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Summary 

The inhibition of DNA synthesis by ADP-ribosylation of nuclear 
proteins noted in rat liver nuclei, does not occur during various 
phases of the cell cycle of HeLa cells. In contrast, a significant 
enhancement of template activity is noted for either endogenous or 
microbial DNA polymerases due to this nuclear modification. The 
greatest stimulation was noted with G2 HeLa nuclei. The stimulation 
is specific for the generation of the poly-ADPR polymer and tran- 
scription is essentially not affected by this modification during 
the cell cycle. 

The enzyme poly ADPR polymerase catalyzes a unique modification 

of chromosomal proteins in eucaryote cells in which the ADPR moiety 

of NAD is covalently attached and polymerized to various species of 

these proteins. We have previously reported a relationship between 

the specific activity of poly ADPR polymerase and macromolecular 

events during the cell cycle (1) and during asynchronous growth of 

HeLa cells (2). Undoubtably the relationship between in vitro -- 

activity of this enzyme and in vivo function is quite complicated. -- 

The work of Burzio and Koide (3,4) with rat liver nuclei have 

suggested that one biological function of ADP-ribosylation of nuclear 

proteins is to repress replication of DNA. ADP-ribosylated rat liver 

nuclei or chromatin have been reported to be virtually inert for DNA 

synthesis either with endogenous DNA polymerases or with exogenously 

supplemented DNA polymerase from M. lysodeikticus (x,4). However, as 

described below, in HeLa cells we have found just the opposite to be 

true. The biosynthesis of poly ADPR in HeLa nuclei greatly enhanced 

the template capacity of these nuclei when used by exogenous or 
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endogenous DNA polymerases. Furthermore, this enhancement seems to 

be related to events in the cell cycle of these cells. 

Materials and Methods 

NAD (adenosine-3H) (1.13 Ci/mM) was obtained from NEN. 

Thymidine-(methyl-3H) (5 Ci/mmole) and thymidine-(methyl-3H)-5'- 

triphosphate (23.9 Ci/mmole) were purchased from Amersham Searle 

co. DNA polymerase from M L lysodeikticus and RNA polymerase from 

E. coli K-12 were purchased from Miles Laboratories. -- E. coli DNA 

polymerase I was purchased from General Biochemicals. 

DNA synthesis in intact nuclei was performed as described by 

Burzio and Koide (3) with the following modifications: each unlabeled 

deoxyribonucleoside triphosphate was present at a final cone. of 

0.2mM, the cone. of 3H-TTP was O.O25mM (160 pCi/umole), and 0.5mM ATP 

was added to the assay mixture. 

Determination of 3H-thymidine into DNA by intact cells, poly ADPR 

polymerase, DNA and protein were described previously (1,2). 

Results and Discussion 

The data in table 1 show the formation of poly ADPR in HeLa 

nuclei did not significantly inhibit DNA synthesis with either 

endogenous or exogenous DNA polymerase in contrast to data of others 

with rat liver (3-6). It is especially important to note that when 

ADPR-modified nuclei (line 4) in contrast to non-modified nuclei 

(line 3) or partially modified nuclei (line 5) were used as a tem- 

plate for E ~ & DNA polymerase I or M A lysodeikticus DNA polymerase 

(not shown) a marked stimulation of DNA synthesis was observed. A 

stimulation of DNA synthesis has not been previously reported due to 

ADP-ribosylation of nuclear proteins. 

We tested whether the inhibitory phenomenon might be a cell 

cycle related event since past work indicating a marked inhibition 

of in vitro DNA synthesis by poly ADP-ribose had been performed with 
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Table 1. Effect of ADP-ribosylation on DNA Synthesis with Endogenous 
and Exogenous DNA Polymerase 

Bxperiment Preincubation 
with 4mM NAD 

E. coli cpm $ of Control 
DNA Polymerase 

Al 3916 

2 + 3391 87 

B 3 + (1.4 units) 917 

4 

5 

+ 

+, plus 
1OmM nicotinamide 

+ 2225 243 

+ 1513 165 

A 0 
3 

ml. reaction mixture containing 4 x lo7 nuclei (experiment A) 
or 4 x 10 nuclei (experiment B), 50 pmoles Tris, pH 7.4, 0.5 pmoles 
dithiothreitol, 1 pmole MgC12 was incubated as indicated above. After 
15 minutes at 25O, 3.0ml. of a solution containing 0.25~ sucrose, 3rnM 
@Cl2 and 5mM MgC12 was added to the nuclei. The nuclei were collected 
by centrifuging at 1OOOxg for 5 minutes and were then resuspended in 
0.5ml. of the assay mix for DNA synthesis (15 min.). 

essentially non-S phase rat liver nuclei. When DNA synthesis was 

measured in nuclei derived from S, G2-M and Gl cells by using endo- 

genous DNA polymerases the data in Table 2 were obtained. Note that 

no inhibition of in vitro DNA synthesis by poly ADPR was observed -- 

during the cell cycle. In fact, slight stimulation of endogenous DNA 

synthesis was noted by formation of poly ADPR. 

