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SUMMARY

Comparative assays of the oncogenicities of a series of
/V-methyl and other derivatives of 3-hydroxyxanthine and
3-hydroxyguanine have been carried out. The oncogenici
ties are directly correlated with the chemical reactivities of
esters of those derivatives in water at temperatures and
pH's approaching physiological. The oncogenic 3-hydrox-

ypurine derivatives yield anions, which subsequently un
dergo either a reaction with nucleophilic groups via an
ionic substitution mechanism or one via a reduction that
appears to result from a free radical mechanism. Serious
consideration should be given to each highly reactive
intermediate, the free radical and the ionic, as candidate
for the agent responsible for inducing the oncogenic
process.

INTRODUCTION

The oncogens 3-hydroxyxanthine (Chart 1, Structure 1)
and 3-hydroxyguanine (Chart 3) (8, 21, 22) are enzymati-
cally converted to sulfate esters, (Chart 1, Structure 2),
which will then spontaneously react with methionine to
yield 8-methylmercaptoxanthine (Chart 1, Structure 3) or
8-methylmercaptoguanine. Small amounts of these 8-
methylmercaptopurines are excreted2 by rats receiving the
respective 3-hydroxypurines, and 8-methylmercaptoxan-
thine is one of the products obtainable from proteins of
3-hydroxyxanthine-treated rats (20). Miller (13) has re
viewed the evidence that similar substitutions of nucleo
philic groups of macromolecules are a type of reactivity
associated with many chemical oncogens.

1This investigation was supported in part by the National Cancer
Institute (Grant CA 08748), the American Cancer Society (Grant BC-32),
and the Atomic Energy Commission [Contract AT(11-1)-3521]. Portions
were presented at the Annual Meetings of the American Association for
Cancer Research (9, 10). This is Contribution 50 in a series on "Furine
yv-Oxides."

'Traces of 8-chloroxanthine (Chart 2, Structure 7, Nu=Cl) are also
excreted (19). About 95% of an administered dose of 3-hydroxyxanthine
appears in the urine in 24 hr, the majority as metabolites of the parent
purines, which are produced by the reducing actions of xanthine oxidase
(18); as 3-hydroxyuric acid (12, 14) or 8-hydroxyguanine 3-oxide (18),
which are produced by the oxidizing actions of xanthine oxidase; and as
3-methoxyxanthine, which results from an enzymatic methylation of
3-hydroxyxanthine (16).

Received December 8, 1972; accepted February 15, 1973.

The reactions by which 8-substituted purines can arise
from 3-hydroxypurines have been studied in some detail
with a chemically prepared model ester, 3-acetoxyxanthine
(Chart 2, Structure 4) (4-6, 27, 29). A variety of N- and
C-methyl derivatives of both 3-hydroxyxanthine and 3-
hydroxyguanine have also been studied. These differ in
their ability to undergo an 8-substitution reaction under
various conditions. For further information on the rele
vance of their chemical reactivities to the process of tumor
induction, the oncogenicities of several derivatives have
been determined and a comparison has been made with
their chemical reactivities in aqueous solutions at near
physiological conditions of temperature and pH.

MATERIALS AND METHODS

Compounds. Syntheses have been described (3, 28).
Column chromatography over Dowex 50-H+ with 0.05 N
or 1.0 N HC1 and/or over BioRad A-6 resin with ammo
nium formate, pH 4.7 (26), showed not over 1 to 10 parts
per thousand of UV-absorbing impurities in the samples
used, with particular attention to the total absence of re
lated compounds of known oncogenicity.

Assays for Oncogenicity. Male Wistar rats (CFM,
Carworth Farms, Inc., New City, N. Y.) and Sprague-
Dawley (CD, Charles River Farms, Wilmington, Mass.)
weanling rats were maintained as described (25). Com
pounds were homogenized in CMC3 and administered s.c.
in the interscapular area. Dosage and frequency of ad
ministration are indicated in the tables. Solutions of 3-acet
oxyxanthine were prepared immediately prior to injection
for each group of 5 rats, and the solutions were injected
within 1to 2 min of solubilization.

