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Inhibition of DNA Polymerase by p-D-Arabinosylcytosine and Reversal of 
Inhibition by Deoxycytidine-5’-triphosphate* (32708) 
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The antitumor activity of P-D-arabinOrjyl- 
cytosine (ara-c)2 has been well established 
(1) .  One site of action implicated has been 
inlhibition of cytidine d iphqhate  reductase 
(2,3). Possible inbibitions by m-c of the 
mammalian adenylate and guanylate reduc- 
tases were also explored (4,s). The cytidine 
diphmphate and adenylste reductases were 
found to  be inhilbited by ara-c (3-5). The in- 
hibitory effects on these 2 rductases, how- 
ever, were minimal (3,4). In the case of the 
adenylate reductase, paradoxical drug effects 
were obtained with enzymes from the Ehrlich 
and Ca755 ascites tumors (4,5), i.e., in- 
hibitions were reversed with increasing con- 
centmtions of drug. Since the ribnudeotide 
rductases have been shown to ‘be regulatory 
enzymes for DNA synthesis (5,6,7), pre- 
sumably, even minimal effects by ara-c on the 
reductases might eventually lead to profound 
inhibitory effects on DNA synthesis. Our 
previous study of the effects of ara-c on the 
incorporation of g1ycine-2-I4C, adenin.e-8-14C, 
and orotic acid-6-14C into Ithe nucleic acids of 
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the Eklich ascites tumor had implicated an- 
other site of inhibition, namely, Ithe DNA 
polymerase of Ithe Ehdich tumor (3) .  In the 
study presented here, we have found thart 
ara-c pduced  inihibitory effeots on tlhe utili- 
zation of thymidine-SH for DNA synt!h&s by 
the Ehrlich ascites tumor. The DNA poly- 
merase was found to be inhibited by ara-c, 
and this inhibition could be reversed by ad- 
dition of deoxycytidine5’4riphMphate to the 
medium. 

Materials and Methods. Randm brwd fe- 
male Swiss mice (Sirnomen b b t d e s ,  
Gilroy, California) were each implanted with 
7 X 105 Ehrlich ascites ells d used 5-6 
days later for in vivo and in vitro metabolic 
studies. 

Studies in vim and in vitro. Mice were used 
for in vivo metabolic studies 6 days after im- 
plantation of (tumor cells. Each mouse re- 
ceived either saline, ara-c, deoxycylidine, or 
ara-c plus deoxycytidine. One hour later each 
mouse received thymidine3H, 3 pmoles, 8.8 
X lo6 cpm/pmole (Schwairz B i o R d ,  
Inc.) and metabolic utilization was dbwed 
to occur for 1 hour. The fractionation and 
preparation of the Ehrlich d t e s  cell DNA 
has been described in detail elsewhere ( 3 ) .  
For in vitro studies with Ehlich ascirtes cdl 
suspension, Swiss mice with 5-day implants 
were used as a source of ells. The incubation 
mixtures in 32 ml of Kreb’s original Ringer 
phosphate medium, pH 7.4 (no CaC12), con- 
b i n d  the following: glucose, 5.5 X M; 
thymidine-“H, 5 )( M, 8.8 X 106 cpm/ 
r-r;moIle; and Ehrlich cells, 25 mg wet weight 
per ml of medium. Ara-c, M ,  dissolved 
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in medium was preincubated for 15. min at 
37°C before addition of the th~midine-~H. 
Incubations were carried out in 50 ml Ehrlen- 
meyer flasks in a metabolic shaker in air 
a t  37°C. At the designated times, 4.0 ml 
aliquots were removed and added to chilled 
centrifuge tubes containing 0.44 ml of ice-cold 
SOY) TCA. Each tube was allowed to sit in 
an ice bath for 2 min, then centrifuged for 
2 rnin at  1470g. The acid-wash was discarded 
and the cells were resuspended in 4.0 ml 
(80 volumes) of ice-cold 5% TCA and spun 
down after 2 min. This wash was repeated 
once more and acid was removed with 2 
washes of 4.0 ml each time of ice-cold 95% 
ethanol. The tissue residue was dissolved in 
2.0 ml of hyamine hydroxide at  room tempera- 
ture in the dark overnight. Aliquots of 0.5 ml 
were counted in a scintillation solution at  6% 
efficiency. 

