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Abstract-Administration of the novel thiazole C-nucleoside, 2-/3-D-ribofuranosylthiazole-4-carbox- 
amide (NSC 286193), to BDF, mice bearing subcutaneous implants of P388 leukemia provoked a sharp 
depression in the concentration of intratumoral guanine nucleotides and a correspondingly large 
expansion of the IMP pools. Measurements of IMP dehydrogenase in the tumors of treated mice 
revealed that this enzyme was inhibited in a dose-responsive way, with -50% inhibition engendered 
by the administration of the drug at a dose of 25 mg/kg and >90% inhibition by all doses >lOO mg/kg. 
The inhibition of enzyme activity, seen after a dose of 250 mg/kg, reached a maximum 120 min after 
treatment and had subsided substantially 8 hr after dosing; by 24 hr, enzyme activity was fully restored. 
These results, coupled with the observation that the antitumor activity of the drug could be prevented 
in large part by the simultaneous administration of guanosine, support the conclusion that 2$-D- 
ribofuranosylthiazole-4-carboxamide, after anabolism, exerts its antineoplastic effects via a state of 
guanine nucleotide depletion. In extracts of the tumors of mice given parenteral injections of the 
thiazole nucleoside, a potent dialyzable inhibitor of IMP dehydrogenase was demonstrable; its con- 
centration fluctuated in parallel with enzyme inhibition. Although the chemical identity of the proximate 
inhibitorv suecies has vet to be established. it is concluded on kinetic grounds that it is neither the 
native m&oside nor iis 5’-monophosphate.’ 

2-PD-Ribofuranosylthiazole-4-carboxamide (here- 
after referred to as thiazole nucleoside or TR) is a 
novel C-nucleoside with notable antitumor activity 
against several murine leukemias and at least one 
important solid tumor, the Lewis lung carcinoma 
[l]. In a previous communication, we reported that 
this compound was capable of interrupting the bio- 
synthesis of guanine nucleotides and so of nucleic 
acids in P388 cells in culture [2]. On the basis of 
available evidence it was concluded that the drug, 
or a metabolite of it, was arresting the generation 
of XMP (the immediate precursor of GMP) from 
IMP, by inhibiting the enzyme IMP dehydrogenase 
(IMPD). As a consequence of this inhibition, IMP 
pools were found to have expanded by as much as 
15-fold. Further experiments have now been under- 
taken to determine whether these initial studies in 
cultured cells are of relevance to the action of the 
drug in oiuo, using, as the test system, the sub- 
cutaneously transplanted murine leukemia P388, a 
neoplasm sensitive to the title compound. These 
experiments demonstrate that parenteral adminis- 
tration of the drug engenders powerful but transient 
inhibition of IMPD and provokes a state of guanine 
nucleotide depletion. 

* Mailreprintrequests to: Dr. David A. Cooney, National 
Cancer Institute, NIH, Building 37, Room 6D28, Bethesda, 
MD 20205, U.S.A. 

MATERIALS AND METHODS 

The reagents and techniques for the analysis of 
nucleoside phosphate pools by high performance 
liquid chromatography (HPLC) were the same as 
described in the first paper of the series [2]. 
[5-3H]2-P-~-Ribofuranosylthiazole-4-carboxamide 
(1.96Ci/mmole) was obtained from the Research 
Triangle Institute, Research Triangle Park, NC. 

To study the influence of thiazole nucleoside on 
IMPD activity and nucleic acid biosynthesis, male 
BDF, mice, weighing 20-25 g, were injected S.C. with 
1 x 106cells/mouse of P388 leukemia. Seven days 
later, mice were treated i.p. with a dose of thiazole 
nucleoside (10-250 mg/kg) or saline for the duration 
specified in the legends to the appropriate tables and 
figures. Tumors were then excised and homogenized 
(1: 10, w/v) in 0.1 M Tris-HCl buffer (pH 8.0) con- 
taining 20 mM KC1 and 1 mM dithiothreitol, for the 
measurement of IMPD, or homogenized (1: 4, w/v) 
in cold 5% perchloric acid (PCA), immediately 
neutralized with 40% KOH, centrifuged at 12,000g 
for 3 min, and the supernatant fraction used for the 
measurement of the concentration of nucleotides. 

Therapeutic studies 
Groups of five BDF, mice (20-25 g) were injected 

i.p. with 1 x lo6 cells/mouse of P388 leukemia in 
Hanks’ balanced salt solution. Treatment (i.p.) was 
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started 24 hr later with thiazole nucleoside; doses 
and duration are specified in the table legends. 
Animals were fed Purina chow and water ad lib. 
Weights and mortalities were recorded daily. 

