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Dityrosine is one of the specific biomarkers for
protein oxidation. We prepared an antibody spe-
cific for protein dityrosine using a dimer of 3-p-
(hydroxyphenyl)propionic acid (di-HP) as a hapten.
Three clones (A8, G6, and 1C3) were obtained, and the
antibody from the A8 clone reacted with the di-HP-
conjugated protein but not with a dityrosine conju-
gate. The others (G6 and 1C3 clones) recognized both
the di-HP and dityrosine conjugates. The antibodies
reacted with peptidyl dityrosine, derived from Thr-
Tyr-Ser, rather than the free dityrosine. The reactivity
of the latter two antibodies with lens proteins oxidized
by incubation with H,0,/Cu was in good accordance
with the formation of the dityrosine-like fluorescence.
Using the obtained monoclonal antibody, the immu-
nopositive staining of atherosclerotic lesions in Apo
E-deficient mice was confirmed by an immunohisto-
chemical technique. © 2000 Academic Press
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Dityrosine is a fluorescent dimer of tyrosine and is
formed by reactive oxygen species (1), ultraviolet irra-
diation (2), and peroxidases (3, 4). The isolation and
identification in connective tissue proteins such as col-
lagen in tendons or the skin, and elastin in the aorta of
chick embryos have been reported (5-8). The presence
of dityrosine bridges in thyroglobulin, the prothyroid
hormone, has also been confirmed (9-11). The detec-
tion of dityrosine in atherosclerotic lesions was also
reported (12, 13).

Antibodies to oxidative stress markers have been
widely used, and the immunological methods have

' To whom correspondence should be addressed. Fax: (81) (52)
789-5296. E-mail: osawat@nuagrl.agr.nagoya-u.ac.jp.

many advantages in the study of the localization of
the markers, whereas these methods are semi-
guantitative. We focused on dityrosine as one of the
biomarkers for oxidative protein damage, and the spe-
cific polyclonal antibody has already been prepared
(14). However, the polyclonal antibody was not suitable
for the estimation of dityrosine buried in protein due to
its preferential specificity for free dityrosine more than
for peptidyl dityrosine. We have improved the prepa-
ration protocol to obtain a monoclonal antibody recog-
nizing protein dityrosine using a novel immunogen. In
this report, the specificity of three new obtained mono-
clonal antibodies is shown. Using the antibody, the
formation of protein dityrosine in atherosclerotic le-
sions of Apo E-deficient mice has been estimated.

MATERIALS AND METHODS

Materials. Dimethylformamide, N-hydroxysucciniimide, hydro-
gen peroxide (H,0,, 30%), and 3-(p-hydroxyphenyl)propionic acid
(HP) were obtained from the Wako Pure Chemical Co. Horseradish
peroxidase (HRP), Arthromyces peroxidase, catalase, and lens pro-
teins (from bovine eye lens: water soluble) were purchased from the
Sigma Chemical Co. Keyhole limpet hemocyanin (KLH) and 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) were purchased from
the Pierce Chemical Co.

Preparation of immunogen. The dimer of 3-(p-hydroxyphenyl)
propionic acid (HP) was prepared by incubation of HP with HRP in
the presence of H,0,. Briefly, HP (0.17 g), HRP (3 mg), and 30% H,0,
(220 wl) in 200 ml of 0.01 M borate buffer (pH 9.0) were incubated at
37°C for 2 h. The reaction was terminated by the addition of 5 ul
(20,000 units) catalase and then further incubated for 15 min. The
product was concentrated, and then applied to an HW-40 gel filtra-
tion open column, which had been equilibrated with water. The
fractions having fluorescence (ex. 300 nm/em. 400 nm) were collected
and concentrated. Aliquots of the fractions were simultaneously an-
alyzed by reversed-phase high performance liquid chromatography
(HPLC), and it was confirmed that a single peak (detected at UV 280
nm), which has the fluorescence nature of the dihydroxyphenyl moi-
ety, was included in the fractions. The liquid chromatography-mass
spectrometry (LC-MS) analysis of the fraction revealed that the
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product showed 329 (M-H) as the parent ion. Based on these
results, the product was identified as a dimer of 3-(p-hydroxy-
phenyl)propionic acid, named di-HP.