“D,VA polyinerase.” The preparation of 
enzyme extracts of the Ehrlich ascites tumor 
has been described ( 3 ) .  The incubation tubes 
(in duplicate) each contained TTP-2-14C, SO 
mpmoles, 3.3 X loG cpm/mole (New En- 
gland Nuclear) or TMP-2-I4C, 10 mpmoles, 
14.4 X 10’ cpm/pmole (Sew England 
Nuclear); Tris buffer, pH 7.8, 44 pmoles; 
J l g C l ~ ,  6 pmoles; creatine phosphate, 5 
pmoles; creatine phosphokinase, 7 5  p g ;  
dGTP, dATP, and dCTP, 2 0  mpnoles each; 
ATP, 1 pmole; denatured DNA, 100 p g ;  and 
Ehrlich enzyme extract, 1.72-2.00 mg protein, 
in a final volume of 0.70-0.80 ml. The 
analysis for incorporation of TMP-2-*4C (or 
TTP-2-I4C) into an acid-insoluble product, 
presumably DNA, has been described (8). 
Protein was determined by the method of 
h r y  et al. (9).  

Results. Studies in vivo and in vitro. The 
in nitro incorporation of th~rnidine-~H into an 
acid-insoluble fraction of Ehrlich ascites cells, 
presumably DNA, was depressed 70-80% by 
ara-c a t  loM3 A l  (Table I ) .  Ara-c at 60 
mg/kg inhibited by 99% the in  viva incor- 
poration of thymidine-:’H into the DNA of 
the Ehrlich tumor (Table 11). Deoxycytidine, 
60 mg,.’kg, equimolar with ara-c at 60 mg/kg, 
only partially reversed the inhibition pro- 
duced by ara-c in IGZW, 

‘‘D.VA po lp ie rasc” :  Table ITT shows 
various parameters affecting the Ehrlmich tumm 

TABLE I. In Yilro Inhibition of Thymi&ne-sH 
Incorporation into Ehrlich Ascites Cell Suspensions 

by ara-c.O 

cpm/gm cells 
Tiieuht.ion 
t.inic (nun) (’ontrol + 10-sM arn-c (%) 

In hi bi ti on 

- 0 0 0 
10 5040 720 86 
PO 6120 1680 it! 
30 6 i20  960 86 
40 8760 2040 77 

The inciih;Ltion nictliuni in Kreb’s original 
Ringer plrospIiatc buffrr, pH T.4, (no C;iCL,), 32 nil, 
iii 50-nil Elirlc.limeycr flwks contained the follow- 
ing: ~ I U C O S ~ ,  5.5 X M ;  thyrnidi~ie-~H, 5 X lo-’ 
M, 8.8 X 108 cpni/pniole and Elirlich ascites cells, 
25 nig wet wt./nd of medium. The ara-c, d i w l v e d  
in nictliiim, was preineubated at 3 i ” C  for 10 min 
wi tli c d l s  before the add; tion of the thyniidi~ie-~H. 

“DNA polymerase.” The incorporation of 
TTP-2-I4C into an acid-insoluble product, 
presumably DNA, was absolutely dependent 
on DNA primer. Deletion of dATP, dGTP, 
and dCTY decreased enzyme activity abu t  
50c/cl. The addition of dCTP in &fold excess 
dtid not significantly increase activity. The in- 
corporation of TTP-2-14C was linear for at 
least 30 min. The arac, 1.25  X M, 
inhibited the “polymerase” and ‘this inhibition 
was reversed by dCTP at  1 . 7 5  X M .  