The determination of the oncogenicity was by gross
examination at autopsy, including the s.c. tissue in the
interscapular area, and by microscopic examination of all
tumors and questionable masses.

Chemical methods used are referenced under "Results."

RESULTS

Assays. Table 1 indicates the reproducibility of assays
for oncogenicity of 3-hydroxyxanthine at dose levels of 1.0

3The abbreviation used is: CMC, 0.5% carboxymethylcellulose con
taining 0.9% NaCI in water.
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Chart 1. Some metabolic conversions of 3-hydroxyxanthine that

occur in vivo.
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Chart 2. Reactions of 3-acetoxyxanthine that occur in vitro.

and 0.1 mg given 3 times weekly for 8 weeks. At a dose of
1.0 mg, tumor incidences were 88 to 100% and all of the
tumors were sarcomas. Median latencies ranged from 5.5
to 7 months, and the earliest tumor was palpated during the
4th month after the initial dose. The 10-fold lower dose (0.1
mg) led to a tumor incidence ranging around 50% and
involved a longer latency period. At this lower dose some of
the tumors were fibromas. The data in Tables 2 and 3 were
obtained on this regimen, while those in Table 4 were on a
previous regimen of 1 dose/week for 22 weeks.

Table 1 also includes assays of 3-acetoxyxanthine. At the
1.0-mg level the incidence of tumors, latency period, and
tumor types approached those for the parent compound at
the same dose, but no tumors appeared in rats treated with
0.1 mg of 3-acetoxyxanthine. These results are undoubtedly
attributable to extracellular destruction of the chemically
labile 3-acetoxyxanthine and suggest that assays of other
labile acetoxy derivatives would not be expected to be
informative.

Determination of the pKa of 1-Methylguanine 3-Oxide.

The 2nd ionization constant, previously recorded as ~14
(15), was redetermined to be 13.03 Â±0.04 at 25Â°by optical

methods (1). A 3rd ionization, pKa 15 or greater, is
accompanied by very small spectral changes.

Action of Guanase on 1-Methylguanine 3-Oxide. With
conditions under which 3-hydroxyguanine was deaminated
at a rate about 0.0025 that of guanine ( 17), no deamination
of 1-methylguanine 3-oxide was detected.

8-Methylmercaptoguanine as a Metabolite of 3-
Hydroxyguanine. A 260-g Carworth CFM male rat was
given 1 injection of 26.7 x IO6cpm of 3-hydroxyguanine-8-
14C(specific activity, 17.8 x IO6cpm//.imole) (17). After 9
hr the urine contained 65% of the administered radioactiv
ity. The urine together with unlabeled marker compounds
was chromatographed on a column containing 17 ml of
Dowex 50-H +, 200 to 400 mesh, the eluant being a linear
gradient derived from 200 ml of H2O and 200 ml of 5 N
HC1. At least 10 radioactive peaks were eluted, among
them 25% unchanged 3-hydroxyguanine (centered at 220
ml of eluant) and 0.8% 8-methylmercaptoguanine (centered
at 325 ml of eluant). The latter was characterized by
reduction to guanine in the manner described for 8-methyl-
mercaptoxanthine (19). The sample of 8-methylmercap
toguanine from urine with added unlabeled authentic
material (11) had a specific activity of 9400 cpm///mole
after additional ion-exchange and paper Chromatographie
purification, and upon reduction it yielded guanine with a
specific activity of 8500 cpm/Vmole.

Chart 3. Coexistent neutral species of 3-hydroxyguanine.

