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Absfiact-l-Amino guanosine, virazole and mycophenolic acid all inhibit inosinate dehyd- 
rogenase activity in intact Ehrlich ascites tumor cells in vitro, and exert 50 per cent inhibi- 
tion at concentrations of 500, 50 and < 0.1 PM respectively. At these concentrations, the 
activity of guanylate synthetase was inhibited by 0, 20 and 10 per cent respectively. l-Amino 
2’-deoxyguanosine was a less potent inhibitor of intracellular inosinate dehydrogenase acti- 
vity than l-amino guanosine, and ten other l-substituted purines tested had little or no acti- 
vity. l-Amino guansoine (400 PM) inhibited both the growth of cultured mouse leukemia 
L1210 cells and inosinate dehydrogenase activity by approximately 50 per cent. 

INOSINATE dehydrogenase is required in animal cells for the synthesis of guanine 
ribonucleotides from adenine, adenosine and adenine ribonucleotides, from hypoxan- 
thine, and from inosinate produced by the pathway of purine biosynthesis de nova. 
6-Mercaptopurine, presumably as its ribonucleoside monophosphate derivative, is 
believed to inhibit inosinate dehydrogenase in intact animal and bacterial cells 
(review: Ref. l), and such inhibition has also been observed in animal cells after treat- 
ment with 6-chloropurine. ‘p3 Partially or highly purified preparations of inosinate 
dehydrogenase were inhibited by ribonucleotides of 6-mercaptopurine,“6 6-thio- 
guanine,4 6-chloropurine, 4*6*7 8-azaguanine* and 2,6-diaminopurine;8 6-mercapto- 
purine ribonucleotide is also a substrate of this enzyme.4,6,9 

Mycophenolic acid (Fig. 1) is also an inhibitor of inosinate dehydrogenase both 
in intact cells and in partially purified preparations.‘0-‘4 Most recently, virazole (l- 
j&D-ribofuranosyl-1,2,4-triazole-3-carboxamide) (Fig. 1) has also been reported to be 
a potent inhibitor of inosinate dehydrogenase.15 The structures of these two inhibi- 
tors less closely resemble that of the natural substrate, inosinate, than do those of 
the purine analog nucleotides mentioned above. 

Ariimal cell’ and bacterial (review: Ref. 16) inosinate dehydrogenases were inhi- 
bited by GMP and to a lesser degree also by GTP, and the activity of this enzyme 
in intact Ehrlich ascites tumor cells was inhibited when intracellular concentrations 
of GTP were elevated.17 

* This work was supported by the National Cancer Institute of Canada. 
7 Present address: Department of Pharmacology, Idaho State University, Pocatello, Idaho. 
$ To whom reprint requests should be addressed. 
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FIG. 1. Structures of l-amino guanosine, virazole and mycophenolic acid. 

This paper reports results of studies of a new inhibitor of inosinate dehydrogenase, 
l-amino guanosine (Fig. l), and compares some of its properties with those of virazole 
and mycophenolic acid. 

MATERIALS AND METHODS 

Adenine-8-14C (39.3 mCi/m-mole) and guanine-S-r4C (41.8 rn~i~rn-mole) were 
obtained from New England Nuclear Corp., Boston, Mass.; hypoxanthine-8-i4C 
(49.4 mCi/m-mole) from Schwarz BioResearch, Orangeburg, N.Y.; non-radioactive 
purine bases, ribonucleosides and ribonucleotides from Sigma Chemical Co., St. 
Louis, MO. ; and Fischer’s and RPMI* 1620 media and horse and fetal calf sera from 
Grand Island Biological Co., Grand Island, N.Y. Radioactive hypoxanthine and 
guanine contained impurities which were removed by column chromatography on 
Dowex-50-H’. 

Adenine-l-oxide was purchased from Sigma Chemical Co., mycophenolic acid was 
a gift to Dr. A. R. P. Paterson from Dr. T. Franklin, Imperial Chemical Industries, 
Alderly Park, Cheshire, England, and virazole was a gift of Dr. R. K. Robins, ICN 
Nucleic Acid Research Institute, Irvine, Calif. The following compounds were pro- 
vided by the Drug Evaluation Branch, Drug Research and Development, National 
Cancer Institute, Bethesda, Md.: 2-amino-l-methyl purine&thione (NSC 43405) l- 
methyl purine-6-thione (NSC 54258) l-methyl adenine (NSC 70896) l-amino guano- 
sine (NSC 112521) 1,2-diamino-9-/I-D-ribofuranosyl purine-6,8-dione (NSC 112522), 
2-amino-l-methyl-8-oxo-9-P-D-ribofuranosyl purined-thione (NSC 119845) 2- 
amino-1-methyl-9-~-~-ribofuranosyl purine-6,8-dione (NSC 119846). l,Zdiamino-8- 
benzyloxy inosine (NSC 119848). 1-amino-~-deoxyguanosine (NSC 119X50), l-amino 
inosine (NSC 119851), 1,2-diamino-7-methyl-9-P_D-ribofuranosyl purine-6,8-dione 

