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Abstract-The pofy ADP-ribosy~ation of proteins catalyzed by poiy~ADP-ribose)polymerase (PARP) 
is involved in a number of important cellular metabofic activities. We evaluated various analogs of 
deoxythymidine and deoxyuridine as inhibitors of PARP. Most of these compounds have antiviral and/ 
or anticancer activities. The structural requirements for these nucieoside analogs to be inhibitors of 
PARP were determined. The compounds evaluated had various substitutions on the 2-, 4- and/or 5 
position of the pyrimidine ring, as well as on the 2’-, 3’- and/or 5’-position of the pentose moiety. 
Inhibition of PARP was strongly dependent on the size of the alkyl or halogen substituent on the 5- 
position of the pyrimidine ring. Whereas the S-position of the pyrimidine ring could be varied, alteration 
of the 2- or 4-position drastically decreased the inhibition of PARP. Kinetic analysis was performed 
with concentrations of l-10 FM NAD+. The K, values for many compounds were five to seven times 
lower than the K, for 3-aminobenzamide, a previously described potent inhibitor of PARP. Compounds 
with combined substituents at both the S-position of the pyrimidine ring and the 3’- or 5’-position of 
deoxyribose generaily were potent inhibitors of PARP, as for example 3’-amino-Z’, 3’-dideoxy-(E)-S- 
(Z-bromovinyi)uridine (KS = 0.7 PM). or 5‘-azido-2’,S’-djdeoxy”S-ethyi~ridine flu, = 0.8,uM). The S- 
haIogenated analogs had K, values of IS, 35, 110 and >lOOO@M for S-iodo-2‘-deoxyuridine, Sbromo- 
Z‘-deoxyuridin~, S-chioro-Z’-deoxyuridine, and 5-fluoro-2’-deoxyuridjne, respectively, and the Salkyl 
analogs had K, values of 45,2.2,7,16 and 180 FM for S-methyl-Z’-deoxyuridine, 5-ethyl-2’-deoxyuridin~, 
5-propyl-2’-deoxyuridine, 5-butyl-2’-deoxyuridine and 5-pentyl-2’-deoxyuridine, respectively. Twoother 
compounds with substituents in the 5-position of the pyrimidine moiety also had potent activities: (E)- 
5-(2-bromovinyl)-2’-deoxyuridinc (K, = 6pM) and 5-trifluoromethyl-2’-deoxyuridine (K, = 1.6 PM). 
Compounds substituted in the 2’-, 3’- and/or 5’-position of the deoxyribose moietv were investigated 
and S-azido-S’-deoxythymidine, .S’-amino-5’-deoxythymidine, 3’-azido-3’-deoxythymidine and 3’-de- 
oxythymidine (d2T) had K, values of 12, 16, 18 and 3OpM, respectively. 

p~I~ADP-~bosylat~o~ of proteins is involved in 
major eucaryotic cellular activities such as DNA 
repair {for review see Ref. l], cell transformation 
[2-4], differentiation [Z-9], DNA replication [lo] 
and ligation [ll]. ADP-ribosylation of proteins may 
also affect viral production and infectivity [12,13] 
as, for example, ADP-ribosylation of adenovirus 
core proteins has been reported to have a 
possible role in viral decapsidation (131. Poly(ADP- 
ribose)polymerase (PARPS), an enzyme located in 
the nuclei, catalyzes the transfer of the ADP-ribose 
moiety from NDA+ to target proteins, thereby 
forming a poly(ADP-ribose) chain covafently 
attached to the proteins. PARP requires for its 
activity either single-stranded or double-stranded 
“nicked” DNA, and the enzyme can modify a wide 
range of nuclear proteins, such as histone [14,15j, 
DNA~polymeras~s and DNA-ligase [ 111, Ca2” ,Mg2+- 
dependent endonuciease 1161 and other proteins 
1141. PARP can also automodify itself with 
subsequent inactivation 1171. 

Most of the suggested biological functions of 

* Corresponding author. Tel. (203) 7854381; FAX (203) 
785-7670. 

$ Abbreviations: PARP, poly(ADP-ribose)polymerase; 
PMSF, phenylmethylsulfonyl fluoride; and DTT, dithio- 
threitol. 

PARP are related to repair of DNA damage such 
as that caused by radiation or alkylating agents 
[B-20]. Many inhibitors of PARP have been 
described, but only few have potent inhibitory 
activity 121-241. For exampie, 2’-S’-oligoadenylates, 
which are synthesized in the cell after interferon 
treatment, have potent inhibitory activity (ZCi = 
4 .uM), and 3-aminobenzamide is also a notent 
inhibitor of this enzyme having a ZC, value of’about 
3-5 uM 121.231. 