For the studies related to the prevention or rever- 
sal of antitumor activity, groups of seven BDFi mice 
were injected i.p. with 1 x 106cells/mouse. Treat- 
ment (i.p.) was instituted 24 hr later with saline, 
guanosine (500mgikg) injected as a suspension in 
0.3% solution of hydroxylpropyl cellulose (Carter- 
Glogan Laboratories, Glendale, AZ), or nicotina- 
mide (500 mgikg) given simultaneously with thiazole 
riboside (100-400mg/kg) or with saline daily for 5 
days. Weights and mortalities were recorded daily. 

IMPD activity 
Reaction vessels were set up in triplicate with a 

fourth vessel serving as a control-blank. All vessels 
received 5 ~1 of 0.5 M KC1 containing 8 mM uridine 
and 2.6mM allopurinol at pH 8.0. In addition, 
control-blank vessels received 5 ,ul of 0.1 mM myco- 
phenolic acid (an inhibitor of IMPD activity). These 
reactants were dried at room temperature overnight 
(16 hr). The drying step did not affect the stability 
of the constituents mentioned above. For the conduct 
of the assay, 5 ~1 of [2,8-3H]IMP (375 &i/ml, specific 
radioactivity 150 mCi/mmole) containing 1 mM 
NAD at pH 8.0, and 5 ~1 of cell extract as the source 
of IMPD were pipetted separately into the vessels. 
The reaction was started by centrifuging the reactants 
for 5 set at 12,OOOg followed by incubation at 37” 
for 15 min. The reaction was terminated by heating 
at 95” for 1 min. Vessels were then centrifuged for 
1 min at 12,OOOg, after which 5 ~1 of alkaline phos- 
phatase from Escherichia coli (EC 3.1.3.1, 0.11 mg 
protein/ml, 30 unitsimg protein, Sigma Chemical 
Co., St. Louis, MO) was added to each reaction 
vessel and incubated at room temperature for 20 min 
to hydrolyze IMP and XMP to their respective 
nucleosides. The vessels were centrifuged at 12,000 g 
for 1 min, and a 5 ~1 aliquot of the reaction mixture 
was spotted on Whatman 3 MM paper, overspotted 
with 5 ~1 of a mixture of inosine and xanthosine 
(10 mM each), and subjected to ascending chroma- 
tography at room temperature overnight (16 hr) 
using 80% (v/v) acetonitrile in water as the solvent. 
Spots corresponding to xanthosine were identified 
under U.V. light, excised, and eluted with 1 ml of 
water, and radioactivity was measured by scintilla- 
tion spectrometry. Enzyme activities are expressed 
as nmoles of XMP formed per mg protein per hr. 

Kinetic studies 
Tumors were excised from BDFi mice bearing 

P388 leukemia transplanted s.c., and were homo- 
genized (1: 5, w/v) in 0.1 M Tris-HCl buffer (pH 
8.0) containing 20 mM KC1 and 1 mM dithiothreitol. 
The homogenate was centrifuged at 12,000g for 
3 min. To 3 ml of the supernatant fraction, 0.3 ml of 
1 M sodium acetate (pH 5.0) was added, mixed, and 
left on ice for 5 min. The pellet containing IMPD 
was centrifuged at 12,000g for 1 min and redissolved 
in one-third volume of the homogenizing buffer. The 
acid precipitation step yields a lo-fold increase in 
the specific activity of IMPD (cu. 60 nmoles of XMP 

synthesized per mg protein per hr) over the activity 
in the crude homogenate. 

For kinetic studies, test vessels containing KCl, 
uridine and allopurinol were set up and allowed to 
dry overnight at room temperature as described 
above. Vessels were then divided into two groups. 
The first group received 5 ~1 of 1 mM NAD in 0.05 M 
Tris-HCl buffer (pH 8.0); 5 ~1 of [2,8-3H]IMP (0.036 
to 0.125 mM, specific radioactivity 1500 mCi/ 
mmole); 5 ~1 of 2-P-o-ribofuranosylthiazole-4- 
carboxamide-5’-phosphate (2.0 to 4.0 mM) or water; 
and 5 ~1 of enzyme preparation. The second group 
received 5 cl1 of [2,8-3H]IMP (0.063 mM, 
0.375 mCi/ml, specific radioactivity 1500 mCi/ 
mmole); 5 ~1 of NAD (2.0 to 8.0mM) in 0.05 M 
Tris-HCl buffer (pH 8.0); 5 ~1 of ~-/SD- 
ribofuranosylthiazole-4-carboxamide-5’-phosphate 
(2.0 to 4.0 mM) or water; and 5 ~1 of enzyme prep- 
aration. Reactants were admixed by a 5-set centrifu- 
gation at 12,000g and incubated at 37” for 10 min. 
Reactions were terminated by heating at 95” for 
1 min, then centrifuged for 1 min at 12,OOOg, and 
further processed as detailed earlier. 

