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Synthesis of Polyadenosine Diphosphate Ribose by 
Isolated Nuclei of Swine Aortic Tissue? 
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ABSTRACT : Properties of nuclear poly(ADPR) synthesizing 
enzyme from intima plus media of swine aortic tissue are 
described. The synthesis of poly(ADPR) by isolated nuclei is 
stimulated by the addition of various polynucleotides, the 
most effective being the synthetic polymer, poly[d(A-T)], and 
native calf thymus DNA. Although high concentrations of 
pancreatic DNase inhibit this reaction, lower nuclease con- 
centrations exert a significant stimulatory effect on the in- 

P oly(ADPR)' polymerase has been reported from several 
kinds of eukaryote nuclei (Chambon et al., 1963; Nishizuka 
et al., 1967; Fujimura et al., 1967), and catalyzes the poly- 
merization of ADPR moieties of NAD to form a homopoly- 
mer that is covalently linked to nuclear proteins (Nishizuka 
et al., 1969). In addition to an acceptor protein that it ribosyl- 
ates, the enzyme also requires DNA for optimum activity. 
Although the precise role of the enzyme and its product is 
not clearly understood, it has been shown to be related to 
DNA synthesis and to the maintenance of chromatin struc- 
ture (Hilz and Kittler, 1971; Sugimura, 1973). Burzio and 
Koide (1970, 1971) have reported that nuclei preincubated 
with NAD showed a significant inhibition of DNA polymer- 
ase activity. Smulson et al. (1971), using synchronized HeLa 
cells, showed an inverse relationship between activities of 
DNA polymerase and poly(ADPR) polymerase during the 
cell cycle. Recent findings suggest, however, that there may 
be a positive correlation between poly(ADPR) synthesis and 
DNA synthesis (Colyer er al., 1973). These observations, as 
well as reports that nicotinamide nucleotide concentrations 
are low in a variety of transplantable and induced tumors 
(Jedeikin and Weinhouse, 1955; Briggs, 1960; Clark et al., 
1966), prompted us to study poly(ADPR) polymerase in 
aortic smooth muscle cells, in order to understand the role 
of this enzyme in the control of DNA synthesis and cell pro- 
liferation of smooth muscle cells during atherosclerosis. 

Materials and Methods 

ATP, calf thymus DNA, histones (type IV  and V), nicotin- 
amide, NMN, NAD, and thymidine were purchased from 
Sigma Chemical Co., St. Louis, Mo. Poly[d(A-T)] and poly- 
(dG).poly(dC) were obtained from Miles Laboratories, Elk- 
hart, Ind. Pancreatic DNase, venom phosphodiesterase, and 
DPNase (= NADase) were bought from Worthington 
Chemical Co., Freehold, N.J. ; Spectrafluor, Triton X-100, 
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corporation of NAD. The DNase treatment or addition of 
exogenous polynucleotides appears to effect the elongation of 
the poly(ADPR). The inhibition of the stimulated activity by 
histones, specifically the lysine-rich histones, seems to in- 
dicate that regions of DNA rich in adenine and thymine are 
essential for the activity. A role for poly(ADPR) polymerase 
in regulating DNA synthesis could be envisaged as involving 
competition for DNA. 

and [adenine-U-14C]NAD were purchased from Amersham/ 
Searle, Chicago, 111. 

Nuclei were prepared from intima plus media of swine 
aorta as previously described (Janakidevi, 1972). Activated 
DNA was prepared according to Loeb (1969). The standard 
assay system contained 15 pmol of MgC12, 2.5 pmol of dithio- 
threitol, 15 pmol of KCl, 2 pmol of NaF, 50 pmol of Tris-HC1 
buffer (pH S.O), 0.1 pCi of [I4C]NAD (specific activity 136 
Ci/mol), and nuclear suspension containing 100-200 pg of 
protein, in a total volume of 0.5 d. 

In most of our experiments, we used a protein concentration 
averaging about 143 pg with a standard deviation of 21. In 
any particular experiment the protein concentrations are the 
same and the variations are between different nuclear prepara- 
tions. NAD incorporations in these various nuclear prepara- 
tions fall within the standard deviations given in the tables. 
Generally the incorporation is a function of nuclear protein 
concentration up to about 100 pg of protein after which a 
plateau is observed and above 200-pg levels there is usually a 
small drop probably due to increase in hydrolases. Variations 
from this standard assay system are indicated in the appropri- 
ate tables or figures. The mixture was incubated at 37" and 
the reaction terminated with ice-cold 10% C13CCOOH con- 
taining 0.04 M sodium pyrophosphate. The precipitate col- 
lected by centrifugation was repeatedly washed with ice-cold 
5 % C13CCOOH to remove all acid-soluble radioactivity. The 
final pellet was dissolved in 0.2 N NaOH. One aliquot was 
diluted to 1.0 ml with water, 10 ml of a cocktail (Triton- 
toluene-Spectrofluor (521 : 1000 :42)) was added, and the 
sample was counted in Nuclear-Chicago Isocap 300. Protein 
was determined in a second aliquot by the method of Lowry 
et al. (1951). Specific activity was expressed as pmol of NAD 
incorporated/mg of protein. All assays were done in triplicate 
and the values are presented as means and standard devia- 
tions. 