The l&mar; biological function of the ADP- 
ribosylation reaction is uncertain, in part due to the 
absence of selective inhibitors of PARP. This lack 
of selectivity prevents the establishment of a direct 
linkage of poly ADP-ribosylation of specific proteins 
to the indicated biological process. 

It has been reported that thymidine and some 
thymidine analogs are inhibitors of PARP [21,22], 
and many have good antiviral or anticancer activity 
[25,26]. A few have good potential for the therapy 
of AIDS [for review see Refs. 27 and 281. Know- 
ledge of the biochemistry of these compounds, as 
well as the enzymes involved, will be useful for the 
development of new drugs, as well as for 
understanding the possible mechanism of antiviral 
or anticancer activity. 

In the present study we have investigated the 
inhibition of PARP by various deoxyuridine and 
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deoxy~ymidine analogs and present 
activity analysis of the inhibition. 

a structure- 

MA~R~A~ AND METHODS 

Cells. Murine leukemia L1210 cells were grown 
as previously described 1291. Asynchronous expo- 
nentially growing cells were collected from five roller 
bottles and used as the enzyme source. Celt counts 
were made with a model ZBl Coulter ~ount~r/mode 
256 Channelyzer (Coulter Electronics, Hialeah, FL). 

3-Am~u~e~zamid~ ~epharose 48 ~~~i~ co~urn~ 
prepur~tio~. 4-((3-(Amin~arbo~yl~phenyi)amino~- 
4~xobutanoic acid was s~~hes~~d and coupled to 
AH-~pharose 48 by the method of Burtscher et al. 
1301. The degree of ben~mide substitution was 
based at least 50% on the known amino group 
content of the AH Sepharose 4B and the absorbance 
at 250 nm of the gel, yielding a minimal benzamide 
content of 5 ~M/mL of the hydrated gel. 

PARP pur~cut~o~. PARP was partially purified 
from L1210 cells by a method described previously 
[31], and then purified by affinity column chroma- 
tography according to Buki et al. f32]. Nuclei were 
prepared from l-2 x 1t19 Ll2l~cells and immediately 
homogenized using a Dounce homogenizer (25 
strokes) in 50 mL of buffer, containing 50 mM Tris- 
HCI, pH 7.5, 3~mM KCl, 2 m&i EDTA, 1 mM 
phenhylmethylsu~fonyl fluoride (P~SF~, 2 mM 
dithiothreitol (WIT), 0.2 M Na2S03, pH 7.5, and 
10% glycerol. The homogenate was cent~fuged at 
20,OOOg for 30 min and enzymatic activity was 
recovered in the supematant. This crude enzyme 
preparation (up to 150 mg protein) was passed 
through a 9-mL bed of 3-aminobenzamide Sepharose 
4B equitibrated with buffer A containing 50 mM 
Tris-HCI, pH 7.5,1fKl mM KCI, 2 mM EI?TA, 2 mM 
WIT and 10% glycerol. The column was then washed 
with 150 mL of buffer A (flow rate 7 mL/cm2/hr~, 
and the enzyme was quantitatively eluted from 
the column with buffer A containing 2mM 3- 
methoxybenzamide and recovered in a fraction 
collector. The fractions cont~ning the enzyme (the 
initial ten column volumes} were pooled and 
concentrated to 2% of the original volume with 
Centriprep 30 and Centricon 30 concentrator 
(Amicon) (I Residual 3-methoxybenzamide was 
removed by washing five times with buffer A in the 
same concentrator systems. Protein concentration 
was determined according to Bradford [33] using a 

Bio-Rad protein assay kit, The final enzyme solution 
was stored at -70” without loss of enzyme activity 
for at least 1 year. 

FA~P assay. PARP assay was performed in a 
100 FL volume of buffer containing 20 mM Tris- 
HCI, pH 8.0, SOmM KCl, 20% glycerol, PARP 
(0.0s U), I-10 PM NAT>+ (containing 20,O~ cpm 
[ “C]NAD+), calf thymus DNA (80 pg/mL), histones 
(40 @g/mL) and various amounts of the nucleoside 
analogs. The iu~ubation was carried out for 1 hr at 
room temperature. The reaction was stopped by the 
addition of coid 20% trich~oroa~eti~ acid-2% 
Na4P20r, filtered through a ~atman W/C filter 
disc, washed three times with 5% cold t~~hloroacetic 
acicf0.5% Na4Pz07, once with 95% cold ethanol, 
and counted in 5 mL Opti~uor-~ (Packard Instru- 
ment Co., Downers Grove, IL) by liquid scintillation 
spectroscopy. One unit of enzyme activity was 
defined as being equivalent to 1 nmoi of ADP-ribose 
incorporated into acid-insoIuble material/min at 25”. 

