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SUMMARY

The susceptibility of a series of purine /V-oxide derivatives
to rat liver sulfotransferase has been measured by a new
assay. With 3'-phosphoadenylyl sulfate-35S as the donor,
the 35S-labeled sulfate liberated by the rapid reaction of the
resulting sulfate ester is a measure of the acceptor activity of
the substrate. The susceptibility of purine /V-oxide deriva
tives to sulfotransferase is not proportional to their oncoge-
nicity. The assay was also used to detect purine TV-oxide
sulfotransferase activity in a type of fibroblast grown in
culture.

INTRODUCTION

An enzymatic activation of the oncogens 3-hydroxyxan-
thine and 3-hydroxyguanine through the formation of
sulfate esters was found (18) to be analogous to the
formation of sulfate esters of acetyl /V-hydroxylamino-
fluorene (10). These sulfate esters are implicated as possible
"proximate oncogens." Previous studies have involved the

use of isotopically labeled samples of each organic substrate
and the identification and measurement of the labeled
reaction products. For an investigation of any possible
correlation between oncogenicity and susceptibility to sulfa-
tion of a large number of purine /V-oxide derivatives, a
method that avoided the requirement for isotopically la
beled samples of each substrate was desirable. The high
reactivity of the acetoxy esters of most /V-hydroxypurines
toward hydrolysis and nucleophilic substitution (6) implies a
similar reactivity of the sulfate esters. Such a rapid break
down of the sulfate esters of purine /V-oxidederivatives does
occur, and it has permitted the development of an assay that
involves conjugation of sulfate with an unlabeled substrate
by PAPS2-35S and a crude enzyme preparation from rat
liver. Determination of the 35SO4=subsequently liberated

provides a measurement of the susceptibility of the sub
strate. The results with a variety of oncogenic and nononco-
genic purine /V-oxide derivatives indicate that susceptibility
to sulfate conjugation is not a limiting condition for
oncogenicity (Table 1). With the use of an efficient sub-
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strate, the method can be applied as an assay of the
sulfotransferase activity in animal tissues (Table 2).

MATERIALS AND METHODS

Compounds. The purine /V-oxide derivatives prepared by
published procedures (see Table 1, References) were found,
by column Chromatographie procedures, to have less than 1
ppt of UV-absorbing impurities, with special attention paid
to contamination by other purine TV-oxidederivatives. They
were dissolved in 0.05 MTris-HCl buffer, pH 7.8, at a final
concentration of ~5 HIM.Guanine and xanthine controls
were first dissolved in a few drops of 0.1 s NaOH and then
were diluted with 0.05 MTris-HCl buffer, pH 7.0, to 5 mM
with a final pH of 7.5. p-Nitrophenol and mercaptoethanol
were from Eastman Organic Chemicals, Rochester, N. Y.,
and/7-nitrophenyl sulfate was from Calbiochem, Los Ange
les, Calif. Dithiothreitol, from Aldrich Chemical Co., Inc.,
Milwaukee, Wis., was dissolved in the enzyme solution as
needed.

Labeled PAPS. The liver of a male CD rat was homoge
nized in 3 volumes of 0.15 M K.C1and the homogenate was
centrifuged at 37,000 x g at 4Â°for 3 hr. Incubation of 5 ml

of the supernatant with a mixture of 180 /Â¿molesATP, 60
/Â¿molesMgCl2, 30/Â¿molesKH2PO4, 100/Â¿MNa2SO4,and
Na2SO4-35S (Amersham/Searle Corp., Arlington Heights,

111.;17to 35 mCi/mmole) in 1 ml of H2O adjusted to pH 7.4
in l N NaOH, followed by purification and isolation
according to Brunngraber (9), yielded an average of 1/Â¿mole
PAPS at 1.4 to 1.9 mCi/mmole. An alternate method (1)
gave the same yield of PAPS at a lower specific activity
(0.25 to 0.29 mCi/mmole) because of the inclusion of
sulfate ion which was present in the (NH4)2SO4 enzyme
precipitate. For determination of the concentration of
PAPS in stock solutions, an extinction coefficient of 15.4 x
IO3 was used. The preparations in water were stable to
hydrolysis for at least 1 month at 4Â°and for an indefinite
period at -30Â°.

Enzyme Preparations. The livers of male CD rats were
used. For determination of the sulfate acceptor activity of
purine /V-oxide derivatives, a 0.01-ml aliquot of a 95,000 x
g supernatant of liver homogenate in 3 volumes of 0.15 M
KC1:0.001 M EDTA at pH 7.1 was added directly to the
incubation mixture. Some fractionation was achieved by
precipitating the enzymatic activity by adding solid
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Table 1
Sulfate acceptor activity of purine N-oxide derivatives, and a comparison with their oncogenic activities

Values, as percentages of total radioactivity minus the blank, are the average of 2 or 3 experiments that
differed by less than Â±10%.The incubation mixtures contained high-speed rat liver supernatant, purine N-
oxide, and PAPS-"S, as specified.