The obtained dimer (di-HP) was conjugated with KLH and BSA
using EDC and N-hydroxysucciniimide. Briefly, the dimer (16 mg),
EDC (18 mg), and N-hydroxysucciniimide (20 mg) were dissolved in
1.6 ml of dimethylformamide and reacted overnight at room temper-
ature with stirring. The reaction mixture was then equally divided.
One part was mixed with 30 mg of lipid-free BSA in 3.8 ml of
phosphate buffer (pH 7.4), and the other was mixed with 20 mg of
KLH in 3.8 ml of the phosphate buffer at room temperature with
stirring for 4 h. The modified proteins (di-HP-KLH and di-HP-BSA)
were dialyzed against water at 4°C for 2 days with several exchanges
of water.

HPLC and LC-MS of di-HP. The sample was injected into a
Develosil ODS-HG-5 column (4.6 X 150 mm) and eluted with 0.1%
acetic acid/CH3CN (1/1) at a flow rate of 0.8 ml/min. The elution was
monitored by a UV/Vis-detector (280 nm) and a fluorescence detector
(ex. 300 nm/em. 400 nm). For the LC-MS, the separation by HPLC
was performed under the same conditions. The detection was per-
formed by a PLATFORM Il (VG Biotech) mass spectrometer using
the electrospray ionization (positive) mode.

Preparation of dityrosine-conjugated BSA. Dityrosine-conjugated
BSA (DT-G-BSA) was prepared by incubation of lipid-free BSA
and dityrosine with glutaraldehyde as already described (14). Dity-
rosine was synthesized enzymatically and purified as previously
described (2).

Immunization and antibody preparation. Balb/c mice were intra-
peritoneally primed with the modified KLH (di-HP-KLH, 75 ng/
mouse) emulsified in Freund'’s complete adjuvant. Mice were boosted
twice at a 2-week interval. After 8 weeks, the animals received an
intraperitoneal final injection of the antigen without adjuvant. The
production and selection of hybridomas were carried out by the
method of Kohler and Milstein (15) with a slight modification. The
(positive) clones were selected using the di-HP-BSA and/or
dityrosine-conjugated BSA (DT-G-BSA) as the antigen for the
enzyme-linked immunosorbent assay (ELISA). The obtained hybrid-
omas were intraperitoneally injected into Balb/c mice, which had
been injected with 0.5 ml of pristane (2, 6, 10, 1l4-tetra-
methylpentadecane) one week before and, about 7-10 days later, the
ascites were collected by laparotomy. Partially purified antibodies
were prepared using ammonium sulfate fractionation and used for
the experiments.

Oxidative modification of proteins with H,0,/Cu. Proteins (0.5
mg/ml) were incubated with H,0, (5 mM) and CuSO, (0.05 mM) in a
0.1 M phosphate buffer (pH 7.4) at 37°C for 0—24 h. The reaction was
terminated by adding 0.1 mM ethylenediaminetetraacetic acid
(EDTA). The reaction mixture was stored at —20 or —70°C until use.

Fluorescence measurements. The reaction mixture was used for
the fluorescence measurement (ex. 300 nm/em. 400 nm) along with a
Hitachi F-2000 fluorescence spectrometer.

Enzyme-linked immunosorbent assay (ELISA). The indirect
ELISA was performed as follows: Briefly, for the time-course exper-
iments, 50 ul of modified proteins (0.01 mg/ml in phosphate buffered
saline (PBS) containing 0.1 mM EDTA was dispensed into wells and
kept overnight at 4°C. After the coating, the plate was washed with
PBS containing 0.25% Tween 20 (TPBS) and water, and 2% blocking
agent (Block Ace, Dainihon Seiyaku, Osaka, Japan) was then added
and further incubated for 1 h at 37°C. The plate was then incubated
with the monoclonal antibody (0.1-0.2 png/ml TPBS) for 2 h at 37°C,
and the binding of the antibody to the modified protein was evalu-
ated by incubation with a peroxidase-labeled anti-mouse 1gG anti-
body (1/5000). The color development was performed by reaction of
the conjugated peroxidase with o-phenylenediamine and H,0,. The
data represent the mean of triple determinations.

The cross-reactivity with antibody was also investigated by indi-
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rect competitive ELISA: As a coating agent, 50 ul of di-HP-BSA
(0.1-0.5 pg/ml PBS) was pipetted into wells and kept overnight at
4°C. At the same time, 50 ul of antibody (0.05-0.1 ug/ml TPBS) and
50 wl of sample were mixed in an Eppendorf tube and reacted
overnight at 4°C. The plate was washed, blocked, and 90 ul of the
reacted solution was then pipetted into a well. The binding of the
residual antibody on coated modified BSA was estimated as de-
scribed above. The result of competitive ELISA was expressed as
B/BO, where B is the amount of antibody bound in the presence and
B0 the amount in the absence of the competitor. Each point repre-
sents the mean of duplicate determinations.