Studies on the metabolism of thiazole nucleoside 
Groups of three mice bearing S.C. P388 tumor 

were injected i.p. with 100 mg/kg thiazole nucleoside 
(containing 25 &i/mouse of [5-'H]'2+~- 

ribofuranosylthiazole-4-carboxamide). Tumors were 
removed at the indicated time intervals, frozen, 
homogenized in 5% PCA and immediately neutral- 
ized. An aliquot of the neutralized extract was cen- 
trifuged at 12,000 g for 3 min, and the supernatant 
fraction was used for HPLC as described earlier [2]. 
The resulting pellet was used to study the incorpor- 
ation of the drug into nucleic acids. For this purpose, 
the pellets were washed four times with 1 ml each 
of cold 5% PCA. To the pellets 100 ~1 of 40% KOH 
was added, digested at 95” for 30 min, cooled, and 
centrifuged at 12,000g for 3 min. Aliquots were 
taken to determine the radioactivity by scintillation 
spectrometry and their absorbance at 260 nm. 

RESULTS 

Biochemical studies 

Dose- and time-dependence of inhibition of IMPD 
activity in vivo. Inhibition of IMPD activity was 
demonstrable 2 hr following all doses of the thiazole 
nucleoside greater than 10 mg/kg and reached a max- 
imum of 96% at the dose of 250 mg/kg (Table 1). 
It is noteworthy that all inhibition of IMPD was 
reversed by exhaustive dialysis of the extracts against 
the homogenizing medium, and that the inhibitor 
species could be recovered by lyophilization of the 
dialyzing buffer in titres that reflected the graduated 
doses of the drug given (Table 1). 

When a therapeutic dose of 250 mg/kg of the drug 
was administered i.p., IMPD appeared to be strongly 
inhibited within 30 min; this effect reached an appar- 
ent maximum 2 hr after dosing (Table 2); thereafter, 
inhibition gradually decreased so that 24 hr after 
injection of the drug, IMPD in the extirpated tumors 
exhibited a normal specific activity. Once again, the 
titre of the dialyzable inhibitor fluctuated in parallel 
with the inhibition of IMPD. 
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Table 1. Dose-response of inhibition of IMP dehydrogenase by thiazole nucleoside in moo* 

Dose 
(mg/kg) 

Specific activity of IMP 
dehydrogenase 

[nmoles XMP formed. hr-’ (mg 
protein)-‘] 

% Inhibition of IMP 
dehydrogenase 

activity7 
Before After 
dialysis dialysis 

Titer of dialyzable 
inhibitor (dilution 

yielding 50% 
inhibition) 

Saline 15.52 2 0.34$ 
10 18.82 f 7.34 <5 <5 
25 10.49 f 4.16 33 <5 1:2 

100 1.52 2 0.24 90 <5 1:8 
250 0.60 ? 0.21 96 <5 1164 

* Groups of five BDFl mice bearing S.C. P388 transplants were treated i.p. with saline or thiazole 
nucleoside. Two hours later, tumors were removed, homogenized (1: 10, w/v) in 0.1 M Tris buffer 
(pH 8.0) containing 20 mM KC1 1 M dithiothreitol, and assayed for IMP dehydrogenase activity as 
detailed in Materials and Methods. One millilitre of supematant fluid was also dialyzed in collodion 
dialysis thimbles against 50 ml of the homogenizing buffer. The outer bath was lyophilized, reconsti- 
tuted with 1 ml of water, and clarified by centrifugation at 12,000g for 3 min. The ability of serial 
halving dilutions of the resulting supernatant fraction to inhibit IMPD (a pH 5 enzyme from nodules 
of the P388 leukemia) was then examined under the conditions of analysis given above. Since extracts 
from saline controls were slightly inhibitory (25 * 5%), all percentages of inhibition have been com- 
puted by comparison to control extracts prepared simultaneously. 

t After drug exposure, the IMP concentration in tumors increased from -25 to 125 PM. In the 
supernatant fractions used for assay, this IMP would be diluted to 2.5 to 12.5 @I, respectively, and 
in the reaction mixtures to -1 and 4 FM respectively. Such exogenous IMP inevitably must have 
diluted the specific activity of the tritiated IMP used to measure IMPD and, so, have produced the 
appearance of inhibition. Because the contribution of this exogenous IMP is -20% or less of the 
concentration of tritiated IMP employed, and because the increase was variable over time, no cor- 
rection for this effect has been made. 