Results 

As shown in Table I, incubation of aortic nuclei with NAD 
labeled in the adenine moiety results in the incorporation of 
radioactivity into an acid-insoluble fraction. This incorpora- 
tion can be virtually eliminated by using a nuclear prepara- 
tion heated for 5 min at 100". Mg2+ and a sulfhydryl com- 
pound (dithiothreitol) are essential for the activity. Thymidine 
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TABLE I : Requirements for Poly(ADPR) Synthesis.a 

Conditions Specific Activity 

Complete 159 f 28 
Minus MgCh 15 f 3 . 1  
Minus dithiothreitol 25 i 5 . 2  
Boiled enzyme blank 0 
Zero time blank 0 
Plus nicotinamide 

2 . 5  mM 5 i 0.75 
5 .0  mM 3 f 1 . 2  
10 and 20 mM 0 

2 . 5  mM 7 .1  i 1 . 8  
5 . 0  mM 4 . 2  i 1 . 5  
10 and 20 mM 0 

Plus thymidine 

Plus NADase (0.025 unit) 5 .2  =t 0.51  

a Aortic nuclei were incubated for 30 rnin at 37". 

and nicotinamide are potent inhibitors, and concentrations 
as low as 2.5 mbt result in a 90-95% inhibition of NAD in- 
corporation. The inclusion of NADase in the assay medium 
abolishes the activity almost totally. 

Figure 1 illustrates the time course of poly(ADPR) syn- 
thesis by isolated aortic nuclei determined with two different 
concentrations of the substrate. The net incorporation of 
NAD continues for a longer period of time than was reported 
for rat liver nuclei irrespective of the NAD concentrations 
(Nishizuka et al., 1967). After the maximum is reached, the 
amount of poly(ADPR) synthesized declines rather slowly. 
In the presence of 2 M ammonium sulfate the amount of poly- 
(ADPR) synthesized decreased considerably but the time 
course has not changed. However, as shown by Nishizuka 
et al. (1968), low ammonium sulfate concentrations are more 
inhibitory than 2 M salt. 

Yamada et al. (1971) have shown that a partially purified 
enzyme from rat liver nuclei shows an absolute requirement 
for DNA. The dependence on DNA was further established 
by the sensitivity of the reaction to pancreatic DNase. In the 
present study pancreatic DNase has a biphasic effect on the 
incorporation of NAD. At lower concentrations, up to about 
50 pg of the nuclease (Figure 2), NAD incorporation is stimu- 
lated two- to threefold over the controls and then begins to 
drop, although still higher than the controls. To show a sig- 
nificant inhibition due to DNase, concentrations of the nu- 
clease as high as 400 p g  are required. In contrast to the DNase 
effect, the inclusion of venom phosphodiesterase in the in- 
cubations (Figure 2) yields a progressive inhibition with in- 

FIGURE 1:  Time course of poly(ADPR) synthesis at two different 
substrate concentrations: (A) 1.5 nM NAD; (B) 15.8 n>< NAD. 
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FIGURE 2: Effect of varying concentrations of nuclease on poly- 
(ADPR) synthesis by isolated aortic nuclei Incubations were 
carried out for 30 min at 37" with 0 1 pCi of [ITINAD (specific 
activity 136 Ci/mol): (A) pancreatic DNase. (B) venom phos- 
phodiesterase. 

creasing concentrations of the diesterase. This is in agree- 
ment with the observations made from other tissues and due 
to the hydrolysis of the phosphodiester bond. 

The observation by Green and Dobrjansky (1972) that 
pancreatic DNase is a potent inhibitor of NADase has in- 
dicated that the stimulatory effect observed in the present 
experiment may be due to the inhibition of the NAD splitting 
enzyme, which would then make more substrate available for 
the synthesis of the polymer. We therefore tested the effect of 
DNase in a system with a tenfold higher concentration of 
NAD. This resulted in a considerably higher incorporation of 
NAD into poly(ADPR), but did not alter the stimulatory 
effect of DNase. At 25 and 50 pg of nuclease levels (Table 11, 
expt I), the activity doubled over the control levels, a finding in 
keeping with the results shown in Figure 2. The stimulatory 
effect remains unchanged even when the nuclei were pre- 
incubated with DNase. In expt I1 of Table 11, nuclei were pre- 
incubated for 15 rnin at 37" with 25 pg of the nuclease and the 

TABLE 11: Effect of Substrate Concentrations on the Stimulation 
of Poly(ADPR) Synthesis by DNase.' 

