
[CANCER RESEARCH 35, 2872 2878, October 1975] 

Mechanisms of Action of 6-Thioguanine, 6-Mercaptopurine, 
and 8-Azaguanine 

J. Arly Nelson, Jean W. Carpenter, Lucy M. Rose, and Doris J. Adamson 

Kettering-Meyer Laboratory, Southern Research Institute, Birmingham, Alabama 35205 

SUMMARY 

The effects of 6-thioguanine on purine biosynthesis and 
cell viability have been examined in H.Ep. 2 cells grown in 
culture. Toxicity is not reversed by aminoimidazolecar- 
boxamide, suggesting that inhibition of purine biosynthesis 
de novo is not the sole mechanism of toxicity. Also, 
6-(methylmercapto)purine ribonucleoside, a potent inhibi- 
tor of purine biosynthesis de novo, produces more marked 
reductions in cellular pools of purines than does 6-thio- 
guanine without killing cells. There is no apparent inhibi- 
tion by 6-thioguanosine 5'-monophosphate of other en- 
zymes leading to the synthesis of guanosine 5'-triphos- 
phate as determined in whole cells by measurements of 
radioactive hypoxanthine or guanine incorporation. In- 
hibition of DNA synthesis by 1 mM thymidine protects 
cells from 6-mercaptopurine or 6-thioguanine but fails to 
protect cells from 8-azaguanine toxicity. On the other 
hand, inhibition of RNA synthesis by 6-azauridine plus 
deoxycytidine protects cells against 8-azaguanine but does 
not protect against 6-thioguanine or 6-mercaptopurine 
toxicity. In agreement with the in vitro data, arabinosyl- 
cytosine (a potent inhibitor of DNA synthesis) fails to pro- 
tect mice against 8-azaguanine but has previously been 
shown to protect mice from 6-mercaptopurine or 6-thio- 
guanine toxicity. The results support the hypotheses of 
others that incorporation into DNA (as 6-thioguanine 
nucleotide) is a mechanism of toxicity for these thiopurines, 
whereas 8-azaguanine is toxic due to its incorporation into 
RNA. 

INTRODUCTION 

The antitumor agent, 6-TG, ~ is metabolized to the 
corresponding ribonucleoside mono-, di-, and triphosphate 
derivatives and is incorporated into the DNA and RNA of 
treated cells (Chart 1). Metabolism to the nucleotide level 
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occurs via HGPRTase and is necessary for cytotoxicity 
(37). The ribonucleoside monophosphate, 6-thioGMP, ac- 
cumulates to high levels (~0.1 raM) after therapeutic doses 
and is known to inhibit several enzymes involved in purine 
biosynthesis (Chart 1). It is a pseudofeedback inhibitor of 
PRPP amidotransferase (10, 11, 13, 21), an inhibitor of 
IMP dehydrogenase (1, 8), an inhibitor of ATP:GMP 
phosphotransferase (23), and a product inhibitor of 
HGPRTase (12). The inhibition of guanine nucleotide 
formation at these different loci represents a form of 
"sequential blockade" which should markedly reduce gua- 
nine nucleotide pools (Ref. 22 also reviews much of the 
work mentioned above). 

The consequences of the incorporation of 6-TG into RNA 
have only recently been investigated (15, 42). Less is known 
about the functional properties of a DNA containing 6-TG 
residues, ara-C, an inhibitor of DNA synthesis, protects 
mice against the toxicity of 6-TG (17, 33, 34, 36), a result in 
support of the theory that incorporation of 6-TG into DNA 
results in toxicity. The apparently contradictory evidence 
that there is a synergism between 6-TG and ara-C in their 
activity against leukemia L1210 (17, 33, 34, 36) has been 
ascribed to a high-cell kill by ara-C coupled with an effect of 
6-TG upon the ara-C-resistant component of the population 
(17). This argument has merit in that very few ara-C-resist- 
ant cells may be present in the population of L1210 cells 
often used for survival studies [perhaps as low as 1 to 10 
resistant cells in 108 cells (4)]. 

