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Two classes of enzymes,  poly(ADP-ribose)  synthe- 
tase and mono(ADP-ribosyl)transferases, catalyze co- 
valent  attachment of multiple or single  residues, re- 
spectively, of the ADP-ribose  moiety of  NAD’ to  var- 
ious  proteins. In  order to  find good inhibitors of 
poly(ADP-ribose) synthetase free of side  actions  and 
applicable  to  in uiuo studies,  we  made a large  scale 
survey  using  an in vitro  assay system, and found  many 
potent  inhibitors.  The  four  strongest  were  4-amino- 
l&naphthalimide, 6(5N)- and 2-nitro-6(5W)-phen- 
anthridinones,  and 1,5-dihydroxyisoquinoline. Their 
50% inhibitory  concentrations, 0.18-0.39 MM, were 
about  two  orders of magnitude  lower  than  that of 3- 
aminobenzamide that is currently most popularly used. 
A common structural  feature among all  potent  inhibi- 
tors,  including  1-hydroxyisoquinoline,  chlorthenoxa- 
zin,  3-hydroxybenzamide,  and  4-hydroxyquinazoline, 
in  addition to  the  four mentioned  above,  was the pres- 
ence of a  carbonyl  group  built  in a polyaromatic  het- 
erocyclic  skeleton or a carbamoyl  group  attached  to  an 
aromatic ring. Most of the  inhibitors  exhibited mixed- 
type  inhibition  with  respect  to NAD’. Comparative 
studies of the  effects on  poly(ADP-ribose) synthetase 
and mono(ADP-ribosy1)transferase from  hen  hetero- 
phils  revealed  high  specificity of most of the potent 
inhibitors  for poly(ADP-ribose)  synthetase. On the 
other  hand,  unsaturated long-chain fatty acids  inhib- 
ited  both  enzymes, and  saturated long-chain fatty  acids 
and vitamin K1 acted  selectively on mono(ADP-ribo- 
sy1)transferase. The  finding of many  inhibitors of 
ADP-ribosyltransferases, especially  poly(ADP-ribose) 
synthetase,  supports the view  that ADP-ribosylation 
of proteins may be  regulated by a variety of metabolites 
or  structural constituents  in  the cell. 

Poly(ADP-ribose)  synthetase (also termed  poly(ADP-ri- 
bose) polymerase or NAD+: protein(ADP-ribose),  ADP-ribo- 
syltransferase) (EC 2.4.2.30) is a nuclear enzyme that  cata- 
lyzes a transfer of the  ADP-ribose moiety of NAD+ to  acceptor 
protein  with a concomitant release of nicotinamide  (chain 
initiation),  and  then  to  this  protein-bound ADP-ribose,  form- 
ing a  ribosyl( l”42’)ribose  bond  (straight  chain  elongation) 
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or,  less frequently, a ribosyl(l”’+2”)ribose  bond  (chain 
branching) (1-5). Repetition of the elongation  process results 
in poly(ADP-ribose) synthesis  or poly(ADP-ribosy1)ation of 
protein.  The  enzymatic  activity  is  unique  in  its  absolute 
requirement for the presence of DNA with  strand  termini. 
Various  nuclear proteins, including histones,  nonhistone  pro- 
teins,  and  the enzyme  itself,  serve as  acceptors of poly(ADP- 
ribose) in  vitro as well as i n  vivo (2-5). Poly(ADP-ribose) 
synthetase  exists  in  the nucleus of almost all eucaryotic cells 
(2),  ranging  from protozoa to  mammals  (4,5). Only terminally 
differentiated cells, such  as  mature granulocytes, epidermal 
cells, and  intestinal  epithelial cells, lack this  enzymatic  activ- 
ity (6). Recently, cloning of cDNAs  encoding poly(ADP- 
ribose) synthetases from  several animal sources revealed the 
basic structure of the enzyme  being  conserved throughout 
evolution (7, 8). Biological roles suggested for poly(ADP- 
ribose) or poly(ADP-ribosy1)ation of proteins include  impli- 
cations  in DNA repair (6, 9), cell differentiation (10-12), 
control of cell cycle (13, 14),  transformation (15, 16),  tran- 
scription (17, 18), and  alteration of chromatin  architecture 
(19-21). One effective way to  investigate  these  or  still  un- 
known biological functions  is  to  modulate  the  poly(ADP- 
ribose) synthetase activity i n  vivo with a specific inhibitor 
and analyze ensuing  changes  in cellular functions. Many 
compounds have been  shown to  inhibit  the poly(ADP-ribose) 
synthetase  activity i n  vitro, and several of them have  been 
used i n  vivo (2, 4, 5, 22-27). Most of the known inhibitors, 
however, including 3-aminobenzamide,  nicotinamide, and 
thymidine  are accompanied by various i n  vivo side actions (2, 
5, 28), and  their use has left  more or less  inconclusiveness to 
the results. Therefore,  researchers  in  this field are awaiting 
for more specific and  potent inhibitors. 