RESULTS 

Pllr~~cat~o~ of PARP from mouse L1210 cells. 
The enzyme was partialIy purified by affinity 
chromatography, and a summary of the pu~fi~ation 
achieved is shown in Table 1. The enzyme was 
evaluated for dependence of its activity on dsDNA, 
histone and NAD+, and Fig. 1 shows typical data 
obtained. The enzyme was free from glycohydrolase 
contamination. 

Znh~b~t~o~ kinetics of PAW bv nuc~eos~de 
a~ul~gs of d~oxyurid~~e and ~~~rn~~i~e. Various 
concentrations of the nu~Ieosjde analogs were 
competed against several levels of NAW (l-10 i_rM). 
Figure 2 depicts the type of inhibition of PARP by 
two nucleoside analogs in the terms of Dixon plots, 
and these data indicate that the inhibition may be 
~on~om~titive, at least in the tested range of the 
NAD*. Similar inhibition kinetics were obtained 
with the other nucleoside analogs. The data from 
two independent experiments were combined, and 
I(, values were calculated (Table 2). The variation 
was less than 20%. In addition, the Kj relative to 
that for 3-aminobenzamide was calculated by dividing 
the rC; of the nucleoside inhibitors by the Ki of 3- 
aminobenzamide. 

Effect of substitution on the pyr~midine ring on the 
inhibition of PARP. Various 5-substituted anaIogs 
of deoxyuridine were evaluated as inhibitors of 

Table 1. Summa~ of partial p~~~~tio~ of poty (ADP-ribosefpolymerase from L1210 cells 

P~~~~tion 
stage 

Crude extract 
from nuclei 

Pooled fractions 

Volume 
W-1 

32 

Totai 
protein 

(mg) 

147 

Specific 
activity 

~U/m~*} 

1.03 

Total 
activity 

(W 

152 

Purification 
(fold) 

1.0 

after affinity 
chromatography 2.13 3.19 33.0 105 32 69 

* One unit is the transfer of 1 nmo1 of NA~+/min to protein. 
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Fig. 1. Poly(ADP-ribose)polymerase activity as a function 
of “nicked” dsDNA (A), histone (B) and NAD’ (C) 
concentrations. The assays were performed as described in 

Materials and Methods. 

PARP; these included Salkyl, S-halogen and S- 
haloalkyl substituents, as well as deoxyuridinc 
analogs substituted in the 2- and 4-position of the 
pyrimidine ring. 

Data in Table 2 show that the KS for 5-alkyl- 
substituted deoxyuridine analogs was dependent on 
the length of the atkyl substituent, and the optimal 
substituents were ethyl and propyl moieties. The 
greater inhibition was produced by 5-ethyl-2’- 
deoxyuridine (Ki = 2.2pM), whereas the K/ for 5- 
propyl-2’-deoxyuridine was 7 PM. Relative to the Ki 
of S-ethyl-2’-deoxyu~dine, the Ki value increased as 
the size of the alkyl substituent in the 5-position 
either decreased or increased. Thus, the Ki values 
for S-methyl-2’-deoxyuridine and 2’-deoxyuridine 
were 45 and >lOOO PM, respectively, and those 
for 5-propyl-, 5-butyl-, Spentyl- and S-hexyi-2’- 
deoxyuridine were 7, 16, 180 and >lOOO@M, 
respectively. Data in Table 2 also show that the Ki 
value of the halogen substitution in the 5-position 
of the deoxyuridine was dependent on the size of 
halogen, and the most potent inhibitor was 5-iodo- 
2’deoxyuridine with a Ki value of 18pM. 

Two other halogenated compounds, (E)S-brom- 
ovinyl-2’-deoxyuridine and 5-trifluoromethyl-2’- 
deoxyuridine, were potent inhibitors of PARP with 
Ki values of 6 and 1.6pM, respectively. 5- 

Concentration of inhibitors QNI) 

(b) 

Concentration of inhibitors @MI 

Fig. 2. Dixon plots of poly (ADP-~~~)~lymera~ 
inhibition by 5’.aminn-S’-deoxythymidine (A) and S- 
~ido-2’,5’-dideoxy-(~)-S-(2-bromovinyI)uridine (B). The 
Assays were performed as described in Materials and 
Methods. The concentrations of NAD+ were 1 ,uM (1) and 

10 PM (2). 

Methylamino-2’-deoxyuridine did not inhibit PARP 
even at a 1 mM concentration (Table 2). Compounds 
substituted in the 4-position of 2’-deoxyuridine 
(~~~xy-2~-deoxyu~dine, 4-~-oxy-5-methyi-2’- 
deoxyu~dine and ~~-oxy-S-ethyl-2’-deoxyu~d~ne) 
showed no inhibitory effect on PARP activity (Table 
2). 