$ Mean 2 S.D. 

Time-dependence of inhibition by thiazole nucleo- 
side of the incorporation of [8-14C]hypoxanthine into 

found at 8 hr, but had returned to nearly normal 

nucleic acids. The incorporation of labeled hypo- 
levels at the 24-hr sampling time (Table 3). Although 

xanthine into acid-insoluble macromolecules was 
there are quantitative differences between the per 
cent reductions of IMPD and of nucleic acid bio- 

strongly inhibited 1 hr after administration of the 
thiazole nucleoside at a dose of 250 mg/kg. Inhibition 

synthesis over time, especially in the 8-hr samples, 
the two sets of data (Tables 2 and 3) do establish 

reached a maximum 4 hr after dosing, was still pro- that there is a definite lag to the inhibition of both 

Table 2. Time-dependence of the inhibition of IMP dehydrogenase in uiuo by thiazole 
nucleoside* 

Time of 
sampling 

(min) 

IMP dehydrogenase 
activity [nmoles XMP 

formed. hr-’ . (mg 
protein)-‘] 

% Inhibition of IMP 
dehydrogenase activity 
compared to controls 

Dilution 
yielding 50% 

inhibition 

Control 8.80 ? 1.15t ND* 
10 5.36 ? 1.14 39 ND 
20 3.83 ? 0.77 57 ND 
30 2.68 2 0.76 70 ND 
60 2.87 2 1.90 67 1: 16 

120 0.49 ?Z 0.20 94 1:32 
240 0.68 2 0.06 92 1:32 
480 5.56 2 0.02 36 ND 

1440 9.45 ? 1.06 <5 ND 

* Groups of five BDF, mice bearing S.C. P388 tumor (7-day-old transplants) were treated i.p. 
with saline or 250 mg/kg thiazole nucleoside. Animals were killed at various time intervals, and 
tumor was removed and frozen on dry ice. After the last sampling, tumors were homogenized 
(1: 10, w/v) in 0.1 M Tris buffer (pH 8.0) containing 20 mM KC1 and 1 mM dithiothreitol. The 
homogenates were centrifuged at 12,000 g for 3 min and the IMP dehydrogenase activity was 
assayed in the supernatant fraction according to the technique detailed in Materials and Meth- 
ods. The titer of dialyzable inhibitor was measured by the technique given in the legend to Fig. 
1. 

t Mean + S.D. 
i Inhibition not detectable. 
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Table 3. Time-dependence of the effect of thiazole nucleo- 
side treatment on the incorporation of [8-i4C]hypoxanthine 

into nucleic acid in viva* 

Incorporation of 
hypoxanthine+ 

Time of Treatment 
sampling % of 

(br) Saline Drug control 

1 40.2 t 6.6 16.0 2 3.9$ 40 
2 33.4 * 6.0 10.0 ? 1.6$ 30 
4 32.6 ? 1.0 8.4 -r- 2.0$ 26 
8 31.6 + 4.5 8.7 2 2.7$ 28 

24 31.4 2 2.9 25.7 2 6.4 82 

* Groups of five male BDF, mice bearing S.C. P388 tumor 
7-9 days after transplantation were injected i.p. with saline 
or 250mg/kg thiazole nucleoside. Sixty minutes before 
sacrifice, the animals received allopurinol (50 mg/kg, i.p.) 
and 30 min before sacrifice they were injected i.p. with 5 &i 
of [V4C]hypoxanthine. Tumors were then removed, frozen 
on dry ice, homogenized (1: 4, w/v) in 5 % PCA, and immedi- 
ately neutralized with 40% KOH. The homogenate was cen- 
trifuged at 12,000 g for 3 min and the pellets were washed 
four times with 1 ml of 5% PCA. One milliliter of 1 N HCl 
was then added, and the pellet was suspended well, using a 
glass rod, heated for 95” for 10 min, and cooled. A 200-d 
aliquot, after centrifugation, was taken for counting radio- 
activity and for measuring absorbance at 260 nm. 

t Expressed as nCi of [8-‘4C]hypoxanthine incorporated/ 
A260 unit of depurinated nucleotide (mean 2 S.D.) 