Table 1
Experiments with dosages administered 3 times/week for 8 weeks

Compound3-Hydroxyxanthine3-AcetoxyxanthineC

MC controlsDose(mg/in-

jection)1.00.11.00.1Tumorincidence"14/16(88)"20/20(100)20/20(100)18/20(90)18/20(90)6/19(32)11/19(58)6/20(30)8/19(42)17/20(85)0/20(0)2/60(3)Median
latency
(mo.)7.06.05.57.07.07.010.015.58.08.0Tumortype14S-20S20S18S18S6SusIS,

5F8SI5S,

2FIS,

IF

Â°In rats, at s.c. site of injection.
"Numbers in parentheses, percentage.
cS, sarcoma; F, fibroma.
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Table 2
Effects of N-methyl substitutions on the oncogenicily of

3-hvdroxvxanlhine

Compound3-Hydroxy-l-methyl-

xanthine
3-Hydroxy-7-methyl-

xanthine
3-Hydroxy-9-methyl-

xanthine
3-HydroxyxanthineCMC

control (0.5 ml)Dose"

(mg)1.0

0.1
1.0
O.I
1.0
O.I
1.0
O.ITumor

incidence*13/17(71)"-

8/20(40)
0/18(0)
1/20(5)
0/20(0)
0/20(0)

19/20(95)
6/20(30)
0/20(0)Median

latency
(mo.)6.0

7.57.015.5Tumor

typeI3S"

7S,IFIFI8S,

IF
IS, 5F

" In mg of compound given 3 times/week for 8 weeks.
* In rats, at s.c. site of injection.
' Numbers in parentheses, percentage.
aS, sarcoma; F, fibroma.

Table 3
Effect of N- and C-methyl substitution on the oncogenicity of

3-hydroxyguanine

Compound3-Hydroxy-l-methyl-guanine3-Hydroxy-7-methyl-guanine3-Hydroxy-9-methyl-guanine3-Hydroxy-8-methyl-guanine3-HydroxyguanineCMCDose"(mg)1.01.01.01.01.0Tumorincidence11/19(58)"2/18(11)2/20(10)1/20(5)7/20(35)0/43Medianlatency(mo.)1017.51812Tumortype6S,f5F2F2FIF4s,

3F

" In mg of compound given injected s.c. in rats 3 times/week for 8
weeks.

" Numbers in parentheses, percentage.
cS, sarcoma; F, fibroma.

DISCUSSION

Biological Aspects. Tumor induction by 3-hydroxyxan-
thine is more effective with smaller and more frequent
doses (25), so the dosage regimen in Table 1 is that
currently adopted as the most practical one offering
maximum information with a minimal requirement for
scarce compounds. The greater effectiveness of more
frequent doses may be correlated with the fact that over
90% of an injected dose appears in the urine within 24 hr
(14, 17, 19). The high dose is approximately the minimum
for a near 100% incidence of tumors at the site of s.c.
injection. The 10-fold lower dose results in a tumor
incidence of around 50%. The higher dose eliminates
compounds perhaps 100-fold less oncogenic than the
reference compound, while the lower permits a more direct
comparison of highly active compounds on 1 or more of 3
criteria: incidence, latency, and malignancy of tumors.

Few liver tumors (22, 25) were seen in the present
experiments. With the higher dose of 3-hydroxyxanthine

large tumors at the s.c. site caused many rats to be killed
well before the 12th month, the time at which liver tumors
might be expected (25).

In many of the otherwise tumor-free rats, minute white
nodules were seen in the s.c. tissues of the interscapular
area where test compounds, or CMC, were injected.
Microscopically, these small nodules resembled fibroma-
tous structures. These are not included in the results. Such
nodules have rarely, if ever, been reported and their
significance should be considered in the future.

Over a period of 7 (1965 to 1972) years, tumor incidence
as high as 2 in a group of 15 to 20 rats has rarely been
observed in controls given only the CMC vehicle injections.
In single assays, such incidences must therefore be consid
ered low but inconclusive. In the present series of assays
4 compounds, the 3-hydroxy-7- and 9-methylguanines
(Table 3) and 3-hydroxy-8-methylxanthine and 3-hydroxy-
8-azaxanthine (Table 4), show 9 to 11% tumor incidences;
additional assays will be required to determine whether
or not they are truly weak oncogens. Another assay of 3-
hydroxy-8-azaxanthine, with more frequent doses but the
same total amount, is confirming its oncogenicity; 7 large
tumors have appeared by the 14th month.

