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Enzymatic Activation of the Oncogen 3-Hydroxyxanthinel
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SUMMARY

The oncogen 3-hydroxyxanthine is enzymatically converted
to a chemically reactive form by a protein fraction of the
100,000 X g supernatant of rat liver. The activated derivative
reacts in vitro with free or protein-bound methionine, and the
assay of the activation is based on the amount of
8-methylmercaptoxanthine formed; 3-hydroxyguanine yields
8-methylmercaptoguanine in this system. The co factor
requirements suggest that the activated intermediate is the
3-O-ester derived from 3-hydroxyxanthine and sulfuric acid.
With cofactors favoring phosphate transfer, extensive
activation is observed, but the participation of catalytic
amounts of sulfate could not be excluded. Experiments with
glucuronate or acetate transferring systems were inconclusive.
8-Methylmercaptoxanthine is not altered by the enzyme
preparation, although the intact rat metabolized about 10% of
it to a product which may be 8-methylsulfinylxanthine.

INTRODUCTION

Many chemical oncogens lead to covalent substitutions of
proteins (14) or nucleic acids (27), some through their
intrinsic chemical reactivity and some types only after
enzymatic conversion to chemically reactive forms, as has been
admirably reviewed by Miller (15). TV-Hydroxy derivatives of
aromatic amides, notably TV-hydroxyacetamidofluorene, which
are by themselves not highly reactive compounds, are
converted to chemically reactive sulfate (3,4,9) or phosphate
(9) esters, or to the less reactive glucuronide (8). These esters,
as well as chemically prepared 0-acyl esters, are highly reactive
electrophilic agents that react with nucleophilic groups of
macromolecules, in particular with methionine (13).

The oncogenic 3-hydroxyxanthine (25) is also activated in

vivo and leads to the excretion in the urine of significant
amounts of 8-chloroxanthine and 8-methylmercaptoxanthine
(24), and guanine 3-oxide yields 8-methylmercaptoguanine (G.
StÃ¶hrer, unpublished results). The same reaction products are
formed in vitro in neutral, aqueous solution at room
temperature by the reaction of a model ester,
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3-acetoxyxanthine, with chloride ion or with methionine (28).
It was proposed that, at pH values near 7, the mechanism (1)
of this 8-substitution of a 3-acetoxypurine (28, 29) involves a
heterolytic cleavage of the 3-acetoxy group from the aniÃ³n
and attack by a nucleophile on a carbonium ion arising at C-8,
a reaction analogous in some respects to that involved in the
reactions of jV-acetoxyarylamides (21). We now provide
evidence of enzymatic esterification of 3-hydroxyxanthine and
guanine 3-oxide to similarly reactive esters. An TV-hydroxy
tautomer of guanine 3-oxide is essential for its esterification,
and evidence has been obtained that the neutral species of that
compound is a mixture in which the 2-amino-3-hydroxy-6-one
is favored over the 2-amino-l//-6-one-3-oxide tautomer (18).

MATERIALS AND METHODS

Guanine-3-oxide-8-14C and 3-hydroxyxanthine-8-14C (25

mCi/mmole) were prepared from guanine by an adaptation of
published procedures (5, 16, 23). Ten mg of guanine, in 1 ml
of trifluoroacetic acid containing 0.01 ml of 90% H202, were
stirred at room temperature. The progress of the oxidation was
followed by scanning for radioactivity of paper
chromatographs developed with 3% ammonium bicarbonate.
An optimal yield of 80% of guanine 3-oxide (RF = 0.54) was
reached after 5 hr, and the reaction mixture was evaporated
under a stream of nitrogen. Chromatography on 10 ml of
Dowex 50 with l N HC1 yielded pure guanine 3-oxide in the
eluate from 130 to 150 ml. Five mg of guanine 3-oxide were
heated in a sealed ampul with 2 ml of 6 N HC1at 100Â°for 18

hr. After evaporation, chromatography on 10 ml of Dowex 50
with l N HC1 yielded pure 3-hydroxyxanthine in the eluate
from 25 to 45 ml.