Animals. The Apo E-deficient mutant strain was developed in
the laboratory of Dr. Nobuyo Maeda at the University of North
Carolina at Chapel Hill (16). The Apo E-deficient mice were pur-
chased from Jackson Laboratory (Bar Harbor, ME).

Immunohistochemical analysis. Tissue sections (5 wm) were pre-
pared from the paraffin embedded aortic arch of 6-month-old male
Apo E-deficient mice fed normal chow. Sections were immunostained
with a Vectrastain ABC-AP (alkaline phosphatase) commercial kit
(Funakosi, Tokyo, Japan). Sections were incubated with normal se-
rum in PBS for 20 min to block nonspecific binding before staining
and then with the G6 monoclonal antibody (1:1000 dilution) or 5%
normal mouse serum IgG instead of the primary antibody as the
negative control. Immunostaining was performed with biotinic affin-
ity refined immunogloblin (1:200 dilution) as the second antibody
and with the reagent avidin DH plus biotinic alkaline phosphatase H
in a ratio of 1:1 as the enzymatic marker and with Vector Red
commercial kit as the chromogen.

RESULTS

Preparation of a Novel Immunogen and the Reactivity
with Polyclonal Antibody

We have already reported the preparation of a poly-
clonal antibody to dityrosine using the dityrosine-
conjugated keyhole limpet hemocyanin (14). The poly-
clonal antibody recognized free dityrosine but not the
other tyrosine-related compounds. However, a weak
binding ability to protein dityrosine was assumed by
comparison of the peptidyl dityrosine with free dity-
rosine. This result suggested that free dityrosine was
probably attached to the surface of the carrier protein
like the protein tyrosylation. To prepare the antibody
recognizing the protein dityrosine (intra- and intermo-
lecular protein-bound dityrosine), a dityrosine-like
compound, the dimer of 3-(p-hydroxyphenyl)propionic
acid (di-HP), was used as a hapten because of effective
conjugation. The 3-(p-hydroxyphenyl)propionic acid
(HP) was treated with HRP in the presence of H,0,,
and the formed dimer (di-HP) was then conjugated
with KLH and used for the immunogen. At first, we
examined the reactivity of the polyclonal antibody to
the di-HP conjugated KLH (immunogen) and its analog
(di-HP-BSA) to check the antigen preparation. The
polyclonal antibody to dityrosine could also recognize
the novel synthetic conjugates. These results sug-
gested that the epitopes of the polyclonal antibody
resembled the di-HP moiety.



Vol. 275, No. 1, 2000

A 10

0.8

0.6

B/BO

0.4+

| —— di-HP-BSA
—&— DT-G-BSA
—&— Native BSA

0.2

0.0

w

B/B0

O

B/BO

0.0 s i
10°10710°10°10*10 10 %10 "10°
Competitors (mg/mi)

FIG. 1. Competitive ELISA of synthetic hapten- and dityrosine-
conjugated proteins. The hapten (a dimer of 3-(p-hydroxyphenyl)
propionic acid) was conjugated with BSA using carbodiimide and the
conjugate (di-HP-KLH) was then dialyzed. Dityrosine-conjugated
BSA (DT-G-BSA) was prepared by incubation of lipid-free BSA and
dityrosine with glutaraldehyde. The cross-reactivity of the antibod-
ies ((A) A8 clone, (B) G6 clone, and (C) 1C3 clone) with the proteins
was investigated by indirect competitive ELISA using di-HP-BSA as
a coating agent as described under Materials and Methods.

The Production of Monoclonal Antibodies and
Competitive ELISA with Dityrosine
Conjugated Protein

The novel immunogen, modified KLH, was injected
into mice, and monoclonal antibodies were prepared by
the fusion of myeloma cells with spleen cells using
polyethylene glycol according to the standard protocol.
The generation of the antibody to the dihydroxyphenyl
moiety was estimated by ELISA using both DT-G-BSA
and di-HP-BSA. As a control, the hybridoma (named
A8 clone), which generates the antibody to di-HP-BSA
but not DT-G-BSA, was also selected. Finally, three
clones (A8, G6, and 1C3), which secreted immunoglob-
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lin G, were obtained. The results of the competitive
ELISA using these clones are shown in Fig. 1. The
antibody from the A8 clone reacted with the di-HP-
conjugated protein but not with the dityrosine conju-
gate (Fig. 1A). The others (G6 and 1C3 clones) recog-
nized both the di-HP and dityrosine conjugates (Figs.
1B and C).

