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1. Introduction 

ADP-ribosyl transferase is a nuclear enzyme that 
transfers ADP-ribosyl residues from NAD ÷ to chro- 
matin proteins, to form mono-, oligo- and poly(ADP- 
ribose) (reviews [1-4]) .  The enzyme is totally depen- 
dent on DNA [5] and is markedly stimulated by 
fragmentation of the DNA [6-9].  Evidence has 
accumulated over the last 5 years that (ADP-ribose)n 
participates in the cellular recovery from DNA damage 
[10,11 ]. Both radiation and alkylating agents lower 
the cellular NAD content [6,12-14] and thereby 
interfere with glycolysis. This drop in cellular NAD is 
mediated by nuclear ADP-ribosyl transferase [10,12]. 
Poly~ADP-ribose) in intact cells is increased after 
DNA damage [15]. 

The rejoining of DNA strand breaks induced by 
exposure to dimethyl sulphate is retarded by repre- 
sentatives of all 4 classes of inhibitors of ADP-ribosyl 
transferase [ 10,t 1 ]. Furthermore, these same enzyme 
inhibitors also potentiate the cytotoxicity of dimethyl 
sulphate [10,11,1 6]. Finally, lowering the cellular 
NAD level by nutritional deprivation of nicotinamide 
totally prevents DNA repair after dimethyl sulphate 
[10]. All this evidence argues forcefully that (ADP- 
ribose)n participates in DNA repair. 

However, the above experiments examined repair 
of damage induced by dimethyl sulphate. It is known 
that the spectrum of damage induced in DNA depends 
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on the chemical properties of the damaging agent. 
For example, dimethyl sulphate produces rather small 
proportions of 0-6 methyl guanine. By contrast,N- 
methyl-N-nitroso-urea (MNU) produces a substantially 
greater proportion of 0-6 methyl guanine [17]. 

Here we describe experiments using MNU. We 
show that both the enzyme inhibitors, thymidine and 
5-methylnicotinamide retard DNA strand-rejoining 
after MNU damage as assessed by alkaline sucrose 
gradient analysis. These data indicate that (ADP- 
ribose)n biosynthesis is a necessary requirement for 
repair of DNA damage induced by a range of alkylat- 
ing agents. 

Thymidine not only inhibits ADP-ribosyl transfer- 
ase but also interferes with the biosynthesis of deoxy- 
cytidine. However, the inhibition of deoxycytidine 
biosynthesis can be circumvented by adding deoxy- 
cytidine to the medium. Under these conditions there 
is no major distortion of nucleotide levels and L1210 
cells show a cloning efficiency in soft agar of>95% 
[ 16]. Any residual consequences of the thymidine are 
probably not due to interference with nucleotide 
metabolism. 

2. Methods 

2.1. Cells 
Mouse leukaemia (L1210) cells were grown in 

RPM1 1640 medium supplemented with 10% horse 
serum, penicillin (50 units/ml) and streptomycin 
(375 units/ml) at 37°C in 95% air, 5% CO2. Cell 
number was estimated using a model B Coulter counter 
or a haemocytometer. 
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2.2. A lkyla t&g reagent 
A solution of  MNU was prepared immediately 

before each experiment in 100 mM citrate buffer 
(pH 4.5). 

2.3. Radioactive labelling of  DNA 
DNA was labelled with radioactive thymidine; 

1 -2  × 10 s cells/ml was incubated for ~1.5 generation 
times (18 h) in 1.0/ICi/ml, 1/IM (18.2 Ci/mmol) 
[3H]thymidine. Under these conditions the cells 
incorporated [3H] thymidine into.DNA at a constant 
rate for at least 12 h but the growth rate was reduced 
by ~20% due to perturbations in the cell cycle by the 
radioactive DNA precursor [18]. 

