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Summary. Uric acid and other purines including
1-methyl-, 7-methyl-, and 1,7-dimethyluric acid,
adenine, guanine, xanthine, hypoxanthine, pu-
rine, and the structurally similar compound allo-
purinol protected ascorbic acid from oxidation
catalyzed by copper. If the hydrogen at either the
3 or 9 nitrogen of the uric acid was replaced by a
methyl group, the compound did not protect as-
corbate. 3-Ribosyluric acid, xanthosine, adeno-
sine, and guanosine also failed to protect ascor-
bate. It was concluded that in order for purines to
complex with copper to protect ascorbate from
copper-catalyzed oxidation, the nitrogens at both
positions 3 and 9 of the purine must be unsubsti-
tuted.
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Introduction

One of the functions of ascorbic acid in biological
systems is to serve as an antioxidant (Klaui and
Pongracz 1981; Cort 1982). Ascorbic acid pro-
tected oxyhemoglobin from oxidation to methe-
moglobin by sodium nitrite, protected erythro-
cytes from hemolysis induced by ¢-butyl hydrope-
roxide, and protected unsaturated fatty acids
from oxidation when water-soluble 2,2’-azobis(2-
amidinopropane) dihydrochloride was used as a
radical initiator (Ames et al. 1981; Smith and
Nunn 1984, 1986; Niki et al. 1985). Ascorbic acid
was oxidized in air and this oxidation was en-
hanced by low concentrations of copper and iron
salts (Martell 1982). Uric acid, as well as other pu-
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rines, protected ascorbate from oxidation in the
presence of these metals without the uric acid be-
ing oxidized (Giri and Rao 1944; Frieden and
Alles 1958; Lam et al. 1984; Sevanian et al. 1985;
Davies et al. 1986). This protection was suggested
to be a result of the uric acid forming complexes
with these metals so that they were no longer cata-
lysts for the oxidation of ascorbate. Chelating
agents such as EDTA and diethylenetriaminepen-
taacetic acid also almost completely inhibited the
oxidation of ascorbate (Sevanian et al. 1985; Dav-
ies et al. 1986). Reactivity of methylated urates
with the stable free radical 2,2-diphenyl-1-picryl-
hydrazyl (DPPH) is affected by the position of the
methyl groups on the urate molecule (Smith et al.
1987). For appreciable activity with DPPH, uric
acid must have hydrogens at N7 and either N3 or
NO9. Experiments reported here were conducted to
ascertain possible binding sites of uric acid for
copper by determining the ability of methylated
urates and other purines and purine nucleosides
to protect ascorbate from oxidation in the pres-
ence of copper.

Materials and methods

Chemicals. Uric acid, 1-methyl-, 1,3-dimethyl-, 3,7-dimethyl-,
and 1,3,7-trimethyluric acid were purchased from Sigma
Chemical Co. (St. Louis, MO). 7-Methyl- and 9-methyluric
acid were purchased from Adams Chemical Co. (Round Lake,
IL). The other methylated urates were purchased from Fluka
Chemical Corp. (Ronkonkoma, NY). 3-N-Ribosyluric acid
was prepared from washed bovine red blood cells by the
method of Forrest et al. (1961). The CuSO,-5H,O was pur-
chased from Baker and Adamson (New York, NY). The other
purines, purine nucleosides, uracil, allopurinol, indole, 7-
azaindole, and ascorbic acid were purchased from Sigma
Chemical Co. (St. Louis, MO) or Aldrich Chemical Co. (Mil-
waukee, WT). All of the reagents were prepared in water purif-
ied with a Barnstead NANOpure II system to reduce contam-
ination by metals.