$ P < 0.01. 

processes and also that their rates of recovery are 
approximately equivalent. 

Time-dependence of effects of thiazole nucleoside 
on nucleotide pools. Pursuant to the finding that the 
incoporation of hypoxanthine into nucleic acids was 
strongly inhibited by treatment with the thiazole 
nucleoside, its influence on nucleotide pools was next 
examined (Fig. 1). These studies indicated that the 
concentration of GTP underwent a pronounced and 
protracted reduction which was maximal 4 hr after 
treatment. Among the other nucleoside triphos- 
phates which were measured, the only significant 
changes which occurred were the 35% decrease in 
ATP at 4 hr and the 160-180% increase in CTP and 
UTP at 8 hr after treatment. HPLC analysis of PCA 
extracts of tumor nodules from treated mice also 
revealed that the intratumoral concentration of IMP 
underwent a sizable expansion (45O%j 2 hr after 
drug treatment (Fig. 2). 

Time-dependence of intratumoral concentration of 
thiazole nucleoside and its 5’-monophosphate. The 
foregoing in vivo results are congruent with those 
obtained earlier in uitro [2] and support the concept 
that the thiazole nucleoside interrupts nucleic acid 
biosynthesis and cell growth by reversibly inhibiting 
IMPD. Unclear, however, is the nature of the 
molecular species actually responsible for this effect. 
As a first step toward the solution of this problem, 
mice bearing subcutaneous transplants of P388 leu- 
kemia were given an intraperitoneal injection of 
[S3H]thiazole nucleoside, and the rate of accumu- 
lation and/or metabolism of the drug was measured 
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HOURS AFTER ADMINISTRATION OF DRUG (250 mgikg) 

Fig. 1. Nucleoside triphosphate concentrations after admin- 
istration of TR. Nucleoside triphosphate levels were meas- 
ured in neutralized PCA extracts of P388 cells transplanted 
S.C. following administration of 250 mg/kg TR, i.p. Nucleo- 
tides were separated by HPLC using a Brownlee NH* pre- 
column (0.4 x 3 cm) coupled to a Brownlee NH2 analytical 
column (0.4 x 10 cm) and eluting isocratically with 0.4 M 
KHrPO., (pH 3.8):2% (v/v) acetonitrile at a flow rate of 
4 ml/min. The range of control nucleotide concentrations 
(nmoles/g tissue) at the 1,2,4,8 and 24 hr time intervals was: 
CTP, 83-230; UTP, 181-410; ATP, 451-859; and GTP, 
178-394 for thirty-four separate determinations. An asterisk 
(*) denotes a statistically significant (P < 0.05) difference vs 
controls. A dagger (t) denotes a statistically significant 

(P < 0.01) difference vs controls. 

in these tumors by HPLC. As shown in Table 4, the 
concentrations of both thiazole nucleoside and its 
5’-monophosphate were significantly lower at the 
2-hr time point (i.e. at the time of maximal IMPD 
inhibition) that at either the 5-min or the 1-hr time 
points. This temporal relationship makes it unlikely 
that either of these molecules is proximately respon- 
sible for the inhibition of IMPD, a conclusion that 
is supported by kinetic data. For example, the K, of 
the title compound for IMPD is 8.2 mM [2], yet the 
maximal concentration of drug measured in tumor 
was more than one hundred times lower than this, 
-73 yM. Similarly, the Ki of the 5’-monophosphate 
of the thiazole nucleoside is 500 PM (Fig. 3), yet the 
maximal intratumoral level of this metabolite was 
over thirty times lower than this value. Since the 
carboxylic acid (fraction 2 of Table 4), is devoid of 
therapeutic activity [2], and fails to inhibit IMPD in 
vitro at 0.01 M (data not shown), it too can be 
discounted as the inhibitory species. By contrast, 
fraction 4 at 60 min (Table 4), which contains a 
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AMP GMP IMP 

Fig. 2. Influence ofthiaxole nucleoside treatment on the ccm- 
centration of purine nucleoside monophosphate. Groups of 
fiv~rni~~~~~s.c. nodu~esof~~le~kemiawereiujected 
i.p. with 250 mg&g TR or saline. Two hours later, tumors 
were excised, tlash frozen on dry-ice and hamogenixed in 5% 
PCA, immediately neutralized; after centrifugation at 
12,000 g for 3 mitt, an aliquot was used for the measurement 
of the concentrations of AMP, IMP and GMP by the HPLC 
technique detailed in Materials and Methods. Shaded bars 
indicate the concentrations in the treated group; open bars 

refer to the concentrations in the control group. 

number of unresolved and unidentified acidic metab- 
olites, did inhibit 60% of the IMPD activity in vitro 
at a final dilution of 1: 200. Attempts are underway 
to identify the molecule or molecules responsible for 
this effect. 