The results with 3-hydroxyguanine (Table 3), compared
with those with 3-hydroxyxanthine (Table 2), confirm
previous suggestive evidence (22) that it is a somewhat less
potent oncogen than 3-hydroxyxanthine.

Assay data for several /V-methyl derivatives (3) of
3-hydroxyxanthine and of 3-hydroxyguanine (Tables 2 and
3) show that those with the methyl group on N-l are about
equal to their parent compounds in oncogenic activity. On
the other hand, a methyl group in the N-7 or N-9 position
abolishes or greatly diminishes the activity.

The derivatives in which position 8 is modified also show
greatly diminished or negligible oncogenicity. These in
clude 3-hydroxy-8-methylguanine (Table 3) and 3-
hydroxy-8-methylxanthine (Table 4) in which position 8 is
already substituted by a methyl group, 3-hydroxy-8-aza-
xanthine, in which the =Câ€” is replaced by =Nâ€” at po
sition 8, and 3-hydroxy-7,9-dimethylxanthine, which is

Table 4
Derivatives of 3-hydroxyxanthine with alterations of position 8

Compound3-Hydroxy-8-methyl-

xanthine3-Hydroxy-8-azaxan-

thine3-Hydroxy-7,9-dimeth-

ylxanthine
3-Hydroxyxanthine
Control, CMC (0.5 ml)Dose"

(mg)2.942.693.18

3.00Tumor

incidence*2/22

(9f2/20(10)0/20

(0)18/20(90)

1/20(5)Medianlatency

(mo.)tfr7.0Tumortype2S'2S18S

IF

" Compounds administered once weekly for 22 weeks.
* In rats, at s.c. site of injection.
' Numbers in parentheses, percentage.
a None, at Months 9 and 10.
' S, sarcoma; F, fibroma.
' None, at Months 8 and 10.
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a betaine (29) with a positive charge on the imidazole
ring (Table 4).

Further evidence that 3-hydroxyguanine is metabolized
independently of 3-hydroxyxanthine is provided by the
isolation of 8-methylmercaptoguanine from the urine of a
rat receiving 3-hydroxyguanine.

The nonsusceptibility of 3-hydroxy-l-methylguanine to
guanase is demonstrated in vitro.

Chemical Aspects. Some derivatives of 3-hydroxyxan
thine and 3-hydroxyguanine (Tables 2 to 4) are as onco-
genic as the parent compounds while others are inactive.
The action of sulfotransferase on all of these 3-hydroxypu-
rine derivatives, which include both oncogenic and nonon-
cogenic examples, has been determined in vitro and each is
subject to this esterification to some degree (J. McDonald,
unpublished results). Susceptibility to esterification is not
the factor limiting their conversion to the reactive inter
mediate finally responsible for initiating the process of
oncogenesis.

The oncogenicities of some of the derivatives and the
inactivities of others can be directly correlated with the
differing chemical reactivities of their 3-0-acetyl esters in 1
of the 2 reaction pathways outlined in Chart 2. The ester,
3-acetoxyxanthine, (Chart 2, Structure 4) reacts with water
at room temperature to yield uric acid (Chart 2, Structure
7; Nu = OH). In aqueous solutions, it also reacts with a
variety of inorganic or organic nucleophiles to yield
8-substituted xanthines (Chart 2, Structure 7) (6, 27). This
reaction proceeds via Path b in Chart 2 (5). In stronger
acid, at pH's below 3, acid hydrolysis to 3-hydroxyxanthine
(Chart 2, Structure 1) is extensive but the 8-substitution
reaction does occur to a small extent via Path a. Reaction
of 3-acetoxyxanthine via Path a involves dissociation to
acetate ion and the unstable nitrenium ion (Chart 2,
Structure 5). Redistribution of the positive charge into the
aromatic system favors the more stable carbonium ion
(Chart 2, Structure 6). The highly reactive carbonium ion
accounts for the reactivity with very weak nucleophiles
such as water and chloride ion. Path a may be involved in
reactions under forcing conditions, as in the conversion of
3-hydroxyxanthine to uric acid in hot acetic anhydride (29),
and in reactions in aprotic solvents (6).