* Abbreviations used: RPMI, Roswell Park Memorial Institute; AMPS, adenylosuccinate. 
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(NSC 127520) and 5,6-dim~thyl-l-~-D-ribofuranosyl imidazo [4,5&Jpyrazine (NSC 
136512). 

Procedures for the maintenance, preparation and incubation of Ehrlich ascites 
tumor cells have been described previously, as have methods for the measurement 
of radioactivity in individual purine bases, ribonucleosides, ribonucleotides and nuc- 
leic acids.i4~“*“* Human leukemia RPM1 6410, human lymphoma PlR (Raji), and 
human lymphocyte RPMI 1788 and RPM1 6237 cells (obtained from Associated Bio- 
medic Systems, Buffalo, N.Y.) were grown in RPM1 1620 medium containing 10% 
fetal calf serum, 100 pg/ml of streptomycin and 100 units/ml of penicillin. Mouse 
lymphoma L5178Y (clone FF,) and mouse leukemia L1210 cells were grown in Fis- 
cher’s mediumI containing 20% horse serum, 100 icg/ml of streptomycin and 100 
units/ml of penicillin.20 

The apparent activities of enzymes of purine metabolism were calculated essen- 
tially by the method of Snyder et al. I4 In general, this is done by calculating the 
amount of radioactive substrate metabolized by each enzyme; i.e. the radioactivity 
in all metabolites further along a pathway from the enzyme in question is summed. 
The original description of this procedure14 applied only to the case in which 
radioactive hypoxanthine was used as precursor and in which nucleotides were the 
only metabolites whose radioactivity was measured. In this case, the apparent acti- 
vity of inosinate dehydrogenase is equated to the sum of radioactivity in xanthylate, 
guanylate, GDP and GTP. In most of the present studies, the original method has 
been extended to the use of radioactive adenine and guanine as precursors and to 
the measurement of radioactivity in nucleotide, nucleoside and base metabolites. In 
this case, when adenine or hypoxanthine is used as precursor, the apparent activity 
of inosinate dehydrogenase is equated to the sum of radioactivity in xanthylate, 
guanylate, GDP, GTP, xanthosine, guanosine and guanine. When cells are incubated 
in the presence and absence of drugs, the apparent per cent inhibition of each enzyme 
can be calculated,14 and the results may be slightly different depending on which 
summation is used. 

Limitations and assumptions made in this procedure for the calculation of appar- 
ent enzyme activity have been discussed previously.‘4 More recent studie?’ of the 
kinetics of purine metabolism in this system have shown that the conversion of 50 
PM adenine, guanine and hypoxanthine to nucleoside triphosphates plus nucleic 
acids is pseudo-first order for at least 90 min, that nucleoside ~iphosphates are the 
major acid-soluble metabolites that accumulate, and that recycling of isotope does 
not occur to any appreciable extent. 

Acid-soluble nucleotides were separated, and individual nucleotide concentrations 
were measured both by chromatography of cell extracts using a Varian-Aerograph 
LCS-1000 liquid chromatograph as described by Brown22 and by chromatography 
on DEAE-Sephadex as described by Caldwell. 

RESULTS 

Table I shows the effects of 1 mM l-amino guanosine on the apparent activities 
of a number of reactions of purine metabolism in intact Ehrlich ascites tumor cells. 
Nucleotide synthesis from radioactive adenine, hypoxanthine and guanine was inhi- 
bited slightly, but the major effect of this compound was on the apparent activity 
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TABLE 1. EFFECTS OF I-AMINO GUANOSINE ON PURINE METABOLISM* 

Precursor 

Adenine-“‘C 

Hypoxanthine-‘V 

Guanine-“‘C 

Reaction7 

Adenine phosphoribosyltransferase 
(27,530) 
AMP kinase (25,380) 
ADP kinase (24,620) 
RNA polymerase (531) 
AMP deaminase (2013) 
Hypoxanthine phosphoribosyltransferase 
(18,260) 
AMPS synthetase + lyase (14,850) 
AMP kinase (14,670) 
ADP kinase (13,800) 
IMP dehydrogenase (1802) 
GMP synthetase (1748) 
GMP kinase (1632) 
GDP kinase (1235) 
Xanthine oxidase (734) 
Guanine phosphoribosyltransferase (14, 
GMP kinase (13.080) 
GDP kinase (12,700) 
RNA polymerase (665) 
GMP reductase (1111) 
Guanine deaminase (7190) 
Xanthine oxidase (331) 