Cells treated with 6-MP form 6-thioGMP from 6-thioino- 
sine 5'-monophosphate, presumably as a result of the 
actions of IMP dehydrogenase and GMP synthetase, since 
this conversion is blocked by mycophenolic acid (40), an 
inhibitor of these enzymes (38). The radioactivity in nucleic 
acids of tumor cells treated with radioactive 6-MP appears 
to be due to the conversion to, and subsequent utilization of, 
O-thioGMP (32, 40). Tidd and Paterson (39, 40) have 
recently investigated a delayed cytotoxicity to 6-TG or 
6-MP in L5178Y cells in culture, and the authors presented 
data that the delayed toxicity is due to incorporation of 
either agent into DNA or RNA as 6-TG nucleotide. 
Evidence that incorporation of 6-MP or 6-TG into DNA is 
not the mechanism of action for these drugs is the observa- 
tion that a greater incorporation of 6-MP into DNA in the 
form of 6-TG nucleotide occurs in a 6-MP-resistant Adeno- 
carcinoma 755 than in a sensitive cell line (3). 

The reactivity of 6-TG with HGPRTase and the reactiv- 
ity of 6-thioGDP, 6-thioGTP, and deoxy-6-thioguanosine 
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Chart l. Postulated sites of action and metabolism of 6-thioguanine. 1, 
PRPP amidotransferase; 2, IMP dehydrogenase; 3, HGPRTase; 4, 
ATP:GMP phosphotransferase; 5, DNA incorporation: 6, RNA incorpo- 
ration; PRA, 5-phosphoribosyl-l-amine; AICRP, 5-aminoimidazole-4- 
carboxamide ribonucleotide; 6-TX, 6-thioxanthine; 6-TU, 6-thiouric acid: 
6-TGR, 6-thioguanosine; 6-thioGTP, 6-thioguanosine 5'-triphosphate. 

5'-triphosphate with enzymes required for DNA, RNA, and 
protein synthesis (31) demonstrate that the 6-TG moiety can 
substitute for guanine in several enzyme reactions. There- 
fore, it is not possible to conclude that the presence of a 
6-TG nucleotide in DNA or RNA will necessarily impair 
growth. We have examined the effects of 6-TG on purine 
biosynthesis in whole cells with relation to its toxicity. Also, 
the importance of DNA and RNA synthesis to the toxicities 
of 6-TG, 6-MP, and 8-aza-G are further clarified. The 
results strongly support the hypotheses (16, 40) that incor- 
poration of 6-TG into DNA (either from 6-TG or from 
6-MP) and of 8-aza-G into RNA (18, 20) are mechanisms of 
action for these important purine analogs. Preliminary 
reports of portions of this work have been presented (26, 
27). 

MATERIALS AND METHODS 

Tumor Cell Procedures. Human epidermoid carcinoma 
cells of the line H.Ep. 2 established by Moore et al. (24) 
and Adenocarcinoma 755 cells were maintained in SRI 14 
tissue culture medium (14). Effects of drugs on cellular 
proliferation were determined by following the increase in 
cell number over a 72-hr period of exponential growth (2). 
Cell viability was determined by measurement of clones 
formed when approximately 100 H.Ep. 2 cells were cul- 
tured in 10 ml of medium over a 7- to 14-day period as 
previously described (44). Treatment of Sarcoma 180 
ascites cells in vivo and in vitro was performed as reported 
previously (28). 

Analysis of Nucleotide Pools and Drug Metabolites. 
Nucleotide pools were determined in neutralized perchloric 
acid extracts of 1 to 10 million H.Ep. 2 cells prepared 
essentially as described previously for Sarcoma 180 cells 
(28). A Waters Associates ALC202 high-pressure liquid 
caromatograph equipped with a Reeve Angel pellicular 
anion column (Pellionex SAX, 1 mm inside diameter x 300 
claa) was used to measure nucleotide pools. The linear 
gradient used was from 5 mM KH2PO4, pH 3.35, to 250 mM 
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KH2PO4 plus 250 mM KC1, pH 4.4, in 35 min. The gradient 
was formed by electronically varying the output of 2 pumps 
using the Waters Associates Model 600 gradient program- 
mer. The flow rate was 0.8 ml/min, and the column 
temperature was 80 ~ [heating of the column was accom- 
plished by a circulating water bath and a rubber tubing 
jacket (29)]. Samples (25 to 100 ul) were introduced by 
means of the Model U6K LC injector system (Waters 
Associates, Milford, Mass.). Detection of eluting ma- 
terials was by UV absorption at 254, 280, or 350 nm 
using 8-#1 flow cells of the UV monitor supplied in the 
ALC202 instrument or an LDC Model 1205 monitor. A 
Hewlett-Packard Model 3380A digital electronic integrator 
was used to quantitate the UV signals. Endogenous purine 
and pyrimidine nucleotides were quantitated in terms of the 
respective ribonucleoside monophosphates at 254 and 280 
nm, except for CTP which was quantitated at 280 nm only. 
An authentic sample of MMPR-5 ' -P was used to quantitate 
this metabolite of MMPR at 280 nm. Ribonucleoside 
mono-, di-, and triphosphates of 6-TG were quantitated at 
350 nm with respect to 6-thioguanosine, since purified 
samples of the nucleotides were not readily available. The 
metabolites of 6-TG in extracts of H.Ep. 2 cells followed 
the pattern previously observed by this methodology in 
Sarcoma 180 cells (28). 