In  this  paper, we report in vitro effects of a large  variety of 
compounds  on  the activity of poly(ADP-ribose)  synthetase 
purified  from  bovine thymus.  Furthermore, by comparing the 
effects on  poly(ADP-ribose)  synthetase  and monomer/argi- 
nine-specific ADP-ribosyltransferase  (mono(ADP-ribo- 
sy1)transferase) (EC 2.4.2.31) from  hen  heterophils (29), we 
show that  many of the  inhibitors newly found are highly 
specific for  poly(ADP-ribose) synthetase, whereas  some act 
selectively on mono(ADP-ribosylftransferase or nonspecifi- 
cally on  both enzymes.  A  preliminary report of this  study was 
published  elsewhere (30). 

EXPERIMENTAL PROCEDURES’ 

Portions of this paper (including “Experimental Procedures,” part 
of “Results,” Tables I-IV, Fig. 1, and Footnotes 2-4) are presented in 
miniprint at  the end of this paper. Miniprint is easily read with the 
aid of a  standard magnifying glass. Full size photocopies are included 
in the microfilm edition of the Journal that is available from  Waverly 
Press. 
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RESULTS 

Inhibitors and Activators of Poly(ADP-Ribose) Synthetase- 
All very strong inhibitors we found, except for benzamides, 
were polyaromatic heterocycles (Table I). The most potent 
among them were the derivatives of l&naphthalimide (No. 
1, 5 ) ,  6(5H)-phenanthridinone (No. 2, 3),  and isoquinoline 
(No. 4,  71, followed  by those of quinazoline (No. 6, 8, lo), 
carsalam (No. 91, phthalazine (No. 11, 13, 14))  and chromone 
(No. 12). A common structural feature for all these  inhibitors 
is a carbonyl group that is built  in  a second ring system 
conjugated with a six-membered aromatic ring. 

Benzamide and its derivatives with a  substitution at  the 3- 
position have been known as  potent inhibitors (22, 45). We 
examined the derivatives with a  substitution  not only at  the 
3-position but also at  the 2- or 4-position. Among monosub- 
stituted benzamide isomers, the derivative with a  substitution 
at  the 3-position was generally the most potent, followed  by 
that  at  the 2-position, except for chloro- and bromobenza- 
mides (No. 98 uersus 103 and No. 113 uersus 115). The most 
potent in the benzamide group was 3-hydroxybenzamide (No. 
77). 3-Acetamido-, 3-methoxy-,  3-methyl-, 3-fluoro-, 2-meth- 
oxy-, and 3-chlorobenzamides (No. 78-83), and benzamide 
itself (No. 84) were also, in  this order, very strong. Other 
derivatives, including 3-aminobenzamide (No. 85), were much 
less potent  than benzamide. 

We found several groups of natural compounds to inhibit 
the poly(ADP-ribose) synthetase activity. The  first group 
comprises unsaturated fatty acids; arachidonic, linoleic, oleic, 
and palmitoleic acids (No. 121-124)  were strong, and linolenic 
and 7-linolenic acids (No. 125, 126) were moderately strong 
(see also Ref. 44). The second group involves metabolites of 
tryptophan;  xanthurenic acid (No. 25)) nicotinamide (No. 27) 
(40), and kynurenic acid (No. 49)  were moderately strong, and 
1-methylnicotinamide (No. 72)  was  weak. The  third group 
contains  1,4-naphthoquinone derivatives, including vitamin 
K1 (No. 45). Inhibitory potencies of other vitamins,  vitamin- 
like substances, and  their derivatives were reported elsewhere 
(44). Natural quinones, such as juglone (No. 281, lawsone (No. 
36))  and plumbagin (No. 50), were moderately strong. 