Substrate 
Additions' 

Expt Concn (mi) None 25 pg of DNase 
- - - - - __ - - __ - - - 

I 1 5  182 =k 24 8 375 + 38 
15 8 2600 i 176 5091 =t 493 

4704 + 148' 
I1 1 5  232 I 24 567 i 23 

15 8 1984 i 364 4493 = 186 
51 5 2502 & 382 13086 =L 1246 

20814 C 14Y7 2346 i 367 
- -  - -  

101 6 
~- 

a Assay mixtures are as described in the text In expt 1 
reaction mixtures were preincubated for 5 min without the en- 
zyme and the reaction was started by the addition of the enzyme 
as a nuclear suspension In expt 11, the assay mixtures con- 
taining the nuclei but without the substrate were preincubated 
for 15 min at 37" with or without the nuclease and the reaction 
was started by the addition of the substrate All assays were in- 
cubated for 30 min at 37". * The numbers under this column 
represent specific activity 50 pg of DNase present instead 
of the 25 pg 
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reaction was initiated by the addition of the labeled substrate. 
The preincubation step did not change the stimulatory effect 
and, furthermore, the incorporation of NAD increased lin- 
early with rising substrate concentrations in the nuclease- 
treated system. However, in the absence of the nuclease, the 
concentrations of the substrate that are required for maximum 
incorporation are much lower and fall between 15 and 50 nM. 
These results demonstrate that the influence of DNase is not 
due to any protective effect on NAD but may be ascribed to 
either the availability of free DNA, or an acceptor protein, or 
a combination of both of these factors. 

The stimulatory effect observed with pancreatic DNase led 
us to test the effect of exogenous polynucleotides on the poyl- 
(ADPR) polymerase activity. All the polynucleotides tested 
showed a stimulatory effect, although some are more efficient 
than others (Table 111, expt I). Generally the order of efficiency 
is native DNA > poly[d(A-T)] = activated DNA > de- 
natured DNA > poly(dG).poly(dC). Figure 3 zhows the 
effect of increasing concentrations of native calf thymus DNA 
on poly(ADPR) synthesis. As shown here, DNA concentra- 
tions of up to 50 pg produced a steady increase in the incor- 
poration of NAD, after which the activity seemed to reach a 
plateau. 

The stimulated activities due to DNase or exogenous poly- 
nucleotides are also strongly inhibited to the same extent as 
untreated nuclei by nicotinamide, thymidine, and NADase. 
The products of the stimulated and unstimulated activities 
could be hydrolyzed by venom phosphodiesterase. 