Radioactive Precursor Experiments. Incorporation of 
radioactive [8-1'C]hypoxanthine into adenine and guanine 
nucleotides was measured in cell extracts by collecting 
fractions of the eluant at 1- to 2-rain intervals from the 
high-pressure liquid chromatograph described above. A 
Gilson Model TDCE fraction collector was used, and the 
samples were collected directly into liquid scintillation vials 
(Gilson Model B 100 base). Radioactivity was determined by 
liquid scintillation spectrometry after the addition of 10 ml 
of Aquasol (New England Nuclear, Boston, Mass.). Incor- 
poration of [8-1'C]hypoxanthine into the RNA and DNA of 
H.Ep. 2 cells was determined as described in detail else- 
where (5). 

Reversal of Toxicity. In order to determine the impor- 
tance of RNA or DNA synthesis to the toxicity of purine 
analogs, procedures were established to inhibit these proc- 
esses selectively. Thymidine at a concentration of 1 mM is 
known to inhibit DNA synthesis without marked effect on 
RNA synthesis (25). Reversal of such inhibition was 
accomplished by washing the cells free of thymidine. We 
have used 6-azauridine plus deoxycytidine to inhibit RNA 
synthesis selectively. The dose (5 #g/ml) of 6-azauridine 
used produces a profound lowering of CTP and UTP pools 
(unpublished observation) which is consistent with its recog- 
nized site of action, i.e., inhibition of orotidine 5'-mono- 
phosphate decarboxylation by 6-azauridine 5'-monophos- 
phate (9). Deoxycytidine is included since it will supply the 
pyrimidine deoxyribonucleotides needed to maintain DNA 
synthesis, namely, dCMP (deamination of dCMP yields 
dUMP from which thymidylic acid is formed). Reversal of 
the 6-azauridine block of RNA synthesis is accomplished by 
washing the cells and adding uridine (to restore UTP and 
CTP pools). 

The role of DNA synthesis in the toxicity of 8-aza-G was 
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also determined in vivo by observing the toxicity to female 
C57BL • DBA/2  F1 (hereafter called BD2F1) mice when 
this analog was administered in combination with ara-C, a 
potent inhibitor of DNA synthesis. The protocol and 
treatment of data for combination toxicity studies of this ~5o 
nature have been described (36). 

Materials. [8-1*C]Hypoxanthine (49.4 uCi /umole)  was 
obtained from S c h w a r z / M a n n ,  Orangeburg,  N. Y. ~_~" 
M M P R - 5 ' - P  was synthesized by the Organic Chemistry w 
Department of this Institute and was provided by Dr. John u. 

O 
A. Montgomery.  [6-ssS]TG was prepared by Dr. S. H. Chu ~ ~oo 
of Brown University as previously described (28). Other 
samples of purines, pyrimidines, or analogs and derivatives _~"' 
thereof were commercially supplied by either P-L Biochemi- 
cals, Milwaukee, Wis., or Sigma Chemical Co., St. Louis, d, 
Mo. 