Inhibitory potencies of a majority of compounds were prac- 
tically independent of the presence or absence of  M$+, 
whereas those of several inhibitors were not  (Table 11). 1 , l O -  
Phenanthroline (No. 76) (46) was an inhibitor  in the absence 
of M$+ but was a potent activator in  its presence. EDTA 
(42)) novobiocin, xanthurenic acid, and carsalam  inhibited 
the enzyme activity more strongly in the presence of Mg2+ 
than in its absence. Two of the newly found activators, i.e. p -  
phthalic acid and harmaline,  stimulated the poly(ADP-ribose) 
synthetase activity remarkably in  the absence of Mg2+, but  to 
a much lesser extent in its presence. 

Modes of Action of Poly(ADP-Ribose)  Synthetase  Inhibi- 
tors--6(5H)-Phenanthridinone (No. 2) exhibited mixed-type 
inhibition with respect to  the substrate, NAD', at  micromolar 
concentrations (Fig. L4). The same mode of action was ob- 
served with l$-naphthalimide (No. 5 ) ,  chlorthenoxazin (No. 
9), 4-hydroxyquinazoline (No. lo),  l(2H)-phthalazinone (No. 
11), 2-methylchromone (No. 17), nicotinamide (No. 27) (44), 
rn-acetamidoacetophenone (No. 57), 3-methylbenzamide (No. 
80), and 3-aminobenzamide (No. 85) (data not shown). On 
the  other hand,  xanthurenic acid (No. 25) (at 50 and 100 PM) 
(Fig. 1B) and 5-nitrouracil (No. 40) (data not shown) exhib- 
ited competitive inhibition with respect to NAD+. Xanthu- 
renic acid, however, exhibited mixed-type inhibition at 200 
PM (data not  shown), resembling dual  inhibition by arachi- 
donic acid (44). 

At nanomolar concentrations of NAD+, the reaction cata- 

lyzed  by poly(ADP-ribose) synthetase is restricted to  the 
initiation  step, i.e. mono(ADP-ribosy1)ation of protein (47). 
Under these conditions, the reaction obeyed first-order  kinet- 
ics, and Lineweaver-Burk (48) or any other plot failed to give 
information  about the mode  of action of inhibitors (Fig. 1, A 
and  B). 

Inhibitors  of MondADP-Ribosyl)transferase-We found 
five natural compounds that were very inhibitory to 
mono(ADP-ribosy1)transferase (Table 111). They were vita- 
mins K, and K2(20)  and  saturated long-chain fatty acids (ar- 
achidic, stearic, and palmitic acids). Their ICs0 values were 
between 1.9 and 16 pM. The inhibitory potency of saturated 
as well as  unsaturated  fatty acids depended on the chain 
length; the potency was, in decreasing order, C20:O > C18:O 
> C160 >> C 14:O > C12:O; and C20:4 > C182 > C18:3 > 
C181 = C16:l. It is also evident that  saturated long-chain 
fatty acids were  much  more potent  than  their unsaturated 
counterparts.  Another natural inhibitor of interest was no- 
vobiocin; its action was competitive with NAD+ (data  not 
shown). 

Specificity of Inhibitors for Poly(ADP-Ribose)  Synthetase 
and Mono(ADP-Rib0syl)transferase-A comparison of ICs, 
values of various compounds for mono(ADP-ribo- 
sy1)transferase and poly(ADP-ribose) synthetase revealed a 
spectrum of their ratios ranging over almost lo6 orders of 
magnitude (Table IV). It is evident that most of very strong 
inhibitors of poly(ADP-ribose) synthetase were highly specific 
for this enzyme, while vitamins K, and KB, and novobiocin 
were  specific for mono(ADP-ribosy1)transferase. Unsaturated 
long-chain fatty acids were inhibitory  to  both enzymes. 