Oxidation of ascorbate. Oxidation of ascorbate was followed
using the procedure of Lam et al. (1984). Ascorbic acid
(100 uM), either alone or with the protecting agent (30 uM),
was incubated in 1ml 20 mM phosphate buffer, pH 7.5, at
25°C in a Beckman model 25 spectrophotometer equipped
with a recorder. After 1 min of preincubation, 10 ul of 1.0 mM
copper sulfate was added to the ascorbate and absorbance at
255 nm monitored. The ascorbate solution was prepared on
the day of use.

Chromatography of the urates. Either 3-methyl- or 7-methy-
turic acid (30 uM) was incubated either with 10 uM copper
sulfate or 10 uM copper sulfate and 100 uM ascorbic acid un-
til the ascorbate was completely oxidized. Then 25 ul of the
mixture was chromatographed on an Alltech C;3 column
(25x 4.6 mm) using a Waters Assoc. model ALC 204 liquid
chromatograph equipped with a model 6000A pump, a U6K
injector, a model 481 variable-wavelength detector (set at 290
nm), and a model 3390A Hewlett Packard integrator. The sol-
vent was 40 mM sodium phosphate, pH 4.2, in 20% metha-
nol.

Results and discussion

As reported by Lam et al. (1984), 100 uM ascoz-
bate in phosphate buffer was slowly oxidized and
the addition of 10 uM copper sulfate immediately
increased the rate of oxidation of ascorbate (Fig.
1). In the presence of uric acid, the initial rate of
oxidation of ascorbate was reduced both before
and after addition of copper sulfate (Fig. 1). The
rate of oxidation of ascorbate was directly related
to the concentration of copper (Fig. 2). The effect
of the concentration of uric acid, xanthine, and
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Fig. 1. Effect of copper and uric acid on the degradation of
ascorbic acid. The reaction mixture contained either 100 uM
ascorbic acid in 20 mM phosphate buffer, pH 7.5 (O, @) or
100 uM ascorbic acid +30 zM uric acid in 20 mM phosphate
(O, m). The copper (10 uM) was added after 1 min of preincu-
bation
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Fig. 2. Effect of concentration of copper sulfate on the initial
rate of oxidation of 100 uM ascorbic acid. The rate of oxida-
tion of ascorbic acid was measured by following the decrease
in absorbance at 255 nm

allopurinol on the rate of oxidiation of ascorbic
acid is shown in Fig. 3. When methylated urates
were added to the ascorbate, some protected the
ascorbate and some offered little or no protection
(Table 1). 1-Methyl-, 7-methyl-, and 1,7-dimethy-
luric acid protected ascorbic acid from oxidation
even after addition of copper sulfate. Other
urates, including 3-ribosyluric acid, failed to pro-
tect ascorbate from oxidation either before or
after addition of copper sulfate. All urates that
failed to protect ascorbate from oxidation had a
methyl group at either or both the 3 or 9 positions.
Since this could mean that either both positions 3
and 9 of uric acid must be free for it to bind cop-
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Fig. 3. Effect of concentration of allopurinol (I0), uric acid
(O), and xanthine (®) on the initial rate of oxidation of
100 M ascorbic acid. The rate of oxidation of ascorbic acid
was measured by following the decrease in absorbance at
255 nm
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Table 1. Effect of purines on the degradation of ascorbate in-
duced by copper

Compound Ascorbate degradation

(A4;55/min)

—Cu +Cu
None 0.037 0.380
Uric acid 0.010 0.039
1-Methyluric acid 0.011 0.045
7-Methyluric acid 0.007 0.025
1,7-Dimethyluric acid 0.020 0.026
3-Methyluric acid 0.047 0.411
9-Methyluric acid 0.044 0.429
1,3-Dimethyluric acid 0.034 0.445
1,9-Dimethyluric acid 0.051 0.424
3,7-Dimethyluric acid 0.043 0.435
3,9-Dimethyluric acid 0.043 0.401
7,9-Dimethyluric acid 0.044 0.379
1,3,7-Trimethyluric acid 0.045 0.411
1,3,9-Trimethyluric acid 0.037 0.423
3,7,9-Trimethyluric acid 0.023 0.450
1,3,7,9 Tetramethyluric acid 0.049 0.374
3-Ribosyluric acid 0.020 0.383
Adenine 0.012 0.020
Adenosine 0.050 0.350
Guanine 0.021 0.022
Guanosine 0.035 0.369
Xanthine 0.008 0.008
Xanthosine 0.051 0.386
Hypoxanthine 0.020 0.042
Purine 0.022 0.045
Allopurinol 0.023 0.048
2-Hydroxybenzimidazole 0.040 0.402
Uracil 0.054 0.330
Indole 0.038 0.362
7-Azaindole 0.042 0.424