R E S U L T S  

Role of Inhibition of Purine Biosynthesis in the Mecha- 
nism of Cytotoxicity due to 6-TG or 6-MP. If inhibition of 
purine biosynthesis de novo at the level of PRPP  amido- 
transferase by 6-thio-GMP is critical for the action of 6-TG, 
protection against 6-TG toxicity should be afforded by AIC, 
which will "by-pass" the blockade (Chart  1). AIC only 
slightly protects Adenocarcinoma 755 or H.Ep. 2/S cells 
from 6-TG toxicity (Table 1). AIC provides better protec- 
tion against 6-MP than against 6-TG in these cell lines. AIC 
produces a dramatic reversal of the toxicity due to M M P R  
(Ref. 2; Table 1). M M P R  is the immediate precursor to 
MMPR-5 ' -P ,  which has become the classical inhibitor of 
P R P P  amidotransferase (10, 11, 13, 21). Treatment of 
H.Ep. 2 cells with 0.1 #g of M M P R  per ml resulted in 
accumulation of M M P R - 5 ' - P  to high levels (,-~ 1 #mole /  
109 cells) and reduction of ATP and GTP pools to as low 
as 20 to 40% of control values in 24 hr (Chart 2). Exposure 
of the cells to this dose of M M P R  for these time periods 
was without effect on cell viability (Chart 2, upper  num-  

bers). This suggests that depletion of purine nucleotide 
pools (or inhibition of P R P P  amidotransferase) must be 

Table 1 
Effect of AIC on the inhibition of tumor cell growth by purine analogs 

Growth or viability (% of control) 

Without AIC With AIC A 

Adenocarcinoma 755 a 
6-MP(5ug/ml) 34 i  2 ~ 78• 6 44 
6-TG(0.2ug/ml) 37• 3 52• 5 15 

H.Ep. 2 cells c 
6-MP(0.05#g/ml) 23 • I1 66 • 3 43 
6-TG (0,002ug/ml) 20 • 3 36 • 16 16 
6-TG (0.005 gg/ml) 0 0 0 

MMPR (0.05#g/ml) 11 + 11 71 • 18 60 
MMPR(0.2#g/ml) 0 54 • 7 54 

a Growth during 48 hr, treated versus control ceils. 
b Results are means + range for 2 to 3 determinations. 
c Cloning efficiency of treated versus control cells. Cells were exposed to 

the drugs for 7 to 14 days. 
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Chart 2. Effects of MMPR on nucleotide pools and viability of H.Ep. 
2/S cells grown in tissue culture. Flasks containing approximately 250,000 
tumor cells/ml were treated with MMPR, and aliquots of cells were 
removed 1, 2, 4, and 24 hr later for measurement of nucleotide pools by 
liquid chromatography and cell viability by cloning (see "Materials and 
Methods"). ~? viable cells, cloning efficiency compared to simultaneous 
control. Control nucleotide levels in #moles/10 ' cells were: ATP, 7.51; 
GTP, 2.06: UTP, 4.08: CTP, 0.53. 

greater than that observed in order to produce cytotoxic- 
ity. Treatment of cells with 0.167 #g of 6-TG per ml pro- 
duced effects on ATP, GTP, CTP, and UTP levels which 
were qualitatively similar to but quantitatively less than 
that of M M P R  (Chart 3). However, the viability of the 
cells was dramatically reduced during the time course ex- 
amined, with particular toxicity being manifest 24 hr after 
the drug was added to the medium. The level of 6-TG used 
in this acute experiment (Chart 3, 24 hr) exceeds by 33- 
fold the level required to kill cells after chronic exposure 
(Table 1, 0.005 ~g/ml),  whereas the level of M M P R  
used in acute experiments (Chart 2) is approximately the 
same as that required to kill cells after chronic exposure 
(Table l). Nonetheless, a dissociation between effects of 
6-TG on purine nucleotide pools and cytotoxicity is appar- 
ent. Levels of 6-TG nucleotides (about 60 to 70% was 
6-thioGMP at all times shown) reached about 0.2 #mole /  
109 cells, and by 24 hr these metabolites were virtually not 
detectable. Correspondingly, ATP and GTP levels were 
returning toward control values during the time interval 
in which 6-TG nucleotides were reduced, i.e., between 4 
and 24 hr. The disappearance of 6-TG nucleotides from 
the cells probably reflects, at least in part, utilization of 
the drug from the medium for nucleic acid synthesis. 
Addition of 6-TG (0.167 ug/ml)  to the medium of the cells 
treated with 6-TG for 24 hr resulted in subsequent incorpo- 
ration of the drug into 6-TG nucleotides in 1 hr to levels 
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similar to that seen 1 hr after the 1st treatment (data not 
shown). 