8-Methylmercaptoxanthine-8-14C (25 mCi/mmole) was

recovered from the urines of several rats given injections of
3-hydroxyxanthine by a combination of ion-exchange and
paper chromatography, as described below.
8-Methylmercaptoxanthine-methyl-3H was prepared from
L-methionine-methyl-3H (New England Nuclear, Boston,
Mass.), and Na235S04 (130 mCi/mmole) was prepared by
combustion of a sample of methionine-3 5S.

ATP and UDP-glucuronate, 5-acetyl-CoA, and lithium

acetylphosphate were from Sigma Chemical Co. (St. Louis,
Mo.), and CoA was from Boehringer und Soehne GmbH
Mannheim, Germany. PAPS2 was prepared according to the

method of Brunngraver (2). Potassium thioacetate was

2The abbreviation used is: PAPS, 3'-phosphoadenosine
5'-phosphosulfate.
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prepared from thioacetic acid, and the salt was recrystallized
from ethanol by the addition of ether. The content of
potassium thioacetate in the preparation was 72%.
Phosphotransacetylase was from Boehringer und Soehne
GmbH Mannheim, and unease was from Leo, Copenhagen,
Denmark. All other chemicals were of analytical grade.

Radioactivity Determinations. Samples were dissolved in a
dioxane-based scintillator solution and assayed with a Packard
liquid scintillation spectrometer (Packard Instrument Co.,
Downers Grove, 111.). An external standard was used for
quench correction. Paper chromatograms were scanned with a
4-7T,Geiger-MÃ¼llertype paper chromatogram scanner, and the
activities of each peak were quantitated by integration of the
areas under them.

Enzyme Preparations. Male Wistar rats (Carworth Farms,
Inc., New York, N. Y.) that weighed approximately 150 g
were used. The animals were fasted overnight and killed by
cervical dislocation. The liver was perfused, and a 10%
homogenate in 0.25 M sucrose was prepared. The microsomal
pellet was collected after centrifugation at 100,000 X g for 90
min, following removal of the nuclear and mitochondrial pellet
at 5000 X g for 20 min. It was washed once with buffer. Of
the 100,000 X g supernatant, 10 ml were passed over a column
containing 80 ml Sephadex G-25 previously equilibrated with
the glycylglycine-methionine-KCl buffer. The 1st 10 ml of
colored eluate was used in all experiments. Marking of an
independent Chromatographie run with purines and Na2S04
showed that this fraction was free of low-molecular-weight
material. An acetone powder was prepared from part of 1 of
these preparations. The buffers used were Tris-HCl, 0.05
M-L-methionine, 0.1 M (pH 7.4), for 1 experiment; and
glycylglycine, 0.1 M-L-methionine, 0.1 M-KC1, 0.05 M (pH
7.4), for all subsequent experiments, in view of a reported
instability of ATP-sulfurylase in Tris-HCl buffers (11).
Experiments with Tris buffer gave essentially identical results
and are included in the means of 3 experiments in Table 1.

Incubation of Guanine 3-Oxide and 3-Hydroxyxanthine
with Methionine and Activating Systems. Conditions favoring
sulfate transfer were established according to the methods of
King and Phillips (9). The incubation mixture contained
radioactive 3-hydroxyxanthine or guanine 3-oxide (17
nmoles); soluble enzyme preparation (2.3 mg of protein), or
its acetone powder (3.3 mg of protein); ATP (2.5 jumÃ³les);
MgCl2 (4 Â¿/moles);Na2S04 (10 Â¿uniÃ³les);glycylglycine (100
Â¿/moles);L-methionine (100 AmÃ³les);and KC1 (50 /umoles); pH
7.4, in a total of 1.0 ml. Conditions supporting
sulfotransferase activity were further narrowed by use of
either preformed PAPS (0.2 /Â¿mole) or PAPS that was
generated in situ. For the latter, an incubation mixture
containing the PAPS generating system was preincubated for
30 min, after which time the ATP-sulfurylase activity was
blocked by EDTA (8 /umoles) (2); 3-hydroxyxanthine was
added; and the incubation was continued for 1 hr. For
phosphate transfer, the cofactors were ATP, MgCl2, orMnC!2
in the concentrations as above.