The 3-acetoxyxanthine aniÃ³n(Chart 2, Structure 8) is a
much more reactive species than is the neutral molecule
(Chart 2, Structure 4) (5). The aniÃ³nresults from ioniza-
tion of the imidazole proton, pKa ~6.8, and this ionization
initiates the reaction in water via Path b. As the concentra
tion of the aniÃ³nincreases, the half-time for the reaction of
3-acetoxyxanthine decreases from over 100 min at pH 3 to
20 sec at pH 7. This base-catalyzed fast reaction (Path b) is
accompanied by major changes in the proportions of the
products: hydrolysis to 3-hydroxyxanthine (Chart 2, Struc
ture 1) becomes negligible; the extent of the 8-substitution
reaction, leading to Structure 7 (Chart 2), increases
many-fold; and another product, xanthine (Chart 2, Struc
ture 11), appears in increasing amounts.* It is apparent that

' An unidentified blue product that is not a radical (5) is also produced
in increasing amounts as the pH approaches 7, and it must also arise from
the aniÃ³nor one of its products.

the negative charge of the aniÃ³n (Chart 2, Structure 8)
greatly facilitates the departure of the acetate ion. The
resulting transient neutral intermediate, depicted as dehy-
droxanthine (Chart 2, Structure 9) can then protonate to
yield the same reactive carbonium ion (Chart 2, Structure
6) that arises from Path a (5).

The acetoxy aniÃ³n(Chart 2, Structure 8) of Path b also
undergoes a 2nd reaction that involves a different mecha
nism. This latter reaction results in the reduction of a
portion of the acetoxy aniÃ³n (Chart 2, Structure 8) to
xanthine (Chart 2, Structure 11). The reduction to xanthine
has properties that are characteristic of a free-radical-
mediated reaction, i.e., the yield of xanthine is independent
of the polarity of the solvent, and at a given pH it is
independent of temperature. It is proposed that a radical
pair, perhaps the acetoxy radical and the xanthyl radical
aniÃ³n (Chart 2, Structure 10), results from homolytic
cleavage of the acetoxy group from (Chart 2, Structure 8).
The xanthyl radical can then abstract any available hydro
gen, including that of water, to yield the xanthine that is
observed. The proportion reacting via this proposed radical
intermediate is over 30% at a pH near 7, which is roughly
equal to the proportion proceeding via the carbonium ion
intermediate (5).

Since the ionization of the imidazole proton is essential
for the fast reaction via Path b, the 7-methyl- derivative of
3-acetoxyxanthine will not participate in that reaction.
3-Acetoxy-7-methylxanthine in water at pH's from 1to 9 is
only hydrolyzed to 3-hydroxy-7-methylxanthine (5, 6).

The hydrogen on N-l plays no role in the mechanism
involved in Path b, and 3-acetoxy-l-methylxanthine, with
its ionizable proton on the imidazole ring, can also ionize to
a highly reactive aniÃ³nthat undergoes both the 8-substitu
tion and the reduction reactions stemming from Path b, to
yield 1-methyluric acid and 1-methylxanthine.

The 3-acetoxy derivatives of the guanine series are not
available for comparable chemical studies under conditions
for the reaction via Path b, but the activation of 3-hydrox
yguanine by sulfotransferase (20) and the currently demon
strated production of 8-methylmercaptoguanine in vivo
indicate that esterification followed by a facile reaction
similar to Path b does take place.

The 3-hydroxy-7- and 9-methylxanthines (Table 2) and
the 3-hydroxy-7,9-dimethylxanthine (Table 4) are not
oncogenic. In each of these derivatives, ionization of a
proton from the imidazole ring is impossible since they are
replaced with methyl groups. Their esters do not undergo
the fast reaction in water via Path b (6).5 Assays of
3-hydroxy-7- and 9-methylguanines (Table 3) were essen
tially negative for the same reason. Since ionization of its
imidazole hydrogen leads to a reactive aniÃ³n, the 3-O-
acetyl derivative of 3-hydroxy-1-methylxanthine reacts in
water via Path b as readily as does that of 3-hydroxyxan
thine, and its oncogenicity (Table 2) is of the same order as
that of 3-hydroxyxanthine. The oncogenicity of 1-methyl-
guanine 3-oxide (Table 3) is also of the same order as that

"The 3-O-acetyl derivative of 7,9-dimethylxanthine is unknown, but
its 3-O-sulfate is sufficiently stable to be crystallized from water (6).
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of 3-hydroxyguanine, and each has an imidazole proton
which would be the first ionizable when the oxygen on N-3
is esterified (15).