Possible effects of 6-thioGMP on IMP dehydrogenase, 
HGPRTase ,  and A T P : G M P  phosphotransferase activities 
in intact H.Ep. 2 cells were evaluated by treating cells for 1 
hr with 6-TG, washing the cells free of nonincorporated 
drug, and adding [8-~C]hypoxanthine. Although high levels 
of 6-thioGMP are maintained during the uptake of radioac- 
tive hypoxanthine, there is no apparent inhibition of these 
enzymes by 6-thioGMP in intact cells (Table 2). If such 
inhibition had occurred, one would expect a marked lower- 
ing of radioactivity associated with GTP as was observed 
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Chart 3. Effects of 6-TG on nucleotide pools and viability of H.Ep. 2/S 
cells grown in tissue culture. The experiments were performed at the same 
times "and exactly as described for M M PR in Chart 2. The results given in 
Charts 2 and 3 are average values for 2 separate determinations. Range <_ 
10% of the mean values. 

Table 2 
Apparent lack of inhibition of HGPR Tase, IMP dehydrogenase and 

guanylate kinase by 6-thioGMP in intact H.Ep. 2 cells 
Flasks containing approximately 340,000 tumor cells in 30 ml of 

medium were treated with 6-TG for 1 hr and washed free of the 
unincorporated drug by centrifugation. After the flasks were washed, 
mycophenolic acid was added to 1 set of control flasks. [8-1'C]Hypoxan - 
thine (2 ~Ci/30 ml, 1 /~M) was then added to all flasks. After 2 hr of 
incubation, the cells were extracted with cold perchloric acid, and the 
nucleotides were separated by high-pressure liquid chromatography. The 
6-thioGMP level in 6-TG treated cells was 60 and 73 nmoles/109 cells at 
the 2 levels of 6-TG used. Results are average values for duplicate de- 
terminations. The observed cpm in control samples were: GDP, 3,340: 
GTP, 17,870; ADP, 10,790; and ATP, 52,950. 

Incorporation of [8-14C]hypoxanthine 
(% of control) 

GDP GTP ADP ATP 

6-TG (0.17 ug/ml) 155 138 98 90 
6-TG (17 ug/ml) 163 115 109 80 
Mycophenolic acid 45 26 162 121 

(15 #g/ml) 

Mechanisms  o f  A ction o f  Purine Analogs 

with mycophenolic acid, a known inhibitor of IMP dehydro- 
genase (38). In agreement with its effect on precursor 
labeling, mycophenolic acid produced a decrease in GTP 
pools to 15 and 39% of control levels in these experiments. 
Apparent lack of inhibition of HGPRTase  or of A T P : G M P  
phosphotransferase by high levels of 6-thioGMP has been 
noted previously in intact Sarcoma 180 or L5178Y cells (6) 
by a similar technique using radioactive [8-1'C]guanine. In 
experiments not shown, no effect of 6-thioGMP on [8- 
14C]guanine incorporation into GMP,  GDP, or GTP was 
observed in H.Ep. 2 cells in which 6-thioGMP levels were as 
high as 200 nmoles/109 cells. 

Role of RNA and DNA Incorporation in the Toxicity of 
Purine Analogs. The importance of R N A  or DNA incorpo- 
ration to the toxicities of 6-TG, 6-MP, or 8-aza-G was 
evaluated by inhibiting R N A  or DNA synthesis during 
exposure to the drugs. Thymidine at 1 mM produced a rather 
selective inhibition of DNA synthesis, whereas the combina- 
tion of 6-azauridine plus deoxycytidine inhibited R N A  
synthesis more than DNA synthesis (Table 3). When 1 mM 
thymidine was used in combination with the purine analogs, 
the toxicities of 6-TG and 6-MP were dramatically reduced 
(Table 4). On the other hand, inhibition of R N A  synthesis 
was without marked effect on 6-TG or 6-MP toxicity but 
afforded protection against 8-aza-G toxicity (Table 5). 

