

REFERENCES

1. Moncada, S., Palmer, R. M. J., and Higgs, E. A. (1991) Pharma-

col. Rev. 43, 109-142.

. Ischiropoulos, H., Zhu, L., Chen, J., Tsai, M., Martin, J.C,,
Smith, C. D., and Beckman, J. S. (1992) Arch. Biochem. Biophys.
298, 431-437.

. Beckman, J.S., Ye, Y. Z.,, Anderson, P. G., Chen, J., Accavitti,
M. A., Tarpey, M. M., and White, C. R. (1994) Biol. Chem. Hoppe-
Seyler 375, 81-88.

. Buttery, L. D. K., Springall, D. R., Chester, A. H., Evans, T. J.,
Standfield, N., Parums, D. V., Yacoub, M. H., and Polak, J. M.
(1996) Lab. Invest. 75, 77—-85.

. Wizemann, T. M., Gardner, C.R., Laskin, J.D., Quinones, S.,
Durham, S. K., Goller, N. L., Ohnishi, S. T., and Laskin, D. L.
(21994) J. Leukoc. Biol. 56, 759—-768.

. Szab, C., Salzman, A. L., and Ischiropoulos, H. (1995) FEBS Lett.
363, 235-238.

. Ischiropoulos, H., Al-Mehidi, A. B., and Fisher, A. B. (1995) Am.
J. Physiol. 269 (Lung Cell. Mol. Physiol. 13), L158—-L164.

. Wang, P., and Zweier, J. L. (1996) J. Biol. Chem. 271, 29223—
29230.

. Haddad, 1.Y., Pataki, G., Hu, P., Galliani, C., Beckman, J. S.,

and Matalon, S. (1994) J. Clin. Invest. 94, 2407-2413.

Beal, M. F., Matson, W. R., Swartz, K. J., Gamache, P. H., and

Bird, E. D. (1990) J. Neurochem. 55, 1327-1339.

Ischiropoulos, H., and Al-Mehdi, A. B. (1995) FEBS Lett. 364,

279-282.

Hughes, M. N., and Nicklin, H. G. (1970) J. Chem. Soc. (A) 925—

928.

Hughes, M. N., and Nicklin, H. G. (1968) J. Chem. Soc. (A) 450—

452,

Itakura, K., Uchida, K., and Kawakishi, S. (1994) Biosci. Biotech.

Biochem. 58, 488—493.

Itakura, K., Uchida, K., and Kawakishi, S. (1992) Tetrahedron

Lett. 18, 2567—-2570.

Itakura, K., Uchida, K., and Kawakishi, S. (1994) Chem. Res.

Toxicol. 7, 185-196.

. Alvarez, B., Rubbo, H., Kirk, M., Barnes, S., Freeman, B. A., and
Radi, R. (1996) Chem. Res. Toxicol. 9, 390—396.

10.

11.

12.

13.

14.

15.

16.