Estimation of Epitopes by Competitive ELISA Using
Low Molecular Weight Compounds as Competitors

The monoclonal antibodies (G6 and 1C3) react with
free dityrosine, whereas the other tyrosine related
compounds, such as tyrosine, phenylalanine, 3-nitro-
tyrosine, and 3-chlorotyrosine, could not be recognized
by the antibody. The antibody reacted with dityrosine
in the dimer of Thr-Tyr-Ser rather than with the free
dityrosine, suggesting preferential recognition of the
antibody to the protein dityrosine compared to the free
dityrosine (Fig. 2).

Application of the Antibodies to Oxidatively
Modified Proteins

The time-dependent formation of immunoreactivity
against lens proteins exposed to H,0,/Cu was observed
(Fig. 3A). The increase in fluorescence of the proteins
was consistent with the increase in the immunoreac-
tivity (Fig. 3C). These results suggested that the im-
munoreactivity should be due to the formation of the
dityrosine moiety in the proteins. The reactivity of the
polyclonal antibody with oxidized lens proteins was
very weak compared to the monoclonal antibody (Fig.
3B). These results coincided with the preferential spec-
ificity of the polyclonal antibody for free dityrosine but
not for peptidyl dityrosine (protein dityrosine) (14). In
addition, the antibody secreted from the G6 clone also
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FIG. 2. The antibody recognized the peptidyl dityrosine rather
than the free dityrosine. The dimer of Thr-Tyr-Ser (Di-TYS) was
prepared using Arthromyces peroxidases in the presence of H,0, and
Thr-Tyr-Ser as previously described (14). The presence of the dity-
rosine moiety in the dimer was confirmed by reversed phase HPLC
connected to a fluorescence detector, following acid hydrolysis of the
isolated Di-TYS. The ELISA using the 1C3 clone was performed as
described in the legend of Fig. 1. The antibody from the G6 clone
showed similar results.
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FIG. 3. The time-dependent formation of the immunoreactivity
with H,0,/Cu was observed. The lens proteins (0.5 mg/ml) was
incubated with/without 5 mM H,0, and/or 0.05 mM CuSO, in a
phosphate buffer (pH 7.4) at 37°C. The reaction was terminated by
adding 1 mM ethylenediaminetetraacetic acid (EDTA) at various
intervals. ELISA was performed as described under Materials and
Methods. The ELISA data was expressed by comparison with posi-
tive controls (DT-G-BSA 0.5 pg/ml) as a relative ratio. “Control”
means incubation of protein only. (A) The immunoreactivity against
the monoclonal antibody (1C3) measured by noncompetitive ELISA.
(B) The immunoreactivity against polyclonal antibody measured by
noncompetitive ELISA. (C) The fluorescence intensity (ex. 300 nm/
em. 400 nm) of the reaction mixture measured using a fluorescence
spectrophotometer.

reacted with the oxidized proteins similar to that from
the 1C3 clone. The antibody from the A8 clone (di-HP
specific) could not recognize these oxidatively-modified
proteins.

Immunohistochemical Study

The detection of dityrosine in an atherosclerotic le-
sion was already reported using chemical methods by
HPLC or gas chromatography-mass spectrometry (12,
13). Therefore, we examined the immunohistochemical
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staining of dityrosine using the monoclonal antibody in
an atherosclerotic lesion of Apo E-deficient mice. As
shown in Figs. 4A and 4C, the positive staining in the
fatty streak was observed.

DISCUSSION

Dityrosine is formed via tyrosyl radical intermedi-
ates. The tyrosyl radical can cause lipid peroxidation
via radical reactions (H-abstraction of the lipid moiety)
(17) and the participation of myeloperoxidase in the
dityrosine formation has been suggested (12, 18).
Though dityrosine was already detected from athero-
sclerotic lesions (21, 22), the localization of dityrosine
in the fatty streak of atherosclerotic plaque in Apo
E-deficient mice was visually revealed by an immuno-
histochemical method using the novel monoclonal an-
tibody recognizing free and protein dityrosines (Fig. 4).
In the experiment, the avidin-biotin-alkali phospha-
tase complex was used for the development to avoid the
possibility of contribution of internal peroxidase activ-
ity to the staining because peroxidases can generate
dityrosine (3, 4). In addition, after the treatment of the
sections with hydrogen peroxide to inactivate (plausi-
ble) internal peroxidases, positive staining was also

A B

.‘r\‘

FIG. 4. Photomicrographs showing positive immunostaining of
protein dityrosine in the sections of aortic arch of a 6-month-old male
Apo E-deficient mice fed normal chow. A (X40) & C (X200), sections
stained with the G6 antibody (1:1000 dilution), specific epitopes
recognized by the primary antibody are shown in the fatty streak. B
(X40), no staining was observed in the section stained with 5%
normal mouse serum IgG instead of the primary antibody as the
negative control.
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observed using avidin-biotin-peroxidase development
(data not shown).