Apparent enzyme activity 
(% inhibition) 

10.2 

0 
4.19 
5.90 
2.03 

17.3 

0 
0 
0 

65.7 
4.6 

16.7 
14.9 
8.9 

19.2 
6.5 
0.1 

11.9 
0 
0 
0 

* Ehrlich ascites tumor cells, 27; by volume, were incubated for 20 min at 37” with shaking in an atmos- 
phere of air in 0.1 ml Fischer’s medium containing 25 mM sodium phosphate buffer, pH 7.4, and 5.5 mM 
glucose, with and without 1 mM l-amino guanosine. Adenine-14C, hypoxanthine-14C or guanine-14C was 
then added to a final concentration of 50 PM, and incubation continued for 60 min. Apparent enzyme 
activities were calculated.14 typical control values (cpm) are given in parentheses. 

t The “kinase” reactions refer to processes rather than to specific enzymes, as more than one enzyme 
may be involved in each case. 

of inosinate dehydrogenase. Figure 2 shows the relation of l-amino guanosine con- 
centration to inhibition of inosinate dehydrogenase activity under these conditions. 
Fifty per cent inhibition was achieved at approximately 500 ,uM l-amino guanosine, 
and the extent of inhibition was the same at 750 and 1000 PM; complete inhibition 
was not attained at any of the drug concentrations tested. 

0 250 500 750 1000 

I - AMINOGUANOSINE /&+l 

FIG. 2. Inhibition of inosinate dehydrogenase apparent activity by l-amino guanosine. Tumor cells were 
incubated as described in Table 1 with various concentrations of l-amino guanosine and 50 PM hypoxan- 

thine-14C. 
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In these studies, the apparent activity of inosinate dehydrogenase was equated to 
the sum ofradioactivity in xanthylate, guanylate, GDP, GTP, xanthosine, guanosine 
and guanine. When the relationship, inosinate dehydrogenase = (xanthylate + 
guanylate + GDP + GTP) was used, the apparent per cent inhibition was approx- 
imately 80 per cent. To evaluate the possibility that the apparent inhibition might 
be due to dilution of the specific activity of the precursor hypoxanthine by non- 
radioactive hypoxanthine derived from the breakdown of inosinate, the time-course 
of the effect of 1 mM l-amino guanosine on the metabolism of radioactive hypoxan- 
thine was determined. At 15,34 45 and 60 min of incubation, the apparent per cent 
inhibitions of inosinate dehydrogenase were 85, 83, 81 and 79 respectively. A small 
degree of dilution thus may occur, but does not markedly affect the results. Since 
the concentration of inosinate in these cells is approximately 30 nmoles/g (compared, 
e.g., with > 3000 nmoles/g for ATP), the synthesis of inosinate from adenylate is 
very low, and purine biosynthesis is partially inhibited in the presence of hypoxan- 
thine, only a small degree of dilution of radioactive hypoxanthine would be expected. 

In an attempt to establish structure-activity relationships for inhibition of in- 
osinate dehydrogenase activity by compounds related to l-amino guanosine, a var- 
iety of other l-substituted purines were tested in this system. Table 2 shows that only 
l-amino 2’-deoxy guanosine was inhibitory, but that it was less potent than the par- 
ent ribosyl compound. l-Amino inosine had no activity, nor did compounds which 
were further oxidized, substituted with large groups, or substituted with methyl in- 
stead of amino groups at the l-position. 

A range of concentrations of virazole and mycophenolic acid were tested both to 

TABLE 2. INHIBITION OF INOSINATE MHYDROGENASE ACTIVITY BY ~-SUBSTITUTED PURINE 

DERIVATIVES* 

Compounds tested 

Apparent activity of 
inosinate dehydrogenaset 

(% inhibition) 

l-Amino guanosine 
l-Amino 2’-deoxyguanosine 
I-Amino inosine 
1~2-Diamino-8-be~yloxy inosine 
~,2-Diamino-9-~-D-ribofuranosyl 

purjne-6,8-dione 
l,Z-D~amino-?-methyl-9-~-~- 

ribofuranosyl purine-6,8-dione 
5,6-Dimethyl-I-F-D-ribofuranosyi 

imidazo[4,SbJpyrazine 
2-Amino-I-methyl-9-j?+-ribofuranosyi 

purine-6,8-dione 
2-Amino-1-methyl-%oxo-9-/3-D-ribofuranosyl 

purine-6-thione 
l-Methyl adenine 
Adenine- 1 -oxide 
2-Amino-l-methyl purine-Qhione 
I-Methyl purine-6-thione 

