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Abstract-The purpose of this study was to determine if the cytotoxic effects of 6-aminonicotinamide 
are solely the result of an inhibition of poly(ADP-ribose) synthesis. The effects of 6aminonicotinamide 
on cell growth, poly(ADP-ribose) synthesis and nucleotide concentrations were compared with the 
effect of 3-aminbbenzamide, a more potent inhibitor of poly(ADP-ribose) synthesis. The growth of 
L1210 cells was not inhibited by 1 mM 3-~inobe~amide and was only slightly inhibited by 5 mM 3- 
aminobenzamide even though poly(ADP-ribose) synthesis, as measured by the N-methyl N-nitrosourea 
induced depletion of NAD+, was inhibited substantially. In contrast, 6-aminonicotinamide was found 
to be a potent inhibitor of L1210 and CHO cell growth. A 5 mM concentration of 3-aminobenzamide 
had no effect on purine and p~mi~ne ~bonucleotide concentrations or on the ATP to ADP ratio, but 
it did cause a slight elevation of NAD+. dAminonicotinamide at 0.01 mM caused a depletion of 
purine and pyrimidine nucleotides and NAD+ as well as a reduction in the ATP to ADP ratio. 6- 
Aminonicotinarnide at 1 mM caused a substantial inhibition of purine nucleotide synthesis from [‘“Cl 
glycine but did not stimulate ATP breakdown. We conclude that inhibition of ~ly(A~P-~bose) 
synthesis caused little growth inhibition in itself and that the effects of 6-amininicotinamide on nucleotide 
metabolism were sufficient to produce an inhibition of both cell growth and DNA repair. 

In 1977 Smulson et al. [l] suggested that, since poly- 
(ADP-ribose) might play a role in the repair of 
alkylation damage to DNA, inhibitors of poly(ADP- 
ribose) synthesis might potentiate the antitumor 
effects of alkylating agents such as N-methyl N- 
nitrosourea. There is now good evidence for an 
association between poly(ADP-ribose) and DNA 
excision repair [2-51, and several studies have 
demonstrated that inhibitors of poly(ADP-~bose) 
synthesis potentiate the cytotoxic effects of alkylating 
agents in cultured cells [3,6-91. 

Recently, Berger et al. [lo] evaluated the ability 
of several inhibitors of poly(ADP-ribose) synthesis 
to potentiate the cytotoxic effects of 1,3-bis(2-chloro- 
ethyl)-l-nitrosourea (BCNU) against L1210 cells in 
culture and in vim. Although 4-aminonicotinamide 
was the least effective inhibitor of poly(ADP-ribose) 
synthesis, it was the most effective potentiator of 
the cytotoxic effects of BCNU. Still, Berger et aE. 
concluded that this potentiation was the result of 
inhibition of poly(ADP-ribose) synthesis. We have 
now evaluated this conclusion more directly by com- 
paring the effects of 6-aminonicotinamide on cell 
growth, poly(ADP-ribose) synthesis and nucleotide 
concentrations in L1210 cells with those of 3-amino- 
benzamide, a more potent inhibitor of poly(ADP- 
ribose) synthesis. The effects of 6-aminonicotin- 
amide on purine synthesis de novo and on ATP 
catabolism have also been determined. We conclude 
that substantial inhibition of poly(ADP-ribose) syn- 
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thesis resulted in, at most, slight inhibition of cell 
growth, and that the cytotoxic effects of 6-amino- 
nicotinamide were not solely the result of inhibition 
of poly(ADP-ribose) synthesis. Our data suggest an 
alternate explanation for the synergistic cytotoxic 
effects of the combination of BCNU and 6- 
aminonicotinamide. 

MATEFUALS AND GOODS 

Chinese hamster ovary-K1 cells were grown in 
suspension cultures in ru-MEM medium containing 
10% dialysed fetal calf serum (Grand Island Bio- 
logical Co., Grand Island, NY), as described [ll]. 
The population doubling time was cu. 12 hr. Murine 
leukemia L1210 cells were grown in static suspension 
cultures in Fischer’s medium containing 10% horse 
serum (Grand Island Biological Co.). The popu- 
lation doubling time was ca. 13 hr. Cell density and 
the population volume distribution were determined 
using a model Zr Coulter Counter equipped with a 
Coulter Channelyzer II. 