DISCUSSION 

The present  study revealed inhibitory  actions of a variety 
of compounds on poly(ADP-ribose) synthetase.  A comparison 
of their potencies and  structures indicates that a common 
structural feature  shared by all very strong  inhibitors is a 
carbonyl group, either  attached to  an aromatic ring as  a 
carbamoyl group or built in  a polyaromatic skeleton as  an N- 
substituted carbamoyl or C-extended acetyl group. In this 
sense, all these  inhibitors may  be classified as analogues of 
benzamide or acetophenone. The carbonyl group, however, is 
not indispensable for the inhibitory action; weaker inhibitors, 
such as phthalazine (No. 22), quinazoline (No. 66), norharman 
(No. 74), and isoquinoline (Table 11), do not have a carbonyl 
group, but have a  C = N double bond in analogous positions. 
Similarly, thiobenzamide (No. 101) (27) and thionicotinamide 
(No. 64) have a thiocarbamoyl group in place of a carbamoyl 
group. The oxygen atom in the carbonyl group seems to serve 
as  an electron donor and  the carbon atom as  an electron 
acceptor in the interaction with the enzyme  molecule (30). 
The aromatic ring also contributes to  the inhibition, but is 
not absolutely required (e.g. No. 100 uersus No. 84, or No.  73 
uersus No. 35). Details of the structure-activity  relationship 
of benzamides will  be reported elsewhere. 

Further insights into  the enzyme-inhibitor interaction were 
obtained from analysis of modes of action of inhibitors. At 
high concentrations (125-500 WM) of NAD', all inhibitors 
examined, except for xanthurenic acid and 5-nitrouracil, ex- 
hibited mixed-type inhibition. Even nicotinamide and 3-ami- 
nobenzamide, that have been documented as competitive in- 
hibitors (31, 39,  49-53; 9, 22, 54), proved to be mixed-type 
inhibitors  under  our conditions. The discrepancy may  be due 
to  the difference in the reaction conditions or the enzyme 
preparation.  Poly(ADP-ribose)  synthetase is a multifunc- 
tional enzyme catalyzing three different reactions, i.e. initia- 
tion, elongation, and branching of (ADP-ribose), chain, and 
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has  three functional domains, i.e. for DNA binding, automo- 
dification, and NAD+ binding (7, 55). Our mixed-type inhib- 
itors would act on both  the enzyme and  the enzyme-NAD+ 
complex at  site(s)  distinct from the NAD+-binding site. 

Poly(ADP-ribose)  synthetase reaction is limited to  the ini- 
tiation  step at  NAD' concentrations below 100 nM (47). We 
investigated  actions of representative  inhibitors from differ- 
ent chemical classes under this condition and found that all 
inhibitors  inhibited also this  step (e.g. Fig. 1, A and B ) .  We 
failed to confirm marked  activation of the initiation reaction 
reported for 3-aminobenzamide at  very low concentrations 
(such as 12 or 30  nM) (47). Instead, we found potent stimu- 
lation by p-phthalic acid or harmaline at  higher NAD' con- 
centrations, particularly, in  the absence of  Mg2+ (Table 11). A 
metal  chelator,  1,lO-phenanthroline (No. 76), was stimulatory 
to  the enzyme activity in the presence of  M$+, but inhibitory 
in its absence (Table 11). The  latter effect may  be related to 
the presence of two zinc atoms  in poly(ADP-ribose) synthe- 
tase molecule (46). 

In dealing with many compounds, we had one technical 
difficulty, that is, a low solubility in the aqueous medium. We 
used Me2S0,  and only this solvent, as a vehicle for compounds 
essentially insoluble in  water because it could dissolve prac- 
tically all compounds tested and was freely miscible with 
water. Me2S0 did not affect the mono(ADP-ribo- 
sy1)transferase activity but inhibited weakly the poly(ADP- 
ribose) synthetase activity by itself at  the concentration of, 
or below, lo%, and diminished effects of other inhibitors to 
variable extents.5  Therefore,  a comparison of water-soluble 
and insoluble inhibitors was feasible by employing a minimal 
concentration (e.g. 2%) of Me2S0. 