84.1 
353 
0 
8.9 

0 

2.7 

0 

0 

9.3 

0 
5.8 

IO.0 

* Tumour cells were incubated as described in Table 1 with and without 1 mM test com- 
pound and with SO PM h~oxant~ine-14C. 

t Control apparent activity: 1956 cpm. Enzyme activity equals radioactivity in xanthy- 
late, guanylate, GDP and GTP. 
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compare the potency of their inhibition of inosinate dehydrogenase activity with that 
of l-amino guanosine, and also to determine their effect, if any, on other reactions 
of purine metabolism. Table 3 shows that both virazole and mycophenolic acid were 
more potent inhibitors of inosinate dehydrogenase activity than l-amino guanosine, 
50 per cent inhibition being achieved at about 50 PM, < 0.1 PM, and 500 PM (Fig. 
2) respectively. Both virazole and mycophenolic acid also inhibited guanylate synthe- 
tase to a lesser extent. 

TABLET. EFFECTSOFVIRAZOLE AND MYCOPHENOLIC ACIDON REACTIONS OF HYPOXAN- 

THINE-14c METABOLISM.* 

Reaction 

Hypoxanthine phosphoribosyl 
transferase 

AMPS synthetase + lyase 
AMP kinase 
ADP kinase 
IMP dehydrogenase 
GMP synthetase 
GMP kinase 
GDP kinase 

Apparent enzyme activity? 
y0 Inhibition by: 

Virazole (PM) Mycophenolic acid 
10 50 100 (@l PM) 

8.2 4.7 13.1 44 
0 0 0 0 
0 0 0 0 
0 0 0 0 

29.0 51.1 53.1 724 
11.1 19.6 26.1 IO.1 
6.6 9.7 11.2 7.6 
4.3 42.0 51.5 13.0 

* Tumor cells were incubated as described in Table 1 with various concentrations 
of virazole and mycophenolic acid and with 50 PM hypoxanthine-i4C. 

t Control values are given in Table 1. 

Although the data of Table 2 indicated that no other compound tested was a 
potent inhibitor of inosinate dehydrogenase activity, other effects of these l-substi- 
tuted compounds on purine metabolism were detected. Thus, Table 4 shows that 
several compounds inhibited nucleotide formation from hypoxanthine, and in other 
experiments 2-amino-l-methyl purine-6-thione inhibited the accumulation of phos- 
phoribosyl pyrophosphate by 46.2 per cent. 

The effect of l-amino guanosine on the growth of human and mouse cells in tissue 
culture was tested. Figure 3 shows the inhibitory effect of 400 PM l-amino guanosine 

TABLET. INHIBITIONOF NUCLEOTIDEFORMATION FROM 

HYPOXANTHINE-'%* 

Compounds tested 

2-Amino-l-methyl purine-6-thione 
l-Amino inosine 
Adenine-l-oxide 
l-Methyl purine-6-thione 
I-Methyl adenine 

Nucleotides formed? 
(% Inhibition) 

13.9 
24.3 
18.9 
15.2 
14.3 

* Tumor cells were incubated as described in Table 1 with and with- 
out 1 mM test compounds, and with 50 PM hypoxanthine-“‘C. 

t Control nucleotide radioactivity: 17,960 cpm. 
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TIME (days) 

FIG. 3. Cell growth inhibition by l-amino guanosine. Mouse leukemia L1210 cells were grown in Fischer’s 
medium containing 20% horse serum plus 100 pg/ml of streptomycin and 100 units/ml of penicillin, with 
(O--O) and without (W-H) 400 PM l-amino guanosine. The initial cell concentration was 100,000/m1. 

on the growth of mouse leukemia L1210 cells; after 4 days the number of cell doub- 
lings was inhibited 45.6 per cent. In similar experiments, the growth of mouse lym- 
phoma L5178Y cells was inhibited 16.4 per cent, and that of human lymphocyte 
RPM1 6237 cells was inhibited about 10 per cent; the growth of human leukemia 
RPM1 6410, human lymphoma PIR (Raji), and human lymphocyte RPM1 1788 cells 
was not significantly inhibited by 400 PM l-amino guanosine. When mouse leukemia 
L1210 cells (100,000 cells/ml) were incubated in complete growth medium plus 400 
PM l-amino guanosine and 20 PM hypoxanthine-i4C and radioactivity in cellular 
nucleotides was measured, it was found that the apparent activity of inosinate dehyd- 
rogenase was inhibited 55 per cent and nucleotide formation from hypoxanthine was 
inhibited 34 per cent. Too little l-amino guanosine was available to evaluate its che- 
motherapeutic activity in vivo. 