2.4. Exposure of  cells to alkylating agent 
After washing in fresh medium and centrifugation 

(1000 rev./min for 5 min in a MSE bench centrifuge) 
to remove the radioactive precursors, the cells were 
incubated for 20 rain with 1 mM MNU in the presence 
or absence of the enzyme inhibitor. After the MNU 
treatment the cells were washed twice in phosphate- 
buffered saline at 4°C then resuspended in medium 
pre-warmed to 37°C and incubated further in the pres- 
ence or absence of enzyme inhibitor. 

2,5. Alkaline sucrose gradient analysis of DNA repair 
Samples of  1 ml were taken at various times after 

treatment, resuspended in phosphate buffered saline 
at ~5 × 10 s cells/ml. 1 -2  × 104 Cells were analysed 
on alkaline sucrose gradients. Linear alkaline sucrose 
gradients contained 4.8 ml 5-20% (w/v) sucrose, 
100 mM NaOH and 100 mM NaC1 overlaid with a lysis 
layer of  100 #1 2% (w/v) sodium dodecyl sulphate 
(SDS), 20 mM EDTA [19]. The gradients were cen- 
trifuged at 25 000 rev./min at 20°C in a SW 50.1 rotor 
in a Beckman L5.65 centrifuge. Fractions (12 drops) 
were collected on filter strips and the trichloroacetic 
acid-insoluble radioactivity was estimated by scintil- 
lation spectrometry. 

3. Results 

The effect of thymidine and of deoxycytidine on 
L1210 cell growth was examined. Deoxycytidine at 
3 mM did not slow down cell growth at all (fig.l). 
Thymidine at 10 mM completely blocked cell repro- 
duction and was evidently lethal since the cell number 
began to decline after 40 h. The combination of 
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Fig.1. Effect of thymidine and deoxycytidine on growth of 
L1210 cells. Exponentially growing ceils were resuspended 
into medium containing the nucleosides at 0 h and after a 
second dilution at 45 h. Additions to the medium: (o) 3 mM 
deoxycytidine; (*) 10 mM thymidine; (o) 3 mM deoxycyti- 
dine + 10 mM thymidine; (*) control. 

3 mM deoxycytidine with 10 mM thymidine had no 
adverse effect on cell reproduction. With this combi- 
nation the effect of  thymidine on DNA repair can be 
examined. In [16], 2 mM thymidine combined with 
3 mM deoxycytidine permitted a relative cloning effi- 
ciency of L1210 cells of>95%. The molecular mass 
of the DNA in alkaline sucrose gradients was not 
altered by preincubation in a mixture of I0 mM thy- 
midine and 3 mM deoxycytidine (not shown). 

The effect of  thymidine on DNA strand-rejoining 
was examined in alkaline sucrose gradients. Prelabelled 
cells were exposed to 1 mM MNU for 20 rain and 
then incubated for 30 -60  min to permit repair. During 
this recovery period some ceil cultures contained 
10 mM thymidine and others 10 mM thymidine plus 
3 mM deoxycytidine. The course of strand-rejoining 
in the absence of enzyme inhibitors is shown by the 
solid lines in fig.2. By 60 rain extensive repair had 
occurred. By contrast, in the samples containing thy- 
midine (fig.2d-f) or thymidine and deoxycytidine 
(fig.2a-c) (---), there was hardly any increase in the 
size of the DNA. A marked inhibition of strand- 
rejoining is evident. It was observed in a similar paral- 
lel experiment that 3 mM deoxycytidine did not sig- 
nificantly retard strand-rejoining (fig.3). 
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Fig.2. Inhibition of DNA strand-rejoining by the ADP-ribosyl 
transferase inhibitor (thymidine or thymidine and deoxycyti- 
dine) after alkylation by MNU. Samples were taken at 0, 30 
and 60 min after treatment with 1 mM MNU for 20 min 
( - - ) .  The discontinuous lines ( - - - )  indicate cultures with 
enzyme inhibitor present; (a-c)  contained 10 mM thymidine 
and 3 mM deoxycytidine; (d- f )  contained only 10 mM thy- 
midine. The enzyme inhibitors were present both during the 
20 rain alkylation period as well as during the recovery 
period. The gradients were centrifuged at 25 000 rev./min for 
60 min. Sedimentation is from right to left. Ordinate: % total 
radioactivity recovered. 

Fig.4. Inhibition of DNA strand-rejoining after MNU damage 
by the ADP-ribosyl transferase inhibitor, 5-methyl-nicotinam- 
ide: (a-c)  1 mM MNU alone; (d - f )  1 mM MNU plus 5 mM 
5-methyl-nicotinamide present during 20 min exposure as 
well as during the recovery period. 
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Fig.3. Deoxycytidine does not inhibit excision repair of 
MNU-induced DNA damage in L1210 cells. Cells were treated 
with 1 mM MNU for 20 min ( - - ) ;  or additionally with 
3 mM deoxycytidine during both the damage and recovery 
periods ( - - - ) .  
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Fig.5. Sodium nicotinate does not inhibit excision repair of 
MNU-induced DNA damage in L1210 cells. Cells were treated 
with 1 mM MNU for 20 min ( - - ) ;  or additionally with 
5 mM sodium nicotinate during both the damage and recovery 
periods ( - - - ) .  At the indicated times samples of cells were 
taken and the D NA was analysed on alkaline sucrose gradients. 

An alternative inhibitor of  ADP-ribosyl transferase 
was examined as an inhibitor of  DNA strand-rejoining. 
5 -Methyl-nicotin amide is a powerful inhibitor of  ADP- 
ribosyl transferase, while the related compound,  
sodium nicotinate, is not at all inhibitory [20]. 
5-Methylnicotinamide at 5 mM clearly slows down 
DNA strand-rejoining after MNU damage (fig.4). After 
90 rain there is substantial inhibition of  DNA strand- 
rejoining (cf. fig.4cf). By contrast 5 mM sodium 
nicotinate has no inhibitory effect at all on DNA 
repair (fig.5). 

can be effectively repaired after 1 mM MNU treat- 
ment. This conversion of  the DNA to higher molecular 
mass was clearly retarded by 10 mM thymidine, either 
alone or in combination with 3 mM deoxycytidine 
(fig.2). In combination with the deoxycytidine the 
cells grew normally in the presence of  thymidine 
(fig.l); therefore the effect o f  the thymidine is prob- 
ably not mediated by a distortion of  deoxynucleotide 
metabolism. Thymidine is known to be a powerful 
inhibitor o f  ADP-ribosyl transferase [20] and we sug- 
gest that this property explains its ability to retard 
DNA repair. 

This view is supported by the observation that 
5-methyl-nicotinamide also retards DNA strand- 
rejoining (fig.4) although neither 5 mM sodium nico- 
tinate (fig.5) nor 3 mM deoxycytidine (fig.3) by 
themselves inhibited DNA repair. Thus, two potent 
inhibitors of  ADP-ribosyl transferase are shown to 
retard rejoining of  single-strand breaks in DNA after 
treatment with 1 mM MNU for 20 min. This adds fur- 
ther support to the conclusion that (ADP-ribose)n 
participates in DNA repair. This is the first report of  
inhibition of  strand-rejoining after exposing cells to 
MNU by inhibitors of  ADP-ribosyl transferase. 

All 4 classes of  ADP-ribosyl transferase inhibitors 
retard DNA repair after exposing cells to dimethyl 
sulphate [10,11 ]. These results are now extended to 
include damage by methylnitrosourea. These 2 meth- 
ylating agents produce rather different populations of  
methylated products. Despite this, the inhibitors of  
ADP-ribosyl transferase retard strand-rejoining after 
exposure to both MNU and DMS. We have so far only 
tested small methylating agents and we do not yet 
know whether the repair of  larger alkylating groups 
also requires (ADP-ribose)n. 
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4. Discussion 

Here, the rejoining of  single-strand breaks in DNA 
induced by 1 mM MNU was monitored by alkaline 
sucrose gradients. This procedure displays both meta- 
bolic breaks as well as those produced by the alkaline 
conditions of  the gradient. We observed that the DNA 
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