Procedures for the extraction and quantitation of 
nucleotides by high performance liquid chroma- 
tography (HPLC) have been described [ll]. NAD+ 
was quantitated separately from the other ribo- 
nucleotides using a Waters Resolve C-18 reversed 
phase HPLC column (Waters Scientific Ltd., Mis- 
sisauga, Ontario) which was eluted using the fol- 
Iowing gradient system, at a flow rate of 1 ml,/min: 
solvent A, 100mM (NH&Pod, pH5.1; solvent B, 
25% methanol in water; O-7 min, 100% A; 13 min, 
70% A; 16 min, 70% A; 18 min, 100% A. Detection 
was at 254 nm, and the peaks were integrated auto- 
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matically by a Spectra-Physics 4100 integrator. The 
reproducibility of the NAD+ determinations (stand- 
ard deviation, %) was 5.1% (independent deter- 
minations on five cultures). 

[r4C]Glycine incorporation into purine nucleotides 
in L1210 cells was determined in Fischer’s medium 
containing 0.1 mM [14C]glycine (100 mCi/mmole; 
New England Nuclear Corp., Boston, MA). 

ATP catabolism was determined essentially as 
described previously [12]. L1210 cells were incubated 
for 30 min in Fischer’s medium (Grand Island Bio- 
logical Co.) containing 0.1 mM [8-r4C]adenine 
(59 mCi/mmole; Moravek Biochemicals Inc., Brea, 
CA) to label ATP. The cells were centrifuged and 
resuspended in fresh medium with or without 6- 
aminonicotinamide and incubated at 37”. Samples 
were removed at several times, the cells were centri- 
fuged, and the cells and medium were extracted 
separately with 0.4M perchloric acid. The radio- 
activity in cellular ATP and in hypoxanthine in the 
medium was determined. Procedures for the sep- 
aration and measurement of radioactivity in purine 
ribonucleotides have been described [ 131. 

6-Aminonicotinamide and 3-aminobenzamide 
were obtained from the Sigma Chemical Co., St. 
Louis, MO. 

RESULTS 

Cell growth. 6-Aminonicotinamide at 0.01 mM 
reduced the growth of L1210 cells over 6- and 24-hr 
periods to 68 and 20% of control respectively. 6- 
Aminonicotinamide at 0.1 and 1 mM not only com- 
pletely inhibited cell growth but also produced a 
slight reduction in cell number and caused the 
accumulation of cellular debris, as detected on the 
Coulter Channelyzer. In contrast, 3-aminobenza- 
mide at 1 mM had no effect on L1210 cell growth, 
and at 5 mM reduced cell growth to 80% of control 
over a 24-hr period. 6-Aminonicotinamide was less 
toxic in CHO-Kl cells than in L1210 cells in that at 
a concentration of 0.01 mM cell growth was only 

slightly inhibited (93% of control over a 23-hr 
period), while concentrations of 0.1 and 1 mM had 
little effect on cell growth over a 6-hr period but 
completely inhibited cell growth after 23 hr of treat- 
ment. 3-Aminobenzamide (5 mM) had no effect on 
the growth of CHO cells over a 30-hr period. 

Inhibition of poly(ADP-ribose) synthesis. Poly- 
(ADP-ribose) synthesis is difficult to measure in 
intact cells both because of the lack of a specific 
precursor and because of rapid turnover of poly- 
(ADP-ribose) in cells treated with DNA-damaging 
agents [4, 141. The rapid turnover of poly(ADP- 
ribose) argues against using poly(ADP-ribose) 
accumulation as a measure of its synthesis. Since 
previous studies have provided evidence that the 
NAD+ depletion caused by alkylating agents is the 
result of poly(ADP-ribose) synthesis and turnover 
[4, 14-171, we have used inhibition of N-methyl N- 
nitrosourea-induced depletion of NAD+ as a meas- 
ure of inhibition of poly(ADP-ribose) synthesis. 