Furine
References %

to compounds conversion
Oncogenic References to
activity" oncogenicities

3-Hydroxyxanthine3-Hydroxy-l-methylxanthine3-Hydroxy-7-methylxanthine3-Hydroxy-8-methylxanthine3-Hydroxy-9-methylxanthine3-Hydroxy-7

,9-dimethylxanthine3-Hydroxy-8-azaxanthinel-Hydroxyxanthine7-Hydroxyxanthine3-Hydroxyguaninel-Methylguanine-3-oxide3-Hydroxy-7-methylguanine3-Hydroxy-8-methylguanine3-Hydroxy-9-methylguanineHypoxanthine-3-oxideAdenine-1-oxidePurine-3-oxidep-Nitrophenol3333339132233333IS16114445412873274347123171710260016"+

+++
++0+?00+00+

+++
++000++4.++888888820ft88888a,

c20*.

c

" On the basis of tumors at the site of s.c. injections, with consideration of dosages, incidence of tumors, and
the latency periods. Only for 3-hydroxyxanthine and 3-hydroxyguanine have there been sufficient assays (8)
to verify that the latter is slightly less active than the former. Most of the other activities are based upon a
single group of 20 rats, and the designations + + + to + represent approximate orders of magnitude, with
negligible activity represented by 0. References are to published details of the assay results.

0M. N. Teller el al., unpublished data.
r Treatment with xanthine oxidase forms some 3-hydroxyxanthine (G. StÃ¶hrer,unpublished data).
" Determined as p-nitrophenyl sulfate.

Â«to the supernatant to 50% saturation.3
About 0.5 ml of embryonic bovine trachea fibroblasts

grown for 4 weeks on antibiotic-free Eagle's minimum

essential medium with 90% nonessential amino acids and
10% newborn calf serum was suspended in 0.05 M Tris-
HC1:0.002 M EDTA at pH 7.4 and ruptured by 4 freeze-
thaw cycles with liquid N2 and a 37Â°water bath. After

centrifugation at 95,000 x g for 1 hr, the supernatant was
tested directly for sulfotransferase activity, and a 50%
saturated (NH4)2804 precipitate was prepared from the
remainder. The precipitate was stored at -30Â° and redis-

solved in incubation buffer for use, and protein was
determined by the procedure of Lowry et al. (12).

Incubations. For determination of the sulfate acceptor
activities of purine /V-oxide derivatives, 0.01 ml of a
high-speed rat liver supernatant containing an average of
0.25 mg of protein was added to 50 to 60 nmoles of purine or
p-nitrophenol and 11 nmoles of PAPS-35S in 0.09 ml of
0.05 M Tris-HCl: 0.005 M EDTA buffer at pH 7.4. The
incubation was carried out for 15 min at 37Â°followed by

heat inactivation by immersion in a boiling water bath for
30 sec. No measurable hydrolysis of PAPS was caused by
this heat treatment. For experiments involving (NH^jSO,
fractionation, the precipitates, stored at 4Â°or -30Â°, were

redissolved in incubation buffer and contained 0.14 to 0.18
3The enzyme preparations contain 3'-phosphoadenylyl: phenol sulfo

transferase, EC 2.8.2.1, as is demonstrated by the conjugation of p-nitro
phenol.

mg of protein per 0.01 ml. For the time course of oxidation
of sulfotransferase in solution, a freshly prepared 50%
(NH4)2SO4 precipitate was redissolved in 0.01 MTris-HCl
with 0.2 mM EDTA and 0.01 Mmercaptoethanol at pH 7.4
for stock solution. Aliquots were tested immediately for
sulfotransferase activity both with and without preincuba-
tion with 0.01 Mdithiothreitol for 10 min at 37Â°.Aliquots of

the stock solution were similarly assayed at intervals (Chart
1). The stock solution contained 0.29 mg protein per 0.01
ml.

Radioactivity Determinations. Specific activities of
PAPS-35S stock solutions were determined with a liquid
scintillation spectrometer with the use of an external
standard.

Radioactive products were quantitatively determined
with a paper-strip scanner after ascending paper chromatog-
raphy of incubation solutions on Schleicher and Schuell No.
597 paper strips in a 5:3 mixture of ethanol: l Mammonium
acetate adjusted to pH 6.7 with glacial acetic acid. The RF'S
of sulfate ion, PAPS, and p-nitrophenyl sulfate were 0.43,
0.16, and 0.93, respectively. The identity of the phenol
conjugate was confirmed with an authentic sample of
/7-nitrophenyl sulfate.