Preliminary studies of the metabolism of l-amino guanosine in Ehrlich ascites 
tumor cells were conducted. Paper chromatography and ultraviolet spectrophoto- 
metry of incubation media containing 1 mM l-amino guanosine, before and after 
a 60-min incubation with tumor cells, revealed no compounds other than l-amino 
guanosine. 

Chromatography of acid-soluble nucleotides 22,23 from cells incubated with and 
without l-amino guanosine revealed in the latter case a peak of ultraviolet-absorbing 
material which was partially separated from GTP. Ultraviolet spectra of this fraction 
suggested that it contained a mixture of GTP and a l-amino guanosine metabolite, 
presumably the triphosphate. Paper chromatography also indicated that this fraction 
contained a mixture of GTP and another compound (not ATP). Because the pre- 
sumptive l-amino guanosine metabolite was difficult to separate from GTP on ion- 
exchange chromatography and because it appeared to be unstable, further studies 
of l-amino guanosine metabolism await the availability of radioactive material. The 
concentration of GTP was not obviously elevated, and thus l-amino guanosine did 
not appear to be converted to guanine or its metabolites. 

B.P. 23/19-c 
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DISCUSSION 

Inhibition of inosinate dehydrogenase activity by l-amino guanosine has not pre- 
viously been reported. Although fairly high concentrations are required for inhibi- 
tion, l-amino guanosine is a relatively specific inhibitor of this enzyme activity, since 
other reactions of purine metabolism were inhibited to a much smaller degree or not 
at all. Whether the low potency of l-amino guanosine is due to a low affinity of in- 
osinate dehydrogenase for it or an active metabolite or to the presence of a relatively 
low intracellular concentration of drug or an active derivative, will require further 
studies both of l-amino guanosine metabolism and of its effects (and those of its 
metabolites) on a partially purified enzyme. The pharmacological relevance of the 
observed inhibition of inosinate dehydrogenase, even at relatively high l-amino 
guanosine concentrations, is suggested by the correspondence between the extent of 
enzyme inhibition and the extent of inhibition of growth of cultured mouse leukemia 
L1210 cells. Of course, much more work is required to establish definitively the 
mechanism of action of this drug. The preliminary studies of l-amino guanosine 
metabolism that were carried out suggest strongly that it is not being converted to 
guanosine or GTP, but that l-amino guanosine triphosphate may be a major meta- 
bolite. Thus the effect of l-amino guanosine (or a metabolite of it) may be direct and 
not mediated through conversion to guanine nucleotides, which have previously 
been shown to inhibit inosinate dehydrogenase.*sr6*17 

Of the limited number of l-substituted purine derivatives that were available for 
study of structure-activity relationships, only l-amino guanosine and l-amino 2’- 
deoxyguanosine had substantial activity as inhibitors of inosinate dehydrogenase 
activity, and it is particularly interesting that l-amino inosine was inactive. Whether 
activity in this system is related to specificity for drug activation or for interaction 
with inosinate dehydrogenase is not yet known. Previous studies have also investi- 
gated the effects of several of the other l-substituted purines studied here on adenine 
phosphoribosyltransferase,24,2 5 adenosine kinase,2k26 nucleoside uptake into human 
erythrocytes2 5*27 and purine biosynthesis de nova.? 5 

It is interesting that inosinate dehydrogenase is inhibited by compounds of such 
diverse structure as mycophenolic acid, virazole and nucleosides or nucleotides con- 
taining l-amino guanine, 6-thioguanine, 6-mercaptopurine and 6-chloropurine moie- 
ties. This enzyme occupies a key position in purine metabolism, and potent and spe- 
cific inhibitors of it might be useful chemotherapeutic agents. 

Sweeney et a1.l3 have reported that mycophenolic acid inhibited both inosinate 
dehydrogenase and guanylate synthetase equally in extracts of some tumors. How- 
ever. thisand an earlier14 study using intact Ehrlich ascites tumor cells indicated that. 
over a wide range of mycophenolic acid concentrations, inosinate dehydrogenase is 
far more sensitive to inhibition than guanylate synthetase. The basis for this differ- 
ence in results is not known. 
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