As shown in Table 1, treatment of L1210 cells with 
1 mM N-methyl N-nitrosourea for 1 hr caused the 
NAD+ concentration to decline to 32% of control. 
3-Aminobenzamide at 5 mM prevented most of the 
NAD+ depletion, whereas 6-aminonicotinamide at 
0.01 mM was only moderately effective and, inter- 
estingly, was less effective at 0.1 and 1 mM. At 
concentrations of 0.1 and 1 mM a 1.5-hr treatment 
with 6-aminonicotinamide caused a slight depletion 
of NAD+ in the absence of N-methyl N-nitrosourea 
treatment, suggesting a possible effect on NAD+ 
synthesis. This effect was apparently not related to 
inhibition of poly(ADP-ribose) synthesis since it was 
not observed with 3-aminobenzamide, Even when 
the results were corrected for the reduction in NAD+ 
caused by 6-aminonicotinamide, 5 mM 3-amino- 
benzamide caused more inhibition of poly(ADP- 
ribose) synthesis than 1 mM 6-aminonicotinamide, 
consistent with previous results in permeable cells 
[lo]. This conclusion, taken together with the growth 
data reported above, suggests that inhibition of poly- 
(ADP-ribose) synthesis causes little growth inhi- 
bition in itself and, therefore, that the potent growth 

Table 1. Effects of 3-aminobenzamide (3-ABA) and 6-aminonicotinamide 
(6-ANA) on N-methyl N-nitrosourea (MNU)-induced NAD’ depletion in 

L1210 cells* 

NAD+ 

MNU 
treatment Drug 

% of Untreated 
control 

% of Inhibitor- 
treated control 

_ 
+ 

+ 

+ 

5 mM 3-ABA 
0.01 mM 6-ANA 
0.1 mM 6-ANA 
1 mM 6-ANA 
None 
5 mM 3-ABA 
0.01 mM 6-ANA 
0.1 mM 6-ANA 
1 mM 6-ANA 

135 100 
112 100 
81 100 
76 
32 

100 

95 70 
60 54 
42 52 
45 59 

* Cells were incubated for 30 min with or without drugs and then incubated 
for 60 min with or without 1 mM MNU. The cells were then centrifuged and 
extracted on ice with 0.4 M perchloric acid (PCA). The control value for 
NAD+ in pmoles/106 cells was 355. 
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Table 2. Effects of 3-aminobenzamide (3-ABA) and 6-aminonicotinamide (6-ANA) on ribonucleotide 
concentrations in L1210 cells* 

Treatment 
time 
(hr) Drug NAD+ UTP CTP GTP ATP ATP/ADPt 

(% of control) 

6 5 mM 3-ABA 114 101 98 105 115 132 

6 0.01 mM 6-ANA 76 32 38 64 45 65 
6 0.1 mM 6-ANA 37 22 24 80 42 40 
6 1 mM 6-ANA 24 18 20 55 31 47 

24 5 mM 6-ABA 122 90 109 101 96 115 

24 0.01 mM 6-ANA 110 43 28 50 39 34 
24 0.1 mM 6-ANA 36 14 24 51 31 56 
24 1 mM 6-ANA 18 10 20 34 14 63 

* Cells were incubated with or without drugs for the times indicated and then centrifuged and extracted 
on ice with 0.4 M PCA. Control values for nucleotide concentrations in nmoles/l@ cells at 6 and 24 hr, 
respectively, were: NAD+, 0.56,0.46; UTP, 0.80, 1; CTP, 2, 2.5; GTP, 0.54, 0.85; and ATP, 2.4, 3.2. The 
control values for the ATP/ADP ratio at 6 and 24 hr were 15.4 and 15.5 respectively. 

t The ATP/ADP ratio is a useful measure of energy metabolism; however, because this value is large in 
control cells (e.g. 15 : l), small conversions of ATP to ADP will have relatively large effects on the ratio. In 
general, we interpret ATP/ADP ratios of less than 75% of control as indicative of impaired energy 
metabolism. 

inhibitory effects of 6-aminonicotinamide must result 
from other metabolic effects. 