For 3-hydroxyguanine the enol form available for es-
terification is the 2-amino-3-hydroxy-6-one tautomer (3-
hydroxyguanine), which predominates over the 2-amino-
l//-6-one-3-oxide tautomer (guanine 3-oxide) in the neu
tral species (Chart 3) (13). A suitable enol form for
1-methylguanine 3-oxide is not as obvious. Its 1st ioniza-
tion is that of the imidazole proton, pKa 8.24, followed by
an ionization of a 2-amino hydrogen, pKa 13.03 (15).6
Esterification could conceivably occur in conjunction with
formation of trace amounts of the dianion. There is,
however, some chemical evidence that the formation of a
reactive ester in situ, by acetylation with acetic anhydride
at neutral pH, does not necessarily require the existence of
an TV-hydroxytautomer (G. StÃ¶hrer,unpublished observa
tions).

The conversion of 1-methylguanine 3-oxide to the onco-
genic 3-hydroxy-l-methylxanthine is improbable, since it is
not significantly deaminated by guanase. The possibility of
demethylation to the oncogenic 3-hydroxyguanine can be
tested only by a study in vivo with isotopie labels.

From the results with 3-hydroxy-8-methylguanine (Table
3) and the several results in Table 4, it is apparent that
structural alterations involving position 8 greatly reduce or
abolish the oncogenicity. The methyl group on C-8, as in
3-hydroxy-8-methylguanine and 3-hydroxy-8-methylxan-
thine, interferes with nucleophilic substitution of the ring at
that position. The 3-hydroxy-8-azaxanthine, with an â€”¿�N=
in place of a â€”¿�CH= in position 8, cannot lead to a
stabilized carbonium ion at that position. The inactivity of
the 3-hydroxy-7,9-dimethylxanthine can be attributed to
the positive charge on the imidazole of this betaine, as well
as to the lack of an ionizable proton on the imidazole.5

The potent oncogenicity characteristic of 3-hydroxyxan-
thine is greatly decreased in the 8-methyl and 8-aza
analogs, but these compounds are not unequivocally inac
tive from the present assays, since 2 sarcomas were
observed in the assays of each (Table 4). In an assay in
process, 3-hydroxy-8-azaxanthine is leading to a 50%
incidence of tumors. Chemically, the O-acetyl derivatives
of these 2 compounds do not undergo a facile 8-substitution
reaction, but they do show some chemical reactivity,
including evidence suggesting reaction via a radical mecha
nism (23). Further study of the oncogenicities, chemistry,
and metabolism of these compounds is needed.

In conclusion, the correlation of a high degree of
oncogenicity with the reaction by which a highly reactive
aniÃ³nof esters of 3-hydroxypurines can lead to substitution
of macromolecules by an ionic substitution mechanism is in
harmony with the known behaviors of many chemical
oncogens, particularly the well-studied /V-hydroxyaryla-
mines (13). However, the large proportion of the 3-hydrox-
yxanthine ester that undergoes a parallel reaction via a

6The only possible ionization of a hydrogen of 1,7-dimethylguanine
3-oxide is from the amino group. That occurs with a pKâ€žof 11.2 (Â±0.08)
(15).

radical mechanism suggests that "radical" intermediates
should receive the same consideration as do the "ionic"
intermediates as candidates for "proximate" oncogens.

There is other evidence of ready formation of radicals from
/V-hydroxypurines (J. C. Parham, unpublished observa
tions), and radical intermediates can arise from several
other types of chemical oncogens, as recently considered
from various viewpoints by several authors (2, 7, 24).
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