Simultaneous administration of ara-C with 6-MP or 
6-TG protects mice against the toxicities of the thiopurines 
(17, 33, 34, 36), and the ara-C plus 6-TG combination is less 
than additive against H.Ep. 2 cells in culture (43). ara-C 
failed to protect mice from the toxicity of 8-aza-G (Chart  4), 
i.e., the combination was additive in toxicity. The combina- 
tion toxicity index of 1.1 for ara-C plus 8-aza-G is markedly 
different from the ara-C plus 6-MP or ara-C plus 6-TG 
value, i.e., ~2.0 (36). 

Rates of 6-ThioGMP and 6-ThioGTP Formation in Intact 
Sarcoma 180 Cells. In an effort to understand the lack of 
effect of 6-thioGMP on enzymes required for GTP synthesis 
(Ref. 6; Table 2), an approximation of HGPRTase  activity 
in whole cells was made (Table 6). The apparent rate of 
6-thioGMP formation from 6-TG in Sarcoma 180 cells is 
about 0.006 #mole /min /g .  Pretreatment with M M P R  
increases the rate of 6-thioGMP formation, probably due to 
the elevation of PRPP  pools (28). The rate of 6-thioGTP 
formation is appreciable, being about 0.004 u m o l e / m i n / g  at 
high levels of 6-thioGMP [MMPR-pret reated cells (Table 
6)]. This rate should not reflect that for the G M P  to GDP 
conversion since the Vm,x values of G M P  and 6-thioGMP 
for the A T P : G M P  phosphotransferase are very different 
(23). Conversion of 6-thioGMP to 6-thioGDP by this 
enzyme appears to be limiting for 6-thioGTP formation 
since pools of 6-thioGDP are almost not measurable (28). 
The numbers of cells taken from the 2 groups of mice were 
probably about the same since the rates of 6-thiouric acid 
formation were identical (Table 6). 

D I S C U S S I O N  

Effects of 6-TG on purine biosynthesis do not appear to 
be causally related to cell toxicity since: (a) effects on 
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Table 3 

Inhibition o [ R N A  or DNA synthesis in H.Ep. 2 /S  cells grown in 
tissue culture 

Flasks containing 50,000 tumor cells/ml were treated with 6-azauridine 
(5 ug/ml)  plus deoxycytidine (20 ug/ml)  or with I mM thymidine. 
[8-"C]Hypoxanthine (0.5 uCi/ml) was added at the same time and 
cumulative uptake of radioactivity was determined at 1, 2, 4, and 6 hr as 
previously described (5). The uptake of radio.activity into RNA and DNA 
was essentially linear in the controls during the 6-hr incubation period, 
averaging 6.2 nCi/hr in RNA and 1.1 nCi/hr in DNA for each sample of 
100,000 cells assayed. 

_[8-~'C]Hypoxanthine incorporation (% of control) 

Azauridine + deoxycytidine 1 mM Thymidine 

Time (hr) RNA DNA RNA DNA 

1 3 8 +  1 ~ 103 : e 2 0  72•  6 54 + 10 
2 32:~ 6 9 2 •  5 8 0 •  5 3 4 •  2 
4 3 2 ~  1 6 3 ~  4 7 6 •  2 9 2 1 1  
6 2 0 •  15 93 •  74 •  6 31 • 7 

Results are average values ~ range for 2 separate experiments. 

Table 4 

Effect o f  inhibition o f  DNA synthesis on the toxicities o f  purine analogs _: 
Approximately 100 H.Ep. 2/S cells were attached to glass by overnight 

incubation. The cells were then exposed for l hr to the drugs shown in the i~ 
presence or absence of I mM thymidine. Thymidine, where indicated, was ~g 
included for an additional 5 hr, at which time all cells were again washed. 
Viability refers to clones formed 7 to 14 days later. 

Cell viability (% of control) 

Without With 
Drug thymidine thymidine A 

hand, protection against 6-TG toxicity by inhibition of 
DNA synthesis in vivo with ara-C (17, 33, 34, 36) or in vitro 
with 1 mM thymidine (Table 4) suggests that incorporation 
into DNA is a mechanism of action. This result is strength- 
ened by the observation that inhibition of RNA synthesis 
fails to protect cells against 6-TG (Table 5). 