Since the foregoing results suggested that the drug 
was presumably anaboiized to higher phosphates the 
possible incorporation of [5-311Jthiaxoie nucieoside 
into nucleic acids was determined. I3DFi mice bear- 
ing S.C. transplants of P388 were injected i.p. with 
NSC 286193 (lOOmg/kg; 25 flCilmouse of 
(5-3H]drug) for 6,30 or 120 min. Tumors and livers 
were removed, flash froxen on dry ice and homo- 
genized (1: 4) in 5% PCA. One milliliter of the hom- 
ogenate was transferred into separate tubes and cen- 

4.0 
-m I P I 

p’ 1 =-. I d PI 

l/S ImMl NAD 

Table 4. Metabolism of [5-3H]thiaxole nucleoside by the 
P388 leukemia in uiuo’ 

Concentration 
(nmoles of drug or me~~lite/g tissue) 

Fraction 
Time after administration of drug 

no. 5 min 60 min 120 min 

: 
53.9 (<5) 73.0 (<5) 13.1(<5) 
0.8 (~5) 1.8 (6) 4.8 (6) 

3 14.0 (<5) 4.5 (<5) 0.2 (<5) 
4 0.6 (<5) 3.5 (60) 1.5 (25) 

* Groups of three mice bearing S.C. P388 tumors were 
injected i.p. with thiazole nucleoside (100 mgkg, 25 &il 
mouse). At indicated time, the tumors and livers were 
removed and frozen. ‘Ibe tissues were then homogeni~d in 
5% perchloric acid and immediately neutrabzed, and an ah- 
quot was anaiyxed by HPLC as detailed in Materials and 
Methods; fractions were counted by liquid scintillation spec- 
trometry. To measure the IMPD-inhibitory activity of these 
HPLC fractions, they were diluted 1: 10 (v/v) with 0.01 M 
Tris-HCI (pH 7.6) (final dilution 1: ZOO}; 5-4 aliquots of the 
resulting solutions were tested for their ability to inhibit 
a partially puritied preparation of IMPD from the P388 
leukemia using the me~odolo~ presented in the text. 
Figures in parentheses indicate per cent inhibition of IMPD 
measuredunder theconditions described above. Fraction 1: 
parent drug; fraction 2: 2-@-n-ribofuranosylthiaxole-4-car- 
boxylic acid; fraction 3: 2-@-n-ribofuranosylthiazole-4w 
carboxamideS’-phosphate; and fraction 4: cumulative ‘H- 
ra~o~ti~ty eluting after the 5’“mo~ophosphate. 

trifuged. The pellets were washed four times with 5% 
PCA. One hundred microliters of 40% KOII was 
added to the pellet, digested at 95” for 30 min, cooled, 
and centrifuged at 12,000 g for 3 min. Aliquots were 
taken to determine the radioactivity by scintillation 
spectrometry and absorption at 260 nm. The amount 
of3H-radioa~~vi~isoiated~th thenucleicacidsfrom 
tumors and livers was extremely small (corresponding 
to <0.002% and ~0.01% substitution respectively), 
and the identity of this radioactivity was therefore not 
pursued further. 

~~erupe~~~ studies 

In view of the reduction in guanosine nucleotide 

> 

I f 

10 20 3P 

t/S imMl IMP 

Fig. 3. Kinetics of inhibition of IMP dehydrogenase activity by 2-B-D-ribofuranosylthiazole-4- 
carbo~a~de-5’-phosphate (TMP). The methodo~o~ used for these studies is detailed in Materials and 
Methods. Panel A refers to the study with NAD as the variable substrate and panel B refers to the study 
with IMP as the variable substrate. Symbols: (0) refers to the assay in the absence of TMP; (A and 0) 

refer to 0.5 and 1 mM TMP (final concentration) respectively. 
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Table 5. Influence of nicotinamide, guanosine and/or thiazole nucleoside treatment on the 
survival of mice bearing P388 leukemia* 