TABLE IT. In 7iz.o Iahibition of Thy~iudine-~H 
1iicorpor;i tion into DNA Thymine by ara-c.O 

DNA 
DNA t h  yniiiie 

Ihug (cpni/ml cells) (cpm/pmole) 
~~ ~ 

Saline 50,600 8,540 
;ira.-e, 60 nig/kg 567 79 
tlcosycyt.icliirc, ti0 nig/kg 53,200 10,316 
tlt~os,vcytitline, 60 ing/kg 5,860 1,189 

+ ;ir:L-c, A0 nig/kg 



DNA POLYMERASE 43 1 

T A B L E  111. “ D N A  Polynierase” Activity in  
Enzyme Extracts of the Ehrlich Ascites Tumor.a 

mpmoles 
Incubation TTP-2-14C 

systcni time (niin) incorporated 

Con1plete 

Minus 1/2 enzyme 
Minus dGTP, dATP,  dCTP, 

20 nipmoles each 
Minus DNA primer 
Plus ara-c, 100 nipmoles 
Plus dCTP, 120 mpmoles 
Plus ara-c, 100 mpmoles, 

and dCl’P, 120 mpmoles 

0 
10 
20 
30 
1 5  
15 
15  

1 5  
15 
1 5  
1 5  

0 
0.36 
0.62 
0.87 
0.46 
0.24 
0.19 

0.00 
0.27 
0.54 
0.55 

a The complete system contained TTP-2-l4C, 10 
mpmoles, 3.3 X 108 cpm/pmole; Tris buffer, pH 
7.8, 44 &moles; MgCL, 6 pmoles; ATP,  1 pmole; 
creatine phosphate, 5 pmolm ; creat.ine phwphoki- 
nase, 75 pg; dGTP, dATP,  and dCTP, 20 mfimolcs 
m c h ;  denatured DNA, 100 p g ;  and Ehrlich enzyme 
extract, 1.72 mg protein, in a f i n d  volume of 0.80 
nil. Ara-c, 100 q m o l e s ;  dCTP, 120 mpmoles; or 
H,O was preincubated with enzyme and all reagents 
except TTP-2-14C, dGTP, dATP,  and dCTP, 20 
nipmoles each, for  10 min at 37OC, then these were 
added and incubations continued. 

The results of further studies on inhibition of 
the Ehlrlich tumor “DNA plymerase” are 
given by data presented in Table IV. The 
arac,  1.43 X M and 2.86 X M, 
produced a 70-7576 inhibition of incorpora- 
tion of TTP-2-14C or TMP-2-14C into the 
acid-insoluble product. This inhibition of the 
Ehrlich “DNA polymerase’’ by ara-c was 
reversed by dCTP even when the m l a r  ratio 
of ara-c to dCTP was 2.86 to 1 (Table V)  . 

Discussion. The ara-c (or metabolites) was 
found to inhibit the in vivo and in vitro 
utilization of thymidine for DNA synthesis 
in the Ehrlich ascites tumor. These data im- 
plied that ara-c might be inhibiting the DNA 
polymerase of this mammalian tumor. Pre- 
viously, we had conjectured on this possible 
site of mtion based on studies of incopna-  
tiom of various radioactive p r s c w  into 
the DNA of the Ehrlich tumor ( 3 ) .  oulr 
present finding that the “DNA plymerase” 
of the Ehrlich tumor was inhilbited by ma-c 
(or metabolites) was not unexpected. Since 
a r a c  could be considered an amlog of de- 
oxycytidine, reversal of arac inhilbition of 
the “DNA polymerase” by dCTP was also 
not unexpected. The mechanaism of reversal 
by dCTP is not known but several possibilities 
can #be listed. (a) The dCTP (or &lites) 
might have inhilbited the conversion of ara-c 
to ara-CTP. (b) The dCTP might have com- 

T A B L E  IV. Inhibition of Ehrlich Ascites Tumor “ D N A  Polymerase” by  ara-c.” 

ara-c Incubation Incorporated Inhibition 
(M) time (min) Precursor ( w m o l e s )  (%) 