Conditions favoring acetyl transfer were established by
reinforcement of the supernatant enzyme system with either
5-acetyl-CoA (3 jumÃ³les); potassium thioacetate (20 AmÃ³les)
serving as an additional source of acetate (17); or with an

Table 1
Formation of 8-methylmercaptoxanthine from 3-hydroxyxanthine

Values, as % of total radioactivity, are the mean of 3 experiments
that agreed within Â±3%,or better. The incubation mixtures contained
rat liver supernatant protein, 3-hydroxyxanthine, cofactors, and
L-methionine, as specified in "Materials and Methods."

EnzymesourceSupernatantprotein123456789101112Acetonepowder13Cofactorsadded+

ATP + MgCl2+Na2SO4b+
ATP + MgClj + Na2SO4c' d +EDTA+
ATP + MgCl2 + Na2SO4 +EDTA+
ATP + MnCl2+Na2SO4+

PAPSÂ«+
PAPS +EDTA+

ATP+
ATP+MgCl/+

ATP + MgClj +EDTA+
ATP + MgCl2 +EDTAC+
ATP +MnCl2+

ATP + MgCl2%

conversion0"471503647440560222559

0 The paper Chromatographie separation allows the identification of
1% 8-methylmercaptoxanthine.

b This system conjugates 0.17 jumÃ³leof m-aminophenol.
c The system minus 3-hydroxyxanthine was incubated for 30 min;

then EDTA and, after 5 min, 3-hydroxyxanthine were added, and
incubation was continued for 1 hr.

This system conjugates 0.13 Â¿imoleof m-aminophenol.
e This system conjugates 0.17 jumÃ³leof m-aminophenol.
^ Addition of 0.14 /umole of unlabeled 3-hydroxyxanthine lowers the

yield of 8-methylmercaptoxanthine to 47%.

S-acetyl-CoA generating system consisting of SH-CoA (0.8
Aimole), acetylphosphate (20 jumÃ³les), and phosphotrans-
acetylase (0.1 mg protein) (20).

The system favoring glucuronide formation consisted of
microsomal protein (4.2 mg) and UDP-glucuronate (0.35

/umole).
Controls substituting m-aminophenol (0.4 Â¿/mole) for

3-hydroxyxanthine were run, and its glucuronide for sulfate
were determined according to the method of Sie and Fishman
(22). Sulfanilamide was the control substrate for acetyl
transfer (17).

Assay of 8-Methylmercaptoxanthine and 8-MethyImercapto-
guanine Formed. The 8-methylmercaptoxanthine in the
supernatant was assayed, after heat denaturation of the
protein, by paper chromatography and measurement of the
radioactivity (Chart 1) on Schleicher and Schuell No. 947
paper (Schleicher & Schuell, Inc., Keene, N. H.) that was
developed with 3% NH, HC03, ascending. The retention
factors for the relevant purines were: 8-methylmercapto
xanthine (0.20), uric acid (0.40), xanthine (0.47),
3-hydroxyxanthine (0.62), 8-methylmercaptoguanine (0.22),
8-hydroxyguanine (0.30), guanine (0.37), and guanine 3-oxide
(0.60). A separation on an ion-exchange column, 9 x 500 mm,
Dowex 50-H+, 200 to 400 mesh, linear gradient 200 ml H2O +

200 ml 5 N HC1, independently confirmed the results obtained
by paper chromatography.

Characterization of the Main Reaction Product as
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60

0 1.0
Chart 1. Radioactivity (in cpm X 10" 3) on a paper chromatogram of

a typical reaction mixture from 3-hydroxyxanthine after heat
precipitation of the protein. The peaks correspond to
8-metliylmercaptoxanthine (RF 0.20), uric acid (RF 0.40), and starting
material (RF0.62).

8-Methylmercaptoxanthine. This was characterized by column
chromatography on Dowex 50 (1), by paper chromatography,
and by derivatization to xanthine as described for the
characterization of it as a urinary metabolite (24).
8-Methylmercaptoguanine was characterized in the same ways.