Specificity of Stimulation 

The marked stimulation of incorporation of TMP into DNA as 

catalyzed by exogenous enzyme (Table 1, line 4 and figure 1) was 

shown to be specific for the formation of poly ADPR in nuclei as 
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Table 2. Effect of ADP-ribosylation on 3 - H TMP Incorporation by Nuclei 
from Synchronized Cells 

Hours after Cell Preincubation 3H-TMP incorporated 
thymidine addition Phase with 4mM NAD dpdpg DNA dpm/pg protein 

4 S 11.16 2.85 

+ 14.68 3.74 

10 G2-M 3.42 0.84 

+ 4.05 0.99 

17 Gl 6.42 1.02 

+ 7.99 1.27 

The preincubation procedure and the measurement of 3H-TMP incorpora- 
tionweredescribed in Table 1. Each assay tube contained 2 x 107 nuclei. 

evidenced by inhibition of stimulation when poly ADPR polymerase was 

inhibited by either nicotinamide or thymidine (7). Preincubation of 

nuclei with either NADH or NADP failed to cause stimulation. NAD had 

no effect on the E . coli enzyme promoted assay either with calf 

thymus template or with HeLa nuclei template. In addition, kinetic 

analysis of TMP incorporation was essentially linear for both con- 

trols and nuclei modified by ribosylation. 

An attractive hypothesis might be that in intact mammalian 

cells, poly ADP ribose is involved in ligation of DNA fragments and 

that this might be contributing to the stimulation we have noted 

here. While NAD is known to be the substrate for polynucleotide 

ligase in bacteria (8), ATP has been described as the substrate for 

the mammalian enzyme (9). The data in Table 3 show that the forma- 
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Hours offer reversal of block 

Figure 1. Extent of ADP-ribosylation of nuclear proteins during the 
cell cycle and effect on RNA and DNA synthesis. 

A suspension culture (1500 ml) of HeLa cells was synchronized 
with methotrexate (k3). After 16 hours, the block was reversed by 
addition of 5 x lo- M thymidine (time zero) and the cell number 
(x) and rate of 3H-thymidine incorporation (0 ) were determined. 
Nuclei prepared from cells harvested 4, 10 and 17 hours after 
reversal of the block were used to measure: poly ADPR polymerase 
specific activity (0); the ratio of E. coli DNA polymerase- 
dependent 3H-TMP incor oration utilizing=-ribosylated nuclei 
versus control nuclei 
dependent 3H-UMP 

P A); and the ratio of E. coli RNA polymerase- 
incor oration utilizing ADP-ribosylated nuclei 

versus control nuclei P A). 

tion of poly ADPR markedly stimulates the activity of E. coli 

polymerase to utilize HeLa DNA even in the absence of ATP. In fact 

an additive effect was noted when both compounds were provided for 

the E. coli enzyme. -- Experiments to be described elsewhere (10) show 

that the stimulation of HeLa chromatin activation is in fact due to 

increased DNA nicks (as evidenced on alkaline sucrose gradients) 

promoted by ADP-ribosylation. We have also found that ATP ligation 
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Table 3. Effect of ADP-ribosylation and ATP on Template Capacity of 
HeLa nuclei 

Preincubation 
with 4mM NAD 

ATP cm 

489 

f 697 

+ 792 

+ + 1122 

The experiment was performed as described in experiment B of 
Table 1. E. coli DNA polymerase was present at a concentration of 
1.4 units per assay. Where noted ATP was present at a final 
concentration of 0.5 mM. 

of these nicked pieces during the preincubation overcomes the NAD 

stimulation. 

To investigate whether stimulation of polymerase I-promoted 

incorporation of TMP into HeLa DNA was a function of event of the 

cell cycle, cells were synchronized (figure 1). In contrast to data 

we have published previously using low NAD levels in the assay (l), 

the specific activity of poly ADPR polymerase appeared to be highest 

during S phase of the cell cycle (figure 1). 

Whereas the template capacity of ADP-ribosylated nuclei is 

markedly increased for exogenous E . coli DNA polymerase (Table 1, 

line 4) the data in figure 1 indicates the selective nature of this 

activation since transcription performed by E , coli RNA polymerase 

was essentially not stimulated by the modification. The data in 

figure 1 also show that while nuclear modification greatly stimulate 

the ability of E. coli DNA polymerase to incorporate TMP into DNA -- 
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throughout the cell cycle, the most marked effect (Q-fold) was noted 

in nuclei isolated from cells in G2-M phases. The relationship be- 

tween poly ADPR polymerase activity and the stimulation of TMP in- 

corporation is not clear, however, greatest stimulation was noted 

when enzyme activity was intermediate between the S and Gl levels. 

It is probably significant that the stimulation noted in our 

study was most marked with an exogenous repair type enzyme although 

slight relationwas noted with endogenous enzyme. This might indicate 

that regions in HeLa cell nuclear DNA are made more accessible for an 

enzyme such as polymerase I by ADP-ribosylation and, in fact evidence 

for this will be reported elsewhere (10). 

In conclusion, virtually no inhibition of DNA synthesis in HeLa 

nuclei could be detected due to ADP-ribosylation. It is of interest 

that the inhibitory effect could not be found by others using either 

hepatoma nuclei (11) or using rat liver nuclei and exogenous E. coli 

DNA polymerase (12). 
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