Effect of substitution in the pentose moiety on the 
inhibition of PARP. Table 2 presents the data of the 
inhibition of PARP by various 2’-, 3’- and 5’- 
modified analogs of thymidine. These data indicate 
that amino and azido modifications of the 3’- or 5’- 
position of the pentose moiety resulted in an increase 
in the inhibition of PARP (decrease in k;) relative 
to thymidine. However, modification of both the 3’- 
and .5’-positions by amino groups led to an increase 
of the Ki value. The modification by phosphate 
groups at the S-position drastically increased the X; 
values to >l mM. The PARP inhibition constant 
was decreased slightly to 3OpM from that of 
thymidine in the case of 3’-deoxythymidine (d2T), 
but was increased almost six times by dehy- 
drogenation of d2T producing a 2’, 3’-unsaturated 
bond (d4T). Arabinose nucleoside analogs (5’- 
amino-S’-deoxyarabinofuranosylthymine, (Q-5-(2- 
bromo~nyl~-1-arabinofuranosyluracil) were less 
inhibitor compared to the corres~nding deoxy- 
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Table 2. Inhibition constant of various nucleoside anatogs for inhibition of poty(ADP- 
ribose~polymerase 

(ZI, 
K, nucIeoside/K, 
aminobenzamide 

Compounds substituted in the S-position of the pyrimidine moiety (R,) 

0 

R, 

2’-Deoxyuridine 
.5-Methyl-2’-deoxyuridine 
5-Ethyl-2’-deoxyuridine 
.5-Propyl-2’-deoxyuridine 
S-Butyl-2’-deoxyutidine 
S-Pentyl-2’-deoxyuridine 
S-HexyI-2’-deoxyuridine 
5-Methyla~no-2‘-deoxyuri~ne 
5-Fluoro-2’-deoxyuridine 
5-Chloro-2’-deoxyuridine 
SBromo-2’-deoxyuridine 
SIodo-2’-deoxyuridine 
5-Tri~uoromethyi-~-deoxyuridine 
(~)-5-(2-Bromov~nyl)-2’-deoxyuridine 

>lOOO 
45 

2.2 
7 

16 
180 

>I000 
>lOOO 
>lOOO 

110 
35 
18 

1.6 
6 

10.8 
0.47 
1.52 
3.47 

39.1 

23.9 
7.6 
3.9 
0.35 
1.30 

Compounds substituted in the 4-position of the pyrimidine moiety 

4-N-oxy-2’-Deoxyuridine >lOOO 
4-N-oxy-5-Methyl-2’-deoxyuridine >lOOO 
4-N-oxy-5-Ethyl-2’-deoxyuridine >lOOO 

Compounds substituted in the 2’-, 3’- or 5’-position of the pentose moiety of thymidine (R,, RO, 
R,) 

3’-A~do-3~-deoxythymidine ix 
3~-Amino-3~-deoxythymidine 50 
5’-Amino-5f-deoxythymidine 16 
S-Axido-5’-deoxythymidine 12 
3’,5’-Diamino-3’,5’-didebydrothymidine 80 
3’-Deoxythymidine (dZT) 30 
3’-Deoxy-2’,3’-didehydrothym~dine (d4T) 180 
5’-Amino-5’-deoxyarabinofuranosyithymine IO0 
dTMP > 1000 
dTDP >I000 
d-UP >I000 

3.9 
10.7 
3.48 
2.61 

17.4 
6.52 

39.1 
21.7 
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Table 2 (continued) 

951 

K, nucleoside/Ki 
aminobenzamide 

Compounds substituted in both the pyrimidine and pentose moieties (R,, Rj, R,) 

3’-Azido-2’,3’-dideoxy-Sbromouridine 11 
5’-Azido-2’,5’-dideoxy-(E)-5-(2-bromovinyi)uridine 2.8 
3’-Azido-2’,3’-dideoxy-(E)-5-(2-bromovinyl)uridine 0.8 
3’-Amino-2’,3’-dideoxy-(E)-5-(2-bromovinyl)uridine 0.7 
5’-Amino-2’,5’-dideoxy-5-iodouridine 2.8 
5’-Azido-2’,5’-dideoxy-5-iodouridine 3.0 
3’-Azido-2’,3’-dideoxy-5-iodouridine 1.4 
5’-Azido-2’,5’-dideoxy-5-ethyluridine 0.8 
3’-Azido-2’,5’-dideoxy-5-ethyluridine 1.0 
2-5’-Anhydro-3’-azido-2’,3’-dideoxy-5-iodouridine >lOO 
2-5’-Anhydro-3’-azido-3’-deoxythymidine >lOO 
2-5’-Anhydro-3’-deoxythymidine >lOOo 