RESULTS AND DISCUSSION

Assay for Sulfotransferase. The assay for sulfate conjuga
tion is based upon the analogous behaviors of xanthine-3-/V-
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Table 2
Sulfotransferase activity of bovine trachea fibroblast protein preparations

Values are given as percentages of total radioactivity minus the blank.
The incubation mixtures contained either high-speed supernatant or 50%
ammonium sulfate preceipitate redissolved in 0.05 M Tris-HCl:0.002 vi
EDTA, pH 7.4, with PAPS-35S and 50 nmoles of acceptor, and were in
cubated for 30 min at 37Â°.

% conversion

Testcompound3-Hydroxyxanthine3-Hydroxy-l-methylxanthine3-Hydroxyguaninel-Methylguanine-3-oxidep-NitrophenolSupernatant"461513C(NH.^Oppf202861IIe

" Incubation solution contained 23 Â¿igof protein and 7.8 nmoles of
PAPS-"S; blank had 20% "SOr.

0 Incubation solution contained 72 jig of protein and 5.2 nmoles of
PAPS-35S; blank had 8% "SO,-.

1As/j-nitrophenyl sulfate.

sulfate and the chemically prepared (4) model ester 3-
acetoxyxanthine. In water at 23Â°the major products from
3-acetoxyxanthine are the results of hydrolysis to 3-hydrox-
yxanthine and acetate and from the "3-acyloxypurine
8-substitution reaction" (6), which also produces acetate
ions (5). The sulfate conjugate of 3-hydroxyxanthine under
goes the same reactions (18), rapidly yielding sulfate ion.
The appearance of free sulfate ion in the incubation mixture
is thus a measure of the susceptibility of the purine /V-oxide
derivative to enzymatic formation of a sulfate ester.

Direct hydrolysis of PAPS by PAPS sulfohydrolase and
ATP sulfurylase, both of which require Mg++, is largely

suppressed by EDTA. Even with added EDTA, about 10%
of the 35SO<" is liberated in controls and requires a

correction. No detectable sulfate appears from PAPS
during heat denaturation of the enzyme. The short 15-min
incubation period avoids depletion of added PAPS and
facilitates the comparison of relative acceptor activities.

Experiments with precipitated rat liver protein fractions
stored for various periods of time at 4Â°or -30Â° led to

variable results for acceptor activity of the purine deriva
tives tested. When a 50% ammonium sulfate precipitate of
high-speed rat liver supernatant is redissolved in Tris-
EDTA buffer with mercaptoethanol, the Sulfotransferase
activity toward p-nitrophenol increases during storage of
the protein solution, while that toward 3-hydroxyxanthine
decreases. When aliquots of the stored enzyme solution are
incubated before assay in the presence of 0.01 M dithio-
threitol, the activities return to nearly normal (Chart 1).
Preincubation of fresh enzyme preparations with dithio-
threitol had no effect on Sulfotransferase activity toward
either p-nitrophenol or 3-hydroxyxanthine. Rather than
suggesting the presence of different enzymes, the results in
Chart 1 may reflect variations in the affinities of the 2
substrates with the degree of oxidation of the enzyme.3 With
a purified phenol Sulfotransferase from rat liver, Barford
and Jones (2) found that the activity toward p-nitrophenol

at the same 0.5 mM concentration was greater than that of
the fresh enzyme, while activity toward L-tyrosine methyl
ester was lost. Both original activities were restored by
treatment with dithiothreitol. We therefore used freshly
prepared high-speed supernatants in studies of the relative
acceptor activities (Table 1) of various hydroxypurines.

Structural Features and Sulfate Acceptor Activities. For
many purine TV-oxide derivatives, such as 1-, 3-, and
7-hydroxyxanthine, the neutral species exist primarily as the
/V-hydroxy tautomer. Others, such as 3-hydroxyguanine
and hypoxanthine-3-oxide, exist as equilibrium mixtures of
/V-hydroxy and /V-oxide tautomers. Since adenine-1-oxide
and purine-3-oxide, both of which are /V-oxides at neutral
pH (11, 16), lack acceptor activity (Table 1), it appears that
only the /V-hydroxy tautomer is subject to esterification.
The low activity of l-methylguanine-3-oxide is also consist
ent with the low probability of formation of the ./V-hydroxy
tautomer at neutral pH (8, 14). All the other monomethyl
derivatives of 3-hydroxyxanthine and 3-hydroxyguanine
exist primarily as the /V-hydroxy tautomers (14), and
variations in the activity of the methyl derivatives may
reflect varying affinities of the substrates and the Sulfotrans
ferase. The low activity of 3-hydroxy-7,9-dimethylxanthine
as an acceptor may be related to the fact that it is positively
charged under conditions of the assay. There is no correla
tion between the pKa's (11, 13-15) and the susceptibility of
the purine /V-oxide derivatives to Sulfotransferase.