Nucleotide concentrations. The effect of 6-amino- 
nicotinamide on NAD+ concentrations in the 
absence of N-methyl N-nitrosourea treatment, 
together with the fact that 6-aminonicotinamide is a 
potent inhibitor of the oxidative pentose phosphate 
pathway [18], led us to consider the possibility that 
6-aminonicotinamide might alter the concentrations 
of other nucleotides. 

The effects of 6-aminonicotinamide and 3-amino- 
benzamide on purine and pyrimidine ribonucleoside 
triphosphate concentrations in L1210 cells are shown 
in Table 2. A 6-hr treatment with 0.01 mM 6-amino- 
nicotinamide caused a substantial reduction in the 
concentrations of all four nucleoside triphosphates 
and of NAD+ . As well, the ATP:ADP ratio, a 
measure of energy metabolism, also declined. At 
concentrations of 0.1 and 1 mM, 6-aminonicotin- 
amide was slightly more effective at depleting nucleo- 
tides than at 0.01 mM. As well, the effect of 0.01 mM 
6-aminonicotinamide on NAD+ concentration was 
substantially less than on the concentrations of the 
other nucleotides. Comparison of these values with 
of cell growth observed with 1 mM 6-aminonico- 
tinamide was not solely the result of an inhibition 
nucleotide concentrations are not related to inhi- 
bition of poly(ADP-ribose) synthesis. Continued 

* We have calculated the turnover time for the ATP pool 
using the control data for the loss of radioactivity from the 
ATP pool and the following formula: turnover time = 
(tl - t,)/(ln C1 -In C,), where ti and tz are the sampling 
times and Ci and C, are the respective amounts of radio- 
activity in ATP per lo6 cells. This calculation is based on 
the assumptions that the ATP pool behaved as a single 
compartment and that no recycling occurred. The cal- 
culated turnover time was 168 min. 

treatment of the cells with 6-aminonicotinamide to 
24 hr had little further effect on nucleotide con- 
centrations, except that the NAD+ concentration 
increased to control levels. 

Purine nucleotide synthesis de novo. The large 
reduction in nucleotide concentrations caused by 6- 
aminonicotinamide could have resulted from inhi- 
bition of nucleotide synthesis, stimulation of nucleo- 
tide catabolism, or both. [14C]Glycine incorporation 
into ATP and GTP was used as a measure of purine 
synthesis de nouo (see Materials and Methods). Cells 
were incubated with 1 mM 6-aminonicotinamide for 
1.5 hr at 37” followed by a further 0.5hr incubation 
with [14C]glycine. Under these conditions, 6-amino- 
nicotinamide (1 mM) reduced the synthesis of ATP 
and GTP to 8.1 and 12% of control respectively. 

Catabolism ofATP. To determine the effect of 6- 
aminonicotinamide on ATP catabolism, L1210 cells 
were incubated with [8-14C]adenine for 30min to 
label the ATP pool (see Materials and Methods). 
The cells were resuspended in fresh medium with or 
without 1 mM 6-aminonicotinamide and incubated 
at 37”. Samples were removed at several times for 
determination of radioactivity in cellular ATP and 
in hypoxanthine in the medium. The results in Table 
3 show that in control cells the rate of ATP turnover 
was such that 90% of the radioactivity in the ATP 
pool was lost during a 6-hr incubation, although no 
accumulation of radioactive hypoxanthine 
occurred. * While 6-aminonicotinamide (1 mM) did 
not stimulate the loss of radioactivity from the ATP 
pool, it did influence the fate of the radioactivity. 
No hypoxanthine accumulation was detected during 
the first 2 hr of treatment with 6-aminonicotinamide 
(1 mM); however, during the final 4 hr of a 6-hr 
treatment approximately 90% of the radioactivity in 
ATP was catabolized to hypoxanthine. 
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Table 3. Effects of 6-aminonicotinamide (6-ANA) on ATP catabolism in L1210 cells* 

