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SUMMARY

When rat or hen liver nuclei were incubated in the presence
of N-methyl-N-nitrosourea (MNU), there was a marked stimulation
of the [3H]ATMP incorporation into acid-insoluble fraction. When
the incubation was carried out in the presence of MNU plus NAD,
the effects of MNU on the DNA synthesis were nil. Furthermore,
the incubation of heat-treated nuclei with either partially puri-
fied Cca2+, Mg2+ - dependent endonuclease from rat liver or Mg2t -
dependent endonuclease from hen liver (sensitive to poly(ADP-
ribose) formation), resulted in MNU-induced stimulation of the
DNA synthesis. We propose that the "poly(ADP-ribose)-sensitive
endonuclease" may participate in the DNA metabolism in cells ex-
posed to DNA damaging agents.

Recent investigations on the physiological role of poly-
(aDP-ribose) have dealt with the participation of DNA metabolism.
Smulson and associates (1,2), Shall and co-workers (3-5) and
Jacobson et al. (6-8) reported independently that incubation of
various cells with MNU3 and other DNA damaging agents resulted in
an increase in poly(ADP-ribose) synthetase activity concomitant
with a decrease in the intracellular NAD levels and that inhi-
bition of poly (ADP-ribose} synthetase by such agents as S5-methyl-
nicotinamide, nicotinamide, and theophylline protects against the

decrease in NAD levels. Similar results were also obtained by § -
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radiation treatment of the cells (4,5). Thus, several investi-
gators proposed that poly (ADP-ribose) may play a role in DNA
repair (1-8).

Concerning the effect of poly(ADP-ribose) formation on DNA
metabolism, Koide and associates (9) showed that ADP-ribosylation
of Ca2+, Mg2+ -dependent endonuclease is accompanied by an inhi-
bition of DNA fragmentation to produce the primer for DNA poly-
merase activity. If the endonuclease that is inhibited by poly-
(ADP-ribose) formation is involved in the DNA metabolism during
MNU treatment, it is quite probable that inhibition of poly (ADP-
ribose) synthesis may result in an extensive degradation of DNA
and subsequently potentiate the cytotoxicity of the agent.

In our studies on the effect of poly(ADP-ribose) on DNA
metabolism, we observed that the partially purified endonuclease
from hen liver nuclei was also inhibited by the poly (ADP-ribose)
molecule4. In contrast to the rat liver enzyme, the partially
purified hen liver enzyme depends on Mg2+ alone4. Using the
nuclei from both rat and hen livers, we have found that "poly-
(ADP-ribose)-sensitive endonuclease“5 is probably involved in the
repair of DNA damaged by MNU.

MATERIALS AND METHODS

White male Wistar rats (200