The concentration of the ascorbic acid was 100 uM. The con-
centration of each of the compounds added was 30 uM while
that of copper sulfate (when present) was 10 uM. Values are
the mean from three experiments. The individual values dif-
fered from the mean by less than 10%

per or the presence of a methyl group at either
position sterically hinders the interaction of cop-
per with uric acid, the ability of 2-hydroxyben-
zimidazole to protect ascorbic acid from copper-
induced oxidation was also determined (Table 1).
2-Hydroxybenzimidazole failed to protect ascor-
bic acid. From this it was concluded that both po-
sitions 3 and 9 are required for the binding of
copper. In addition, the related nitrogen-contain-
ing compounds indole and 7-azaindole did not
protect ascorbic acid (Table 1).

Purines other than uric acid, including ade-
nine, guanine, xanthine, hypoxanthine, and pu-
rine at a concentration of 30 uM, also protected
ascorbate from oxidation both in the presence
and absence of copper (Table 1). These results
suggest that both the 3 and 9 positions of purines

must be free in order for them to protect ascor-
bate from oxidation either with or without addi-
tion of copper. Uracil, xanthosine, guanosine, and
adenosine were ineffective at 30 uM. As reported
by Frieden and Alles (1958), higher concentra-
tions of the purine nucleosides protected ascorbic
acid. Approximately ten times as much of the pu-
rine nucleoside was required to give the same de-
gree of protection as the free base.

Chromatography of 3-methyl- and 7-methy-
luric acid, following incubation of each with as-
corbic acid until it was completely oxidized,
showed that these urates were not degraded dur-
ing the incubation. Lam et al. (1984), Sevanian et
al. (1985), and Davies et al. (1986) reported that
although ascorbic acid was completely oxidized,
uric acid was not oxidized when it was incubated
with ascorbic acid and copper.

Das et al. (1987) reported that allopurinol
scavenged ClO, and HOCI, but failed to scavenge
05 and OH’ radicals; allopurinol also failed to
react with DPPH (Smith 1982). Das et al. (1987)
suggested that allopurinol may protect ischemic
myocardium during reperfusion by scavenging
free radicals rather than by inhibiting xanthine
oxidase as others have suggested. Allopurinol
also protected ascorbic acid from copper-induced
oxidation (Table 1, Fig. 3). This suggests that in
addition to scavenging some free radicals, allopu-
rinol also chelates copper.

Lam et al. (1984) and Davies et al. (1986) sug-
gested that urate protects ascorbate from oxida-
tion catalyzed by either copper or iron by forming
a complex with the metal. Although both Lam et
al. (1984) and Davies et al. (1986) had data which
suggested the complexing of uric acid to copper
and iron, the structure of the complex is not
known. Davies et al. (1986) reported that urate
can form a 2:1 complex with Fe(Ill) in which
binding of the second urate was facilitated by
binding of the first urate. They also reported that
urate bound copper and manganese. Data re-
ported here for methylated urates and nucleosides
suggest that nitrogens at both positions 3 and 9 of
the purine must be unsubstituted to interact with
metal ions. de Meester and Skapski (1971; 1972)
reported that copper(Il) complexes of adenine
can contain either two copper(Il) ions, held to-
gether by four bridging adenines coordinated
through N9 and N3, or three copper(1]) ions held
by three adenines. In the latter case, the center
copper is coordinated with N3 of both adenines
and each terminal copper is coordinated to one
N9 atom of each adenine. Hypoxanthine formed
a complex with copper in which four molecules of



hypoxanthine complexed with two atoms of cop-
per (Sletten 1970). Each hypoxanthine coordi-
nated to one copper through N9 and to the other
copper through N3. All of these structures would
require that both the N3 and N9 positions of the
purines be unsubstituted for them to complex
with copper.