It has been reported that the caloric restriction
attenuated the dityrosine contents in the cardiac
and skeletal muscles of mice (19). The detection/
guantification of dityrosine would become a biomarker
of “pure” protein oxidation. “Pure” means that the for-
mation of dityrosine is not generated by lipid-derived
and glycation-derived aldehydes. The nonimmuno-
chemical methods such as gas chromatography-mass
spectrometry or HPLC-electrochemical detection are
suitable for the “correct” (net) quantitation of dity-
rosine, whereas these approaches for the detection of
dityrosine require several sample preparation steps.
The immunochemical methods should be useful tech-
niques for dityrosine detection in cells and tissues with
simple procedures.

ACKNOWLEDGMENTS

We thank Drs. Sachiko Kimura, Yoko Mori, and Yoshichika Kawai
for the chemical dityrosine measurements.

REFERENCES

1. Huggins, T. G., Wells-knecht, M. C., Detorie, N. A., Baynes,
J. W, and Thrope, S. R. (1993) J. Biol. Chem. 268, 12341-12347.

2. Kato, Y., Uchida, K., and Kawakishi, S. (1994) Photochem. Pho-
tobiol. 59, 343-349.

3. Bayse, G. S., Michaels, A. W., and Morrison, M. (1972) Biochim.
Biophys. Acta 284, 34-42.

15

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

. Ushijima, Y., Nakano, M., and Goto, T. (1984) Biochem. Biophys.

Res. Commun. 125, 916-918.

. Keeley, F. W., and Labella, F. (1972) Biochim. Biphys. Acta 263,

52-59.

. Keeley, F. W., Labella, F., and Queen, G. (1969) Biochem. Bio-

phys. Res. Commun. 34, 156-161.

. Labella, F., Keeley, F. W., Vivian, S., and Thornhill, D. (1967)

Biochem. Biophys. Res. Commun. 26, 748-753.

. Waykole, P., and Heidemann, E. (1976) Connect. Tissue Res. 4,

219-222.

. Baudry, N., Lejeune, P.-J., Niccoli, P., Vinet, L., Carayon, P., and

Mallet, B. (1996) FEBS Lett. 396, 223-226.

Baudry, N., Lejeune, P.-J., Delom, F., Vinet, L., Carayon, P., and
Mallet, B. (1998) Biochem. Biophys. Res. Commun. 242, 292—
296.

Leonardi, A., Aquaviva, R., Marinaccio, M., Liguoro, D., Fogo-
lari, F., Jeso, B. D., Formisano, S., and Consiglio, E. (1994)
Biochem. Biophys. Res. Commun. 202, 38—43.

Leeuwenburgh, C., Rasmussen, J. E., Hsu, F. F., Mueller, D. M.,
Pennathur, S., and Heinecke, J. W. (1997) J. Biol. Chem. 272,
3520-3526.

Fu, S., Davies, M. J., Stocker, R., and Dean, R. T. (1998) Bio-
chem. J. 333, 519-525.

Kato, Y., Maruyama, W., Naoi, M., Hashizume, Y., and Osawa,
T. (1998) FEBS Lett. 439, 231-234.

Kohler, G., and Milstein, C. (1975) Nature 256, 495-497.
Piedrahita, J. A., Zhang, S. H., Hagaman, J. R., Oliver, P. M.,
and Maeda, N. (1992) Proc. Natl. Acad. Sci. USA 89, 4471—-4475.
Savenkova, M. I., Mueller, D. M., and Heinecke, J. W. (1994)
J. Biol. Chem. 269, 20394 -20400.

Daugherty, A., Dunn, J. L., Rateri, D. L., and Heinecke, J. W.
(1994) J. Clin. Invest. 94, 437-444.

Leeuwenburgh, C., Wagner, P., Holloszy, J. O., Sohal, R. S., and
Heinecke, J. W. (1997) Arch. Biochem. Biophys. 346, 74—-80.



	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG. 2
	FIG. 3

	DISCUSSION
	FIG. 4

	ACKNOWLEDGMENTS
	REFERENCES