The most active derivatives are largely enolate anions at
the pH of the assay, while the completely inactive examples
are the true /V-oxides and the parent purines, xanthine and
guanine, themselves. Thus without /V-oxidation there is no
site for sulfate conjugation, but it alone does not necessarily
provide an active substrate.4

Days

Chart I. Variation of Sulfotransferase activity of a rat liver enzyme
preparation with duration of storage at 4Â°;a, formation of p-nitrophenol

with (â€¢)and without (D) preincubation of enzyme solution with dithio
threitol; b, formation of sulfate in the presence of 3-hydroxyxanthine with
(â€¢)and without (O) preincubation of enzyme solution with dithiothreitol.

*It is possible to form 0-acetyl derivatives of adenine l-/V-oxide and its
2-methyl derivative by reaction of the parent purines in a mixture of acetic
acid and acetic anhydride (17). More recently, it has been observed that all
purine /V-oxidederivatives, regardless of position of oxidation or extent of
enolization, can form acetate esters upon treatment with acetic anhydride
in pH 7 buffer (G. StÃ¶hrer,unpublished data).
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Comparison of Acceptor Activities and Oncogenicities.
The data in Table 1 show that the oncogenic activity of
purine /V-oxide derivatives is not proportional to their
sulfate acceptor activity, but it does accompany a high
chemical reactivity of the esters so formed. Several nonon-
cogenic derivatives are excellent sulfate acceptors. Exam
ples are the efficient acceptors, 1-hydroxyxanthine and
7-methyl-3-hydroxyxanthine and -guanine, which cannot
undergo the rapid 3-acyloxypurine 8-substitution reaction in
water (6). The l-methyl-3-hydroxyxanthine, like 3-hydrox-
yxanthine, is an excellent acceptor; its ester is highly
reactive (5, 6), and the two are equally oncogenic (8).
3-Hydroxyguanine is a considerably less efficient sulfate
acceptor than is 3-hydroxyxanthine, but it shows the same
order of oncogenicity. The very low but reproducible sulfate
acceptor activity of l-methylguanine-3-oxide is apparently
sufficient to permit its potent oncogenicity, which is equal to
or greater than that of 3-hydroxyguanine (8).

In some instances the presently available information
does not permit satisfactory rationalization of the 2 proper
ties. The very weakly oncogenic (8) 3-hydroxy-8-azaxan-
thine, which is a good sulfate acceptor, lacks the ability to
yield an electrophile at position 8 (21). An initial assay (8) of
3-hydroxy-8-methylxanthine showed borderline activity of
the order shown by a similar initial assay of 3-hydroxy-8-
azaxanthine, and further assays are not yet complete. Its
ester undergoes a reaction with water that involves a
substitution with rearrangement to yield 8-hydroxymethyl-
xanthine (21). An assay in progress (M. N. Teller, unpub
lished results) indicates that 7-hydroxyxanthine is not
oncogenic, although there is a qualitative similarity of the
chemical reactivity of its acetoxy derivative to that of
3-hydroxyxanthine (22). Further chemical and metabolic
studies, some in progress, may permit explanations of these
and other (8) recorded observations.

Sulfotransferase Activity in Fibroblasts. The assays of the
relative oncogenicities of the purine /V-oxide derivatives are
based upon the tumors that develop at the site of s.c.
injection, most commonly fibrosarcomas or fibromas (7, 19,
20). The example of this type of cell available to us was
bovine trachea fibroblasts in culture. The sulfotransferase
activity in a high-speed supernatant preparation from those
cells was found to be comparable to that in rat liver
supernatant (Table 2). For the 4 compounds tested the
relative acceptor activities were comparable to those found
with the rat liver enzyme. Solutions of 50% ammonium
sulfate precipitates, prepared from the high-speed superna
tant and stored at - 30Â°,exhibited decreased activity toward

the purine derivatives but essentially the same activity
toward /7-nitrophenol, changes which differed quantitatively
from those observed with precipitated and stored rat liver
protein.3 Possibly there are species as well as cell-type
differences, and assays with rat fibroblasts and other types
of cells are needed when feasible. The presence of sulfo
transferase in this type of cell is in accord with current
concepts of the mode of action of these compounds.
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