Although an effect of 6-TG on purine biosynthesis de 
novo is apparent in H.Ep. 2 cells (Chart 3), the toxicity of 
6-TG appears unrelated to this effect since major loss in cell 
viability occurred at a time (24 hr) when purine nucleotide 
pools were recovering and the level of 6-TG nucleotides was 
very low. Also, MMPR produced more marked effects than 
6-TG on ribonucleotide pools without killing cells (Charts 2 
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None 100 113 • 10 ~ 13 ~: 10 
6-TG (0.1 ug/ml)  16 • 11 75 • 9 59 + 9 b 5 
6-MP(2tzg/ml)  5:~ 3 9 0 +  13 8 4 i l 1  ~ \ 
8-aza-G(2ug/ml)  21 :~ 16 3 5 +  8 14•  9 

Results shown are mean values ~ S.E. n = 3 to 5. 
b Significantly different from 0, p < 0.05. 
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Chart 4. Toxicity of the combination of ara-C and 8-aza-G to female 

Table 5 BD2F, mice. Mice in groups of 10 were given ara-C alone, 8-aza-G alone, 

Effect o f  inhibition o f  R N A  synthesis on the toxicities ofpurine analogs or the combination simultaneously i.p. every 3 hr for 8 doses on Days I, 
The experiments were performed exactly as described in Table 4 except 5, and 9. Deaths were recorded throughout a 45-day interval. Other ex- 

that 6-azauridine (5 ug/ml)  plus deoxycytidine (20 ug/ml) was used instead 
of thymidine. Also, after the cells were washed at 6 hr, uridine (20 ug/ml)  
was added to all samples. 

Cell viability (% of control) 

Without With 
azauridine + azauridine + 

Drug deoxycytidine deoxycytidine A 

None 100 107 -4- 8 ~ 7 • 8 
6-TG (0.1 tag/ml) 58 :~ 1 59 m 4 1 + 5 
6-MP (2~g/ml)  58 ~ 9 62 • 3 5 • 6 
8-aza-G (2ug/ml)  12 ~: 2 57 • 6 45 • 8 ~ 

Results shown are mean values • S.E. n = 3 to 4. 
Significantly different from 0, p < 0.05. 

H G P R T a s e ,  I M P  d e h y d r o g e n a s e ,  a n d  g u a n y l a t e  k i n a s e  a r e  

n o t  a p p a r e n t  in  w h o l e  ce l l s  ( T a b l e  2); a n d  (b)  e f f e c t s  on  

p u r i n e  n u c l e o t i d e  p o o l s  a r e  t e m p o r a l l y  a n d  q u a n t i t a t i v e l y  

d i s s o c i a b l e  f r o m  c y t o t o x i c i t y  ( C h a r t s  2 a n d  3). O n  t h e  o t h e r  

amples of the method used are given by Skipper (36). 

Table 6 

Rates o f  6-thioGMP and 6-thioG TP formation in intact sarcoma 180 
ascites cells 

Four days after implantation of 2 • 106 tumor cells, 8 mice were given 
injections of 0.9% NaCI and 8 mice were given injections of MMPR 
(4 mg/kg). Twelve hr later the cells were removed and incubated (0.1 ml 
cells/ml) at 37 ~ in 6 ml of buffered medium containing 5.5 mM glucose. 
The final concentration of [6-35S]TG (specific activity, 1120 cpm/nmole)  
was 0.2 mM. Aliquots (1 mi) were removed 15 and 30 min after the addi- 
tion of [6-35S]TG, and metabolites were determined in the acid-soluble 
extracts by high-pressure liquid chromatography. Each number represents 
the average of duplicate determinations. Results are expressed as nmoles/ 
g cells. 

6-ThioGMP 6-ThioGTP 6-Thiouric acid 

Pretreatment 15 min 30 rain 15 rain 30 min 15 min 30 rain 

0.9% NaCl 84 19l 33 59 20 40 
M M P R  187 334 40 97 26 46 
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and 3). Failure of AIC  to reverse 6-TG toxicity (Table 1) 
also suggests that inhibit ion of P R P P  amidotransferase  is 
not a major  site of toxicity of 6-TG. The effects of 6-TG to 
increase pyr imidine and to decrease purine ribonucleotide 
pools (Chart  3) are similar  to those of M M P R  (Chart  2; 
Refs. 28 and 41). The increase in pyr imidine ribonucleotides 
is thought to be due to increased availabil i ty of P R P P  for 
pyr imidine  biosynthesis resulting from inhibit ion of P R P P  
amidotransferase  (28, 41). 