Characterization of Uric Acid as 1 Reaction Product. An
aliquot of a reaction mixture was separated on a 5-ml column
of Dowex 50 with unlabeled uric acid as a marker. The uric
acid containing fraction was characterized by paper
chromatography and scanning for radioactivity. In an aliquot
treated with unease, uric acid was destroyed, as indicated by
loss of UV absorption and change in the mobility of the
radioactivity from RF 0.40 to RF 0.7 to 0.8.

Metabolism of 8-Methylmercaptoxanthine in the Rat. A
male rat was given a single i.p. injection of a mixture of
8-14C and methyl-3 H-labeled 8-methylmercaptoxanthine
(approximately 4 X 10" cpm of each isotope), and the urine
was collected for 12 hr in an ice-cooled receptacle with 5
drops of toluene.

RESULTS AND DISCUSSION

Esterification of 3-Hydroxyxanthine with Sulfate.
3-Hydroxyxanthine was incubated with a rat-liver, high-speed
supernatant fraction that was freed of low molecular
components and supplemented with appropriate cofactors,
and the formation of 8-methylmercaptoxanthine was assayed
as the product representing the intermediary formation of an
activated derivative of 3-hydroxyxanthine. The results are
summarized in Table 1, where each value is the mean of 3
experiments. It is evident that the reaction leading to the
formation of 8-methylmercaptoxanthine requires fortification
of the basic incubation mixture, since no 8-methylmercapto
xanthine was formed with only the protein present (Table 1,
Experiment 1). With cofactors that are known to lead to

x 40

0)

I 20

o

30 60 min

Chart 2. Formation of 8-methylmercaptoxanthine from
3-hydroxyxanthine. The incubation mixture corresponds to
Experiment 9 in Table 1.

sulfate ester formation (2), about one-half of the
3-hydroxyxanthine is converted to 8-methylmercapto
xanthine. Purified PAPS is sufficient as the cofactor, which
confirms that a sulfotransferase is involved. The reaction
proceeds at a linear rate to the extent of about 60% conversion
to 8-methylmercaptoxanthine (Chart 2), which represents the
end point of the reaction. Uric acid and unknown products
account for the remaining 40%. This is in agreement with the
assumption that the enzymatic esterification leads to a sulfate
ester of 3-hydroxyxanthine, which, in analogy to the acetyl
ester of 3-acetoxyxanthine (1), then undergoes a complex
nonenzymatic reaction of which 8-methylmercaptoxanthine is
1 product. Under the conditions of enzymatic sulfate
activation (Table 1, Experiment 2), guanine 3-oxide yields
35% of 8-methylmercaptoguanine.

Esterification with Phosphate. Although phosphate ester
formation is a common metabolic reaction, it is not a common
mode of drug metabolism, for which sulfate and glucuronide
formation are more common. Steroids, with perhaps the
greatest variety of conjugated metabolites, have not been
unequivocally shown to form simple phosphate esters (7).
Phenols are usually excreted as sulfates, but a phenolic
phosphate ester was found as a metabolite of 2-naphthylamine
in dogs and man (26), and a phosphate ester of
jV-hydroxyacetamidofluorene was postulated as a reactive
intermediate after enzymatic phosphate transfer from ATP
(9). Although 3-hydroxyxanthine leads to a high yield of
8-methylmercaptoxanthine when ATP and MgCl2 are added to
the enzyme preparation (Table 1, Experiment 9), we are
skeptical as to whether this demonstrates the intermediary
formation of a phosphate ester. If the enzyme solution plus
ATP and MgCl2 is preincubated, and 3-hydroxyxanthine is
added 5 min after the addition of EDTA, there is still 22% of
8-methylmercaptoxanthine formed. This contribution cannot
come from the formation of a phosphate ester, which is MgCl2
dependent. Considering the fact that any ester that is
enzymatically formed is expected to have a very short half-life
(from acetate liberation, the half-life of 3-acetoxyxanthine at
37Â°and pH 7 is 10 sec. G. StÃ¶hrer, unpublished), a small