Regimen Treatment 
Dose 

(m&g) 

Survival 
period 

(mean days 2 S.D.) % T/C 

QlD x 1 Saline 
TR 

QlD x 5 Saline 
TR 

QlD x 5 Saline 
TR 
Nicotinamide 
TR 
+ Nicotinamide 
Guanosine 
TR 
+ Guanosine 
TR 
+ Guanosine 
TR 
+ Guanosine 

25 
100 
250 
500 

100 
200 
400 

200 
500 
200 
500 
500 
100 
500 
200 
500 
400 
500 

10.8 ? 1.4 
10.8 2 1.4 
12.1 r 1.1 
12.5 2 1.2 
12.3 2 2.0 

10.8 + 1.4 
14.7 ? 0.7t 
17.3 ? 2.7t 
20.5 t 1.9t 

10.8 + 1.4 
17.3 f 2.7t 
10.0 ? 2.8 
17.6 2 2.Ot 

11.4 * 1.0 105 
13.6 ? 3.2 126 

13.1 _’ 1.7t 121 

13.8 ” 0.7t 128 

100 
112 
116 
114 

131 
160 
190 

160 
100 
168 

* Groups of seven male BDFi mice weighing 20-25 g were injected i.p. with lo6 cells of 
P388 tumor. Twenty-four hours later, treatment was started by i.p. injection of mice with 
thiazole nucleoside or saline and/or nicotinamide, guanosine or saline for 1 or 5 days. 

t P < 0.01. 

pool sizes noted on treatment with thiazole nucleo- 
side, the effect of guanosine on the therapeutic effect 
of the drug was examined. Thiazole nucleoside alone 
produced significant increases in the life-span of mice 
bearing P388 leukemia when injected as five daily 
doses, but not as a single dose (Table 5). Concurrent 
daily administration of guanosine largely cancelled 
the therapeutic effects seen. Nicotinamide was not 
able to counter the antineoplastic activity of the drug 
(Table 5). 

DISCUSSION 

Relationship between dose level of thiazole nucleoside 
and effects on nucleotidepools 

The present series of experiments with the P388 leu- 
kemia growing in vivo demonstrate that marked 
expansions of the IMP pools and marked contractions 
of the GTP pools were detected following administra- 
tion of therapeutic levels of the drug. The contention 
that inhibition of IMPD is responsible for these 
changes is supported by both the time-course and 
dose-response experiments, which, in concert, estab- 
lish that this, a key step in purine nucleotide biosyn- 
thesis [3], is inhibited very strongly after intraperito- 
neal injections of thiazole nucleoside. The possibility 
exists that expansion of the IMP pool is amplified by 
factors in addition to direct inhibition of IMPD by 
thiazole nucleoside or its anabolities. For example, 
the decrease in GTP pools arising as a consequence of 
IMPD inhibition may reinforce or supplement the 
effects to be seen from direct inhibition of IMPD, 
since GTP is known to be a potent inhibitor of adeny- 

late deaminase from murine tumors [4]. Lowering of 
the guanine nucleotide pools could thus permit the 
deaminase to degrade AMP to IMP at an accelerated 
rate and, thus, contribute to the accumulation of the 
latter nucleotide. In this connection, it is worthwhile 
noting that three other prototypical inhibitors of 
IMPD, 2-amino-1,3,Cthiadiazole, mycophenolic 
acid and ribavirin, also produce alterations of nucleo- 
tide pools closely comparable to those produced by 
thiazole nucleoside, i.e. marked depressions in guan- 
ine nucleotides and elevation of one or more pyrimi- 
dine nucleotides [5,6]. 

The rate of onset of biochemical changes following 
a therapeutic dose of thiazole nucleoside was rather 
rapid, e.g. IMPD inhibition was maximal at 2 hr, and 
inhibition of GTP pool sizes and of the incorporation 
of hypoxanthine into nucleic acids was maximal at 
4 hr. Recovery was correspondingly rapid, with some 
effects of the drug no longer detectable at 8 hr and 
complete recovery by 24 hr. The therapeutic schedule 
for thiazole nucleoside most frequently utilized to 
date has been daily administration of the drug for 5 or 
9 days [I]; the present results showing rapid reversi- 
bility of its biochemical effects would indicate that a 
more sustained and possibly greater therapeutic effect 
could be obtained by more frequent administration, 
e.g. q 8 hr or q 12 hr. 