(E)-5-(2-Bromovinyl)-I-arabinofuranosyluracil 50 
1-(2’-Deoxy-2’-fluoro-arabinofuranosyl)-5-methyluracil >lOO 
1-(2’-Deoxy-:!‘-fluoro-arabinofuranosyl)-5-ethyluracil 24 

2.39 
0.61 
0.17 
0.15 
2.39 
0.65 
1.15 
0.17 
0.22 

10.9 

5.22 

Aminobenzamide 4.6 

riboside (5’-amino-5’-deoxythymidine and (E)-S- 
bromovinyl-2’-deoxyuridine) . 

Effect of substitution in the pentose and pyrimidine 
moieties on the inhibition of PARP. Combinations 
of different substituents at the 5-position of the 
pyrimidine ring, and the 3’- or 5’-position of the 
pentose moiety were evaluated. Table 2 shows 
inhibition kinetics and the Ki values for several 
double-substituted nucleoside analogs. These data 
show a significant decrease in the Ki relative to the 
parent compounds. For several analogs the Ki was 
less than 1 PM, which is five to seven times lower 
than the Ki value determined for 3-aminobenzamide 
(4.6 PM), a compound considered to be a very potent 
inhibitor of PARP. 

DISCUSSION 

ADP-ribosylation of proteins has been reported to 
play a role in many aspects of cellular metabolism, 
such as DNA repair [l], cell transformation [2-4] 
and differentiation [5-91, but the precise functional 
role of ADP-ribosylation of proteins is yet to be 
elucidated. In the absence of a molecular genetic 
approach to obtain an understanding of the 
physiological role of ADP-ribosylation of proteins, 
the use of PARP inhibitors may be a useful 

alternative strategy. Until recently, only two highly 
active inhibitors of PARP, 3-aminobenzamide 
[21,23] and oligoisoadenylates (pppA2’p5’A2’- 
p5’pA) [24], wereavailable. Bothofthesecompounds 
have side-effects, especially oligoisoadenylates, 
which alter other enzymatic activities too [for review 
see Refs. 34 and 351. Suto et al. [36] have reported 
recently that several 5-substituted dihydro- 
isoquinolinones are very potent inhibitors of PARP 
with Kivaluesof <l.OpM. 5-Bromo-2’-deoxyuridine 
and thymidine have been reported to be inhibitors 
of PARP [21], but the inhibition constants for these 
two compounds are too high to consider them for 
potential inhibition of the PARP activity in Go. 
We have investigated various deoxyuridine and 
thymidine analogs and found that some are potent 
inhibitors with inhibition constants (Ki) five to seven 
times lower than the Ki for 3-aminobenzamide. The 
value of Kj is strongly dependent on the nature of 
the 5-substituent of deoxyuridine. Electronegative 
substituents that are 2.15 A or larger (iodo, 
trifluoromethyl, bromovinyl) or neutral (alkyl) 
substituents in the 5-position of the pyrimidine 
moiety are the most potent compounds. The 
substitution of the 3’- or 5’-position of the 
deoxyribose also affects the Ki value. The physico- 
chemical basis for the varying activities of the 
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nucleoside analogs as influenced by the nature of 
the substituents in the various positions is not 
understood as yet. Ideally, one would like to be able 
to examine the enzyme by X-ray crystallography and 
NMR in the presence and absence of the most potent 
inhibitor we have found. Such information would 
afford the opportunity to direct synthetic efforts for 
the development of inhibitors with high selectivity. 
The combination of different substitutions has been 
shown to lead to an increase in inhibition, that is a 
decrease in the ki value. 

It is interesting to note that practically all of 
the compounds evaluated have antiviral and/or 
anticancer activities and some are even in clinical 
use [25--281. At present, there is no unequivocal 
evidence for a connection between the antiviral and 
antitumor activities of these nucleoside analogs and 
inhibition of PARP. Nevertheless, many of the most 
potent inhibitors of PARP are also very potent 
antiviral agents, suggesting that poly ADP-ribo- 
sylation of proteins may play a role in viral 
reproduction, although presently there is little 
evidence for such a relationship. The data obtained 
may be useful for further investigation of the 
physiological roles of poly ADP-ribosylation of 
proteins, as well as for developing a new basis for 
drug selection. 
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