Drug 

Treatment 
time 
(nr) 

Radioactivity in ATP 

(% of 0 hr 
(cpm/106 cells) treatment) 

Radioactivity in 
extracellular 
hypoxanthine 

(cpm/lOh cells) 

None 0 99,900 100 0 
2 65,100 65 0 
6 10,300 10 0 

1 mM 6-ANA 0 83,100 100 0 
2 62,200 75 0 
6 13,400 16 43,000 

* L1210 cells were incubated for 30 min in Fischer’s medium containing 0.1 mM [8-‘4C] 
adenine to label ATP and were then centrifuged and resuspended in fresh medium with 
or without 6-aminonicotinamide. The cells were incubated at 37”, and samples were 
removed at the times indicated. The samnles were centrifuged, and the cells and medium 
were extracted separately with 0.4 M PC’A. 

DISCUSSION 

Berger et al. [lo] measured poly(ADP-ribose) syn- 
thesis on permeablized cells and found that 2 mM 3- 
aminobenzamide and 6-aminonicotinamide inhibit 
poly(ADP-ribose) synthesis by 96 and 70% respect- 
ively. This, together with our finding that 5 mM 3- 
aminobenzamide was only slightly growth inhibitory, 
suggests that the growth inhibitory effect of 0.01 mM 
6-aminonicotinamide was not the result of inhibition 
of poly(ADP-ribose) synthesis. We determined the 
relative potency of 3-aminobenzamide and 6-amino- 
nicotinamide as inhibitors of poly(ADP-ribose) syn- 
thesis in intact cells by using inhibition of the N- 
methyl N-nitrosourea-induced depletion of NAD+ 
as an assay for the inhibition of poly(ADP-ribose) 
synthesis; however, 6-aminonicotinamide by itself 
also reduced NAD+ concentrations. Even when the 
results were corrected for the depletion of NAD+ 
caused by 6-aminonicotinamide, it was clear that 
5 mM 3-aminobenzamide caused a greater inhibition 
of poly(ADP-ribose) synthesis than 1 mM 6-amino- 
nicotinamide, suggesting that the complete inhibition 
of cell growth observed with 1 mM 6-aminonico- 
tinamide was not solely the result of an inhibition 
of poly(ADP-ribose) synthesis. If poly(ADP-ribose) 
synthesis were involved only in DNA repair in cul- 
tured cells, then one might not expect inhibition 
of poly(ADP-ribose) synthesis to cause substantial 
growth inhibition, in the absence of a DNA damaging 
agent. Berger et al. have suggested that the lack of 
cytotoxicity of some inhibitors of poly(ADP-ribose) 
synthesis may be the result of metabolic inactivation 
[lo]; however, we have found that 24-hr incubation 
with L1210 cells did not reduce the ability of 3- 
aminobenzamide to inhibit the N-methyl N-nitroso- 
urea-induced depletion of NAD+. * 

It is well established that 6-aminonicotinamide is 
a potent inhibitor of the oxidative pentose phosphate 
pathway at the level of 6-phosphogluconate dehydro- 
genase [18]. In some cell types, inhibition of 6- 
phosphogluconate dehydrogenase increases the con- 
centration of 6-phosphogluconate, which is a com- 

* D. Hunting and J. F. Henderson, in preparation. 

petitive inhibitor of glucose phosphate isomerase. 
For example, 0.07 mM 6-aminonicotinamide has 
been found to inhibit glucose consumption and lac- 
tate production by more than 50% in cultured C- 
6 glial cells [ 191. Therefore, 6-aminonicotinamide 
might affect nucleotide metabolism either by inhibit- 
ing ATP generations or by inhibiting the synthesis 
of phosphoribosyl pyrophosphate. In some biological 
systems 6-aminonicotinamide has been found to 
reduce ATP concentrations [19-211, while in others 
it had no effect [19], or even produced an elevation 
in ATP [22]. 