Contrary to our expectations, when nuclei pretreated with 
DNase or nuclei to which exogenous DNA has been added 
were assayed for poly(ADPR) synthesis in the presence of 
histones (Table 111, expt 11), the stimulatory effect was re- 
versed. Lysine-rich histones were more effective than arginine- 
rich histones. On the other hand, when histones were added to 
unstimulated nuclei, there was no inhibitory effect. 

~~~~ 

TABLE 111: Effect of Various Polynucleotides and Histones' 
on the Activity of Poly(ADPR) Polymerase. 

Expt Additions Specific Activity 

I None 174 i 21 

Native 820 f 20 
Denatured 630 =t 68 
Activated 738 f 36 

100 pg of calf thymus DNA 

0 .5  unit of p~ly[d(A-T)] 743 * 35.35 
391.5 =t 20.5 

I1 None 142.5 =t 38.9 
134 =k 20 
375.5 f 12 

0 .5  unit of poly(dG).poly(dC) 

100 pg of F1 histone 

2 5 p g o f D N a s e p l u s 5 0 p g o f F 1  187.5 f 3.5 

25 pg of DNase plus 50 pg of F3 

100 pg of native calf thymus DNA 
100 pg of native DNA plus 100 pg 

100 pg of native DNA plus 100 pg 

25 pg of DNase* 

histone 

histone 
271 f 10 

435.5 f 19 
124 + 19.8 

273 i 8 . 5  
of F1 histone 

of F3 histone 

a F1 histone is lysine rich and F3 histone is arginine rich. 
When DNase was added, the nuclei were first preincubated 

with it for 15 min at 37", and the reaction started by the 
addition of the labeled substrate. 

0% 
0 100 200 300 

NATIVE DNA (pg) 

FIGURE 3 :  Effect of exogenous calf thymus native DNA on poly- 
(ADPR) synthesis. Assay mixture is as described in the text. 

Figure 4 shows that poly(ADPR) synthesis is very sensitive 
to pH of the medium, reaching a sharp optimum at pH 8 and 
then reducing by nearly 85-95x with a shift of 0.5 pH unit 
on either side. 

Discussion 

Some of the conditions under which isolated aortic nuclei 
incorporate NAD to form a homopolymer are described. The 
enzymatic product is undoubtedly poly(ADPR), as shown by 
the sensitivity of the reaction toward nicotinamide, NADase, 
and venom phosphodiesterase. Further, the hydrolyzed 
product, when chromatographed on Dowex-1-formate, runs 
parallel to ADPR and 5'-AMP, the major peak being the 
ADPR moiety. The system is essentially similar to the one re- 
ported from rat liver with few variations. Several workers 
have reported that the net synthesis of poly(ADPR) ceases 
within a few minutes and with increasing incubation times is 
reduced significantly unless high salt concentrations are pres- 
ent to inhibit the hydrolases that affect the product. In the 
aortic system, however, it was found that the net incorporation 
of NAD goes on for nearly an hour and the product seems 
more stable. Concentrations of ammonium sulfate which 
stimulate rat liver nuclear or chromatin preparations have a 
significant inhibitory effect in the present system. These differ- 
ences are probably due to the level or nature of the hydrolyzing 
enzymes that affect the substrate and the product. 

7.0 7,5 8,O 8,5 9.0 
pH OF ASSAY MEDIUM 

FIGURE 4: pH-activity curve of the reaction. The reaction medium 
is the same as given in the text except for buffer changes to obtain 
the different oHs. Substrate concentrations as in Figure 2 and the 
incubation for 30 min at 37". 

B I O C H E M I S T R Y ,  V O L .  1 3 ,  N O .  7, 1 9 7 4  1329 



J A N A K I D E V I  A N D  K O H  

Nishizuka et al. (1967, 1969) have suggested that poly- 
(ADPR) synthesis is dependent on DNA and have shown 
that the prior treatment of chromatin with DNase results in 
the formation of polymers of decreasing chain length. An 
absolute dependency of poly(ADPR) synthesis on DNA has 
been demonstrated by Yoshihara (1972). On the other hand, 
Fujimura et al. (1967) reported a stimulation in the incorpora- 
tion of NAD into poIy(ADPR) in a reaction where the enzy- 
matic system was preincubated with DNase. In the present 
study we have demonstrated a consistent and very significant 
stimulation in the incorporation of NAD by nuclei pretreated 
or assayed with DNase. We believe that the stimulatory 
effect of DNase is due mainly to the availability of DNA, prob- 
ably of low molecular weight, produced by the nicking action 
of the nuclease. In this context, it is pertinent to mention that 
Gill (1972), using soluble enzyme preparations, has reported 
that the poly(ADPR) polymerase synthesizing the polymer 
is associated with a low molecular weight fraction of DNA in 
the nucleoprotein complex. 

The activity stimulated by exogenous DNA or DNase ap- 
pears to be due to the DNA effecting a lengthening of the 
ADPR polymer chains rather than initiating fresh chains. 
Preliminary results on the determination of the chain length 
of poly(ADPR) support this hypothesis. A role for DNA in 
elongation of the polymer has in fact been suggested (Sugi- 
mura, 1973). The fact that histones reverse the stimulatory 
effect further strengthens our hypothesis that the stimulation is 
primarily due to elongation rather than initiation of fresh 
chains, for if the latter were the case one should obtain a fur- 
ther increase in the incorporation of NAD in the presence of 
an acceptor protein like the histone, rather than observed in- 
hibition. Since histones alone had no effect on the unstim- 
ulated system, the inhibition could not be due to any binding 
of the substrate to the histones. There have been suggestions 
that histones as a whole preferentially bind to (A f T)-rich 
regions in DNA (Fredericq, 1971). The inhibitory etyect of 
histones, specifically the F1 histones, thus suggests that prob- 
ably the (A + T) rich regions in the DNA are involved in the 
synthesis of poly(ADPR). Yoshihara and Koide (1973) have 
stated that poly(ADPR) polymerase activity may be regulated 
or dependent on areas of DNA rich in dA and dT. In the pres- 
ent system, the limiting factor seems to be free DNA, and 
conditions that make this available thus stimulate the enzyme 
activity. Our data with various substrate concentrations ex- 
clude the possibility that the stimulatory effect of DNase is 
related to its known inhibitory effect on nuclear NADase. 

It has been suggested strongly that poly(ADPR) synthesis is 
involved with DNA synthesis, although the mechanism of its 
involvement is not clearly understood. There have been var- 
ious reports dealing with this aspect and both a competitive 
role and a parallel increase of the enzyme activity along with 
DNA synthesis have been shown. In view of the apparent 
strong affinity for DNA demonstrated for the poly(ADPR) 
enzyme, it seems plausible to expect that it competes with 

DNA polymerase, and that this is at  least part of the reason 
for its apparent “regulatory” role. Experiments to test this 
conjecture are now under way. 
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