Besides the use in  studies of biological functions of 
poly(ADP-ribose), our new inhibitors of poly(ADP-ribose) 
synthetase may have a  potential to be applied to chemother- 
apy of malignant diseases. There  are two possible mechanisms 
by which the inhibitors might help cure malignancies, that is, 
induction of cell differentiation and interference with DNA 
repair. Our preliminary  experiments have indicated that new 
inhibitors, such as retinal, arachidonic acid, and 4-hy- 
droxyquinazoline, are capable of inducing differentiation of 
murine  teratocarcinoma cells in  culture, as are retinoic acid, 
3-aminobenzamide, and nicotinamide (12). The molecular 
basis of this induction of cell differentiation by poly(ADP- 
ribose) synthetase inhibitors is not known at  present but may 
be related to  the phenomenon of a selective loss of oncogenes 
from transformed mouse NIH  3T3 cells after  treatment with 
luminol (No. 13) (56) or human leukemic HL-60 cells with 4- 
hydroxyquinazoline (No. 10) (57). A role of poly(ADP-ribose) 
synthetase in DNA excision repair has been established by 
many lines of evidence (4, 6 ) ,  including interference with 
ligation of damaged DNA (6)  and potentiation of cytotoxic 
effects of y-irradiation or alkylating  agents by poly(ADP- 
ribose) synthetase  inhibitors (6, 9). In fact, some of our new 
inhibitors proved to retard the cellular recovery from poten- 
tially  lethal damage after y-irradiation.' 

Most of the very strong inhibitors  acted  on poly(ADP- 
ribose) synthetase  rather  than arginine-specific mono(ADP- 
ribosy1)transferase from hen heterophils. In  contrast, vita- 
mins K1 and K,,,,), and several saturated long-chain fatty 
acids inhibited more specifically mono(ADP-ribo- 
sy1)transferase than poly(ADP-ribose)  synthetase. As judged 
by a marginal effect of sodium dodecyl sulfate, at  0.1 mM, on 
the mono(ADP-ribosy1)transferase activity (data not  shown), 

' M. Banasik, and K. Ueda,  manuscript in preparation. 
H. Utsumi  (Kyoto  University, Radiobiology Insititute), personal 

communication. 

fatty acids do not appear to inhibit the enzymatic activity 
merely by their detergent-like action. Furthermore, we ob- 
served that diacylglycerols (e.g. 1-stearoyl-2-arachidonoyl-sn- 
glycerol) and phospholipids (e.g. distearoyl-L-a-phosphatidyl- 
DL-glyCerOl) are  potent  inhibitors of mono(ADP-ribo- 
sy1)transferase (ICso < 5 p ~ ) .  The former compounds are well 
known as  activators of protein kinase C  (58), indicating a 
possible link between this enzyme and mono(ADP-ribo- 
sy1)transferase in the cell. In  this context, it is noteworthy 
that a very small change in the concentration of saturated 
long-chain fatty acid or diacylglycerol  was enough to induce 
maximal inhibition of mono(ADP-ribosy1)transferase activity 
(data not shown). This finding may indicate that ADP-ribo- 
sylation system(s) respond sensitively to changes in the local 
concentrations of these membrane-derived signal compounds 
in the cell. Whether  the cytotoxicity that we preliminarily 
found in  murine  teratocarcinoma cells with some of potent 
inhibitors (e.g.  1, 8-naphthalimide and vitamin KJ, but  not 
others (e.g. 4-hydroxyquinazoline and arachidonic acid), is 
due to in vivo effects on ADP-ribosylation or else remains to 
be investigated. 
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The abbreviations  used are: Me2S0, dimethyl sulfoxide; ICw, the 
concentration to show 50% inhibition. 
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In this paper, inhibitors are tentatively classified into five classes 
of potency, according to  the ICs0 values: IC,, C 25 p ~ ,  very strong; 
25-100 pM, strong; 101-1000 pM, moderately stong; 1001-5000 p ~ ,  
weak;  and > 5000 p ~ ,  very  weak. 

The number after "No." corresponds to the number given to the 
compound  in Table 1. 
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