amount of contaminating sulfate could be used repeatedly and
could effect the intermediary activation of any amount of
3-hydroxyxanthine in the presence of ATP and MgCl2.
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Experiment 9 shows that a 9-fold increase in concentration of
3-hydroxyxanthine still yields 47% 8-methylmercapto-
xanthine. None of the reagents contained sufficient sulfate to
be detectable by BaCl2, and the ATP was also free of PAPS
(Experiment 8). However, a small amount of sulfate is carried
through the Sephadex purification procedure, as shown in
Chart 3. This may be due to a protein, possibly the
sulfotransferase, with some sulfate binding ability. Protein
with a strong affinity for sulfate has been demonstrated in
bacteria (10). Those proteins elute together with sulfate from
dextran columns. Rat-liver protein does not elute together
with sulfate, but it causes sulfate to elute somewhat earlier
than without the protein. This experiment suggests that rat
liver protein, possibly the sulfotransferase, can carry a small
amount of sulfate through the dextran column. A repeated
chromatography of the protein preparation on Sephadex G-25
only lowers the yield in Experiment 9 to 30%. The data
indicate that activation in that experiment is at least partially
due to sulfate ester formation. From these data, it is not
possible to conclude that there is activation of 3-hydroxy
xanthine via a phosphate ester.

Experiments with Microsomal Fractions and UDP-
glucuronate. Experiments designed to demonstrate
conjugation of 3-hydroxyxanthine with glucuronic acid in
vitro have been consistently inconclusive or negative.
Conditions favorable for conjugation with glucuronic acid,
which occurs in vivo with jV-hydroxyacetamidofluorene to I
yield an acetal type JV-hydroxyacetamido-O-glucuronide, were
established by incubating a microsomal fraction of rat liver
with 3-hydroxyxanthine and UDP-glucuronate. The
conversions of 3-hydroxyxanthine to 8-methylmercapto-
xanthine in 6 different experiments with 3 different

20ml

Chart 3. Gel filtration of Na2 35SO4 together with rat liver 100,000

X g supernatant. A solution containing 6 mg of protein, previously
passed over Sephadex G-25; and Na335SO4 (3.3 X 10" cpm, 18

nmoles) in 1 ml 0.1 M sodium acetate buffer, pH 7.4, was incubated for
30 min at room temperature; then 10 mg NaCl was added and applied
to a column containing Sephadex G-25, 1.2 x 22 cm, equilibrated with
and eluted with 0.1 M sodium acetate buffer, pH 7.4. a, protein was
determined spectrophotometrically; o, Na23SSO4 by liquid scintilla

tion counting; and A, NaCl as AgCl gravimetrically. Na2SO4, in a run
without protein eluted like NaCl in the presence of protein.

microsomal preparations and 1 preparation of freshly prepared
microsomal acetone powder ranged from 0 to 3%. The results
were quantitatively as well as qualitatively confirmed by
column chromatography. The microsomal preparations
showed very little activity in the m-aminophenol assay, in
agreement with the reported instability of glucuronic acid
transferase in rat liver homogenates (19). Traces of
supernatant enzymes and cofactors may have formed the
8-methylmercaptoxanthine observed, although the addition of
supernatant protein did not increase the production of
8-methylmercaptoxanthine. Experiments with an inactive
microsome preparation isolated the same way as the
low-activity microsome preparations gave a clearly negative,
i.e., less than 0.5%, assay for 8-methylmercaptoxanthine.

Experiments with an Acetyltransferring System.
Experiments designed to demonstrate a possible activation of
3-hydroxyxanthine via an acetate ester were conducted in a
manner similar to Experiments 1 to 10, but with the
cofactors: (a) SH-CoA + potassium sulfate, (b) 5-acetyl-CoA +
potassium thioacetate, (c) potassium thioacetate, (d) SH-Co-
A + lithium acetylphosphate and phosphotransacetylase. In a
single experiment with the liver supernatant preparation from
1 rat, incubations with (b) and (d) yielded about 45%
8-methylmercaptoxanthine, while those with (a) and (c) were
negative. This result was not reproduced with liver
preparations from 4 successive animals. With the enzyme
preparation omitted, no nonenzymatic esterification by
S-acetyl-CoA was observed, as was reported for ./V-hydroxy
acetamidofluorene (12). However, it was found that longer
incubation of 3-hydroxyxanthine with potassium thioacetate
can lead to the formation of 8-thioxanthine. When a solution
of 10 /Â¿molesof 3-hydroxyxanthine and 10 mg of potassium
thioacetate in 0.3 ml 0.1 M potassium phosphate buffer, pH
7.4, was stirred for 1 week at room temperature, it yielded 1.5
/Â¿molesof 8-thioxanthine and 2.9 /amÃ³lesof xanthine. This
reaction apparently represents an acetylation of 3-hydroxy
xanthine by thioacetate, followed by substitution at the
8-position of the purine by sulfide, or by thioacetate followed
by hydrolysis. Under the same conditions, xanthine is
unchanged. A higher concentration of 5-acetyl-CoA might
similarly nonenzymatically activate 3-hydroxyxanthine by
transacetylation; but compared with the rapid rates of
activation through sulfate esters, or possibly phosphate esters,
this would be expected to be insignificant.