A probable explanat ion for the lack of effect of 6-thio- 
G M P  on guanine util ization in whole cells (Ref. 6; Table 2) 
is that the enzymes involved are not sufficiently inhibited to 
become "ra te- l imi t ing ."  In the case of A T P : G M P  phospho- 
transferase, an approximat ion  of the rate can be made for 
Sarcoma 180 cells. In this cell line, as with the H.Ep. 2 cells, 
6 - th ioGMP fails to interfere with [8-14C]guanine conversion 
to GTP (6). The A T P : G M P  phosphotransferase activity is 
about 0.5 to 1.0 tam uni t /g  cells (Ref. 23; unpublished 
measurements  by Y-C. Cheng) in the Sarcoma 180 tumor. 
The in vivo rate of H G P R T a s e  is approximate ly  0.006 taM 
uni t /g  (Table 6) with 6-TG as substrate; however, this rate 
should approximate  that for G M P  formation from guanine 
since the Km and Vma,, values are identical (30). Nucleoside 
diphosphate kinase is extremely active, being about 128 ~zM 
uni t s /g  (unpublished data of Y-C. Cheng). Therefore, if the 
in vitro A T P : G M P  phosphotransferase level approximates  
the in vivo rate, this enzyme must be inhibited greater than 
95% before it would become rate limiting. The problem is 
analogous to that described in the paper of Maren  (19). Due 
to excess carbonic anhydrase  in the m a m m a l i a n  kidney, 
about  99% inhibit ion of the enzyme is required before 
bicarbonate  reabsorption becomes impaired (19). If we 
assume the G M P  level to be equal to its Km for A T P : G M P  
phosphotransferase,  10 taM, and the level of 6- th io-GMP to 
be 100 ~aM, an approximat ion  of the relative velocity in 
whole cells can be made from the relationship for a 
competitive, reversible inhibitor: 

Km 
I + - -  

V, S 1 + 1  

Km 1 + 1 + 1 . 7  Vo 1 + (1 + I / K O  
S 

= 0.54 

where V~/Vo is inhibited velocity (Vi) relative to uninhibited 
velocity (1Io); I is 6 - th ioGMP level of 100 taM; S is G M P  
level of 10 taM; Ki is 60 tam (23); and Km is 10 taM (23). 
Although enzyme concentrat ion is ignored, this equation 
may  be valid since I and S are relatively large. The 46% 
inhibit ion is below that considered necessary to make  this 
step rate l imiting. Furthermore,  the G M P  level measured in 
Sarcoma 180 cells is about 50 tam (unpublished data), which 
would reduce the inhibit ion further. To obtain 95% inhibi- 
tion would require 6- th ioGMP levels in excess of 1 mM, a 
situation that does not occur at usual pharmacological  
doses. The apparent  failure (Table 2) of 6- th ioGMP to act 
as a product inhibitor  of H G P R T a s e  (12) in whole cells is 
not so readily explained. 

The protection of H.Ep. 2 cells from toxicity of 6-MP by 

Mechanisms  o f  Ac t ion  o f  Purine Analogs  

1 mM thymidine  (Table 4) supports the hypothesis that 
6-MP is toxic due to its conversion to 6-TG nucleotides and 
subsequent incorporat ion into cellular D N A  (40). The 
protection of cells against 8-aza-G toxicity by inhibi t ion of 
R N A  synthesis (Table 5) but not by inhibit ion of D N A  
synthesis (Table 4) is in agreement  with the hypothesis that 
8-aza-G acts due to its incorporat ion into R N A  (18, 20). 

Although these findings emphasize the impor tance  of 
incorporat ion of these purine analogs into nucleic acids as 
mechanisms of action against H.Ep. 2 cells in culture, it 
would seem conceivable that in some cells the toxicity may 
be found to be due to effects on purine-biosynthetic 
pathways. This is especially true of 6-MP since AIC clearly 
protects against 6-MP toxicity (Ref. 7; Table 1), and 6-MP 
is known to reduce purine pools in Sarcoma 180 cells (35). 
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