In L1210 cells we found that 6-aminonicotinamide, 
even at 0.01 mM, caused a substantial reduction in 
purine and pyrimidine ribonucleotide and NAD+ 
concentrations and in the ATP: ADP ratio. Since 
5 mM 3-aminobenzamide had no effect on nucleotide 
concentrations, with the exception of a small but 
reproducible elevation in NAD+, we conclude that 
the effect of 6-aminonicotinamide on nucleotide con- 
centrations was not related to an inhibition of poly- 
(ADP-ribose) synthesis. 

The reduction in nucleotide concentrations and 
ATP to ADP ratio by 6-aminonicotinamide could 
have resulted from either a stimulation of nucleotide 
catabolism or from an inhibition of nucleotide syn- 
thesis. We tested both these possibilities and found 
that 6-aminonicotinamide inhibited [14C]glycine 
incorporation into purine nucleotides, suggesting an 
inhibition of purine synthesis de nouo. Although 6- 
aminonicotinamide did not increase the rate of loss 
of radioactivity from the ATP pool in cells prelabeled 
with [14C]adenine, it did cause a substantial accumu- 
lation of radioactive hypoxanthine. Since the inhi- 
bition of purine synthesis de nova preceded the 
accumulation of hypoxanthine, we conclude that the 
reduction in nucleotide concentrations caused by 6- 
aminonicotinamide is mainly the result of inhibition 
of nucleotide synthesis, rather than a stimulation 
of nucleotide catabolism. An indirect inhibition of 
phosphoribosyl pyrophosphate synthesis by 6-amino- 
nicotinamide, resulting from the inhibition of the 
pentose phosphate pathway, would be consistent 
with the depletion of both purine and pyrimidine 
nucleotide pools. 
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Previous studies using inhibitors of nucleotide syn- 
thesis have shown that conditions which result in 
substantial reductions in nucleotide concentrations 
also produce growth inhibition, consistent with the 
possibility that the growth inhibitory effects of 6- 
aminonicotinamide are the result of effects on 
nucleotide metabolism rather than on poly(ADP- 
ribose) synthesis [ 111. It has also been found that the 
drug-induced reduction in individual ribonucleoside 
triphosphate pools generally correlates with a 
reduction in the corresponding deoxyribonucleoside 
triphosphate pool [23]. Furthermore, several studies 
have shown that hydroxyurea, an inhibitor of de- 
oxyribonucleotide synthesis, inhibits DNA excision 
repair [24-271, and a recent study has shown that 
ATP is required for the incision step during DNA 
repair [28]. Therefore, the potentiation of the cyto- 
toxic effects of BCNU by 6-aminonicotinamide in 
L1210 cells may indeed have resulted from inhibition 
of DNA repair by 6-aminonicotinamide as proposed 
by Berger et al. [lo], but the mechanism of this 
inhibition may have been the effect of 6-amino- 
nicotinamide on nucleotide metabolism rather than 
directly on poly(ADP-ribose) synthesis. 

We note that three recent reports from Cleaver’s 
laboratory have argued that 3-aminobenzamide 
inhibits “the de novo synthesis of DNA purines”, 
which presumably encompasses an inhibition of any 
of the following steps: purine synthesis de novo, 
nucleotide interconversion and phosphorylation, the 
synthesis of deoxyribonucleotides by ribonucleotide 
reductase and DNA synthesis [29-311. In none of 
the three studies was the effect of 3-aminobenzamide 
specifically on purine synthesis de novo or on ribo- 
nucleotide concentrations actually determined. Our 
finding that 3-aminobenzamide (5 mM) had no effect 
on purine and pyrimidine ribonucleotide concen- 
trations in L1210 cells suggests that 3-amino- 
benzamide is not a potent inhibitor of ribonucleotide 
synthesis. 
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