The stability constants of copper complexes of
purines are higher than those of the correspond-
ing nucleosides substituted at N9 by either a ribo-
syl or a methyl group (Albert 1953; Reinert and
Weiss 1969; Tauler et al. 1986). Tauler et al
(1986) concluded that copper(Il) binds more
strongly to adenine than to 9-methyladenine, but
that zinc(Il) forms a more stable complex with 9-
methyladenine than it does with adenine. The dif-
ference in stability constants for copper com-
plexes of bases and nucleosides support the cur-
rent observation that the purine bases protect as-
corbic acid from copper-induced oxidation at
concentrations at which the corresponding nu-
cleosides do not protect.

Xanthine and uric acid protected erythrocytes
from hemolysis induced by xanthine plus xan-
thine oxidase (Kellogg and Fridovich 1977) and
also protected erythrocytes from peroxidation in-
duced by ascorbate and iron (Davies and Gold-
berg 1987). In the present study, purines such as
xanthine and hypoxanthine also protected ascor-
bate from oxidation induced by copper by pre-
sumably binding the metal ion. However, as
pointed out by Davies et al. (1986), the high con-
centrations of uric acid in plasma, and probably
other tissues (Sajiki et al. 1980}, suggest that uric
acid may be one of the major low-molecular-mass
metal-binding compounds in human blood. Uric
acid contributes between 35-65% of the total pe-
roxyl-radical-trapping activity of human blood
plasma (Wayner et al. 1987) and has been pro-
posed as a contributor to the increased life span
and decreased age-specific cancer rates in hu-
mans (Ames et al. 1981; Cutler 1984).

Uric acid has been proposed to be an impor-
tant antioxidant and free radical scavenger in the
plasma and tissues of humans (Ames et al. 1981;
Cutler 1984). This activity could result either from
its reactivity with oxidizing agents or its ability to
bind metals that catalyze oxidations. 3-Ribosy-
luric acid has been suggested to serve as an an-
tioxidant in the bovine erythrocyte (Smith and
Nunn 1984). Antioxidant activity of uric acid has
been compared to that of 3-ribosyluric acid in a
number of systems (Smith et al. 1987). Uric acid
reacted with the stable free radicals DPPH and
galvinoxyl at about twice the rate of ribosyluric
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acid (Smith et al. 1987; Smith and Hargis 1985).
Although both uric acid and 3-ribosyluric acid
protected linolenic and arachidonic acid from air
oxidation in the presence of copper (Smith and
Lawing 1983), protected erythrocytes from oxida-
tion by #-butyl hydroperoxide (Smith and Nunn
1986), and protected oxyhemoglobin from oxida-
tion to methemoglobin by sodium nitrite (Smith
and Nunn 1984), in most cases, uric acid was ef-
fective at a lower concentration than 3-ribosyluric
acid. Protection of ascorbate from copper-cata-
lyzed oxidation by uric acid is the first example of
an oxidation system in which uric acid, but not
3-ribosyluric acid, was an effective antioxidant.
Present data indicate that 3-ribosyluric acid failed
to protect ascorbate because it lacks a hydrogen at
N3. Collectively, these data suggest that, if 3-ribo-
syluric acid is important as an antioxidant in the
bovine red cell, this activity is a result of its reac-
tivity with free radicals and oxidizing agents and
not its ability to bind metals such as copper and
iron.
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