Reaction of the Activated Intermediate with Protein. One
reaction product of the enzymatically activated 3-hydroxy
xanthine is radioactivity, which remains bound to the protein
in the reaction mixture. Reaction Mixture 9, chromÃ¢tographed
on a column of 20 ml of Sephadex G-25 to free it of low
molecular weight radioactive compounds, carried radioactivity
of 500 cpm/mg protein, or 0.2% of the total.

For examination of the reaction with protein alone, 1 batch
of protein was chromatographed as described, but the
methionine was omitted from the eluting buffer. The
preparation showed the full enzymatic activity when it was
assayed in an experiment of Type 2 (Table 1). Another
incubation, but with the methionine omitted, was carried
out on a 10-fold scale, and the protein was passed through a
column containing 150 ml of Sephadex G-25. There were
6200 cpm of radioactivity/mg of protein associated with the
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ugh molecular weight fraction. Denaturation by heat or
richloroacetic acid released 18 to 20% of the bound
â€¢¿�adioactivity,of which one-half was 8-methylmercapto-

<anthine and the remainder were unidentified products. This
;orresponds to the results with radioactive protein obtained"rom rat livers after injection of 3-hydroxyxanthine-14C (G.

stÃ¶hrer,unpublished results). The release of 8-methylmer-
:aptoxanthine from protein that was labeled in this manner is
jresumptive evidence (13) that the activated ester from
3-hydroxyxanthine can react with protein-bound methionine.

Characterization of a Metabolite Arising in Vivo from
i-Methylmercaptoxanthine. 8-Methylmercaptoxanthine,
abeled both with tritium in the methyl group and 14C in the
3-position, was injected i.p. into a male rat. The urine
;ontained 90% of the injected activity after 7 hr, and of this,
nore than 90% was unchanged 8-methylmercaptoxanthine.
About 7% of the total activity was eluted from a Dowex 50
:olumn at 42 ml, shortly after the position of uric acid (28 ml)
Dnthis column. This material contained an unchanged ratio of
}H:'4C (Chart 4). We believe it to be the sulfoxide of
S-methylmercaptoxanthine for the following reasons: it
:ontains the 5-methyl group, and it migrates on paper
;hromatograms, as does 8-methylmercaptoxanthine (each has
RF 0.20 in 3% Nft, HCO3). From its behavior on Dowex 50, it
appears to be more acidic. On treatment with Raney nickel,
tritium is lost and the product is xanthine. It has previously
been shown that a sulfoxide is among the metabolites of
6-methylmercaptopurine (6). Another unidentified urinary
metabolite that represents about 1% of the total activity is
eluted after 8-methylmercaptoxanthine (Chart 4). The
metabolite, formed in vivo and believed to be 8-methylsulfi-
nylxanthine," has not been detected in the course of the

10

a
u

10

A
Â° *

o

ft

4

100 200 300ml

Chart 4. ChromÃ¢tography over Dowex 50 of rat urine collected
during the 1st 7 hours after injection of a mixture of 8-'4C- and
methyl-3H-labeled 8-methylmercaptoxanthine. A, tritium; o,
14C-radioactivity. The peak centered at 42 ml is a metabolite believed
to be 8-methylsulfonylxanthine, and that at 240 ml is unaltered
8-methylmercaptoxanthine.

Enzymatic Activation of 3-Hydroxyxanthine

enzymatic activation of 3-hydroxyxanthine with the
supernatant protein in vitro.
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