Biochemical consequences of the inhibition of IMPD 

Consequent on the inhibition of IMPD, two impor- 
tant biochemical results ensued: accumulation of IMP 
and restricted availability of XMP and thence of guan- 
ine nucleotides. 
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With respect to the first of these effects, IMP accu- 
mulation, it has been suggested that this nucleotide 
can, for example, impair the fidelity of DNA tran- 
scription by inhibiting one or more of the proo~ead~ng 
mechanisms [7]. The afmost complete reversal of the 
therapeutic effects of thiazole nucleoside by the 
administration ofguanosine, however, would appear 
to imply that the depletion of guanine nucleotides, 
rather than the accumulation ofhypaxanthine nucleo- 
tides, is primarily responsible for the action of the 
drug. It is likely, however, that IMP could contribute 
to the toxicity, if not to the therapeutic efficacy of the 
drug, since the accumulation of the latter nncleotide 
should in turn result in increased production of inosine 
and hy~xanthine and, thus, (in man and other pri- 
mates) of uric acid, with the attendant complications 
of hype~~~emia and hyperuricosuria, as is seen with 
the antitumor drug Z-amino-l ~3,4-thiadiazole IS]. 

With respect to the second biochemical conse- 
quence stemming from inhibition of IMPD, it is likely 
that the resultant restricted availability of XMP leads 
to depletion of GTP, and so of dCTP.* In this con- 
nection, it is relevant that inhibition by mycophenolic 
acid of IMPD in mouse lymphoma cells deficient in 
hypox~thine guanine phosphoribosyl transferase 
has been shown to result in cytotoxicity and inhibition 
of DNA synthesis reminiscent of that reported here. 
Although exogenous deoxyguanosine restores dGTP 
poolsin these malignant lymphocytes, this restoration 
is not accompanied by a resumption of DNA syn- 
thesis; conversely, expansion of both the GTP and 
dGTP pools duars permit this process to resume. On 
the basis of such evidence, it is has been suggested that 
normal concentrations of GTP, as well as dGTP, are 
required for the synthesis of DNA [9]. It is possible 
that the P388 leukemia cells used in the present study 
exhibit an analogous dual requirement. Indeed, the 
ability of exogenous guanosine to partially counteract 
the oncolytic actions of thiazole nucleoside (Table 5) 
very likely reflects an expansion of first the GTP and 
then the dGTP pools. 

Depletion of GTP would also be expected to have 
severe consequences on RNA metabolism, Apart 
from reducing substrate availability, GTP depletion 
may perturb S-“cap” formation in both mRNA {lo] 

* Direct measurement of deoxyribonucleotides in 60% 
methanolic extracts of subcutaneously grown P388 tumor 
nodules have established that dGTP pools are depressed by 
36,36,67,64 and 33% at 2,4,8,24 and 48 hr after a single 
intraperitoneal dose of TR (200 m&g), This finding estab- 
lishes that the drug restricts the availability of guanine 
nucleotides for both RNA and DNA synthesis (unpublished 
observations). 

and small nuclear RNA species [ 1 l] and, hence, inter- 
fere with the normal ~n~tioning and processing of 
mRNA. In addition, protracted depressions of GTP 
would be expected to have effects on protein synthesis 
(forwhic~thisnucleotideisane~ntialrequirement), 
on the assembly of certain complex lipids (for which 
GDP-mannose is needed), on microtubule polymer- 
ization, and on the synthesis of cyclic GMP. 

These studies define a temporal relationship 
between the administration of thiazole nucleoside and 
the changesin purine and p~imidine nucleotide levels 
consequent on EMPD inhibition. A question, how- 
ever, arises: if IMPD inhibition is primarily respon- 
sible for the therapeutic action of the drug, why do 
other IMPD inhibitors (e.g. Z-amino-1,3,4-tlliadi- 
azole) not show comparable striking and unusual 
activity against relatively refractory tumors such as 
Lewis Lung and L1210? A possible explanation would 
appear to be that the IMPD-inhibitor species gener- 
ated from thiazole nucleoside is more active than that 
generated from other agents of the thiazole class. The 
present evidence indicates that this inhibitory species 
is not the 5’-monophosphate, and other anabolites 
with IMPD-inhibitory activity are presently being 
sought. Another possible explanation would be dif- 
ferent pharmacokinetic characteristics of thiazoie 
nucloside, e.g. the transport characteristics of the 
compound could resutt in higher concentrations in 
tumor and lower concentrations in sensitive host tis- 
sues such as bone marrow than is the case with other 
agents of this class. This possibility is also being 
investigated. 
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