None 
1.43 x 10-4 
2.86 x 10-4 

1.43 x 10-4 

1.43 x 10-4 

1.43 x 10-4 

None 

None 

None 

15  
15  
15  

1 5  
15 
30 
30 
45 
45 

TTP-2-“C 
~ ~ p - 2 - 1 4 ~  
T TP-2-’ ‘C 

ThlP-2-”C 
TMP-2-I4C 
TMP-2-14C 
TMP-2-I4C 
TMP-2-I‘C 
T M P- 2-“C 

- 0.78 
0.25 68 
0.20 74 

0.37 
0.1 2 67 
0.69 
0.21 69 
0.86 
0.21) 77 

- 

- 

- 

The incubation tubes each contained TTP-2-14C, 10 i n p ~ o l e s ,  3.3 X 10” cpm/pmole, or TMP-  
%“C, 10 rqtmoles, 14.4 X 108 cpm/pmole; Tris buffer, pH 7.8, 44 pmolee; MgCl,, 6 pmoles; 
A T P ,  1 &mole; creatine phosphate, 5 prnolw; rreatine phospliokinase, 75 p g ;  dGTP, dATP,  and 
dCTP, 20 nipnioltw cadi ; denatured DNA, 100 pug ; and Ehrlicli enzyme extract, 2.00 mg proteiii, 
in a final volume of 0.70 inl. Ars-c or H,O WLS 1)wincul)nted with enzyme and all re8gelit;r CS- 

rcpt TTP-2-l‘C or TMP-g-I‘C, dGTP, tlATP, ni i t l  dCTP, 20 n ~ i n o l ~ s  each, for  10 init1 at 3’i”c, 
then t.hcsc: ~vvore pdded a ~ i d  incu1)ntioiis Coiitiuw(1, 
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TABLE V. Reversal of ara-c Inhibition of “DNA 
Polymerase’’ by dCTP.“ 

TTP-2-“C incorporated 
(mpmolea) Molar 

ratio 
ura-c + 1.75 X 10*M ara-c to 
(W Con t r  ol dCTP dCTP 

None 0.41 0.52 0.00 : 1 
6.25 X 0.22 (46) 0.46 (11) 0.36:l 
1.25 X lo-’ 0.19 (54) 0.48 (8) 0.72:l 
2.50 X lo-‘ 0.17 (58) 0.50 (4) 1.43:l 
5.00 X lo-’ 0.16 (61) 0.47 (10) 2.86:l 

~ ~~~~ 

a The incubation tubes each contained TTP-2-“C, 
10 mpnolea; 3.31 X lo8 cpm/pmole; Tris buffer, 
p H  7.8, 44 pnolos ; MgCI,, 6 pmoles ; ATP,  1 @ole ; 
creatine phosphate, 5 pnoles ; creatine phosphoki- 
rime, 75 pg ; dGTP, dATP, dCTP, each 20 m,aoles ; 
denatured DNA, 100 pg, and Ehrlich enzyme ex- 
tract, 1.72 mg protein; i n  a final volume of 0.80 ml. 
ha-c ,  various molaritiea; dCTP, 120 nipmoles, or 
H,O was preincubated with enzynie and all reagcnts 
except TTP-2-14C, 10 mkmoles; dGTP, dATP, and 
dCTP, 20 mpmoles each at 37°C for  10 min, then 
these were added and incubations continued for 15 
min. Numbers in  psrenthescs refer to percentage 
inhibition. 

peted with ara-c (or metabolite) for the same 
binding site on the D N A  polymerase. (c) The 
binding of dCTP to the polymerase might 
have changed the conformation of the enzyme 
so th& am-c (or a metabolite) could not 
bind to an allosteric inhibitor site. These pos- 
sibilities itre subjects for future investigations. 

The reversal of a r a c  activity in vivo by 

deoxycytidine was fimt shown by Evans 
and Mengel (10). Our results may explain, in 
part, the results of Evans and Mengel (10). 

Summary. P-D- Arabinosylcytmhe was found 
to inhibit the utilization of thymidine for 
D N A  synthesis in the Ehrlich ascites tumor. 
The DNA polymerase of the Ehrlich tumor 
was inhibited by P-D-arabinosylcybsine (or 
metabolite) and this inhibition could be 
reversed by deoxycytidine-S’-triphqhate. 

We wish to thank Dr. G. A. LePage for per- 
mitting us the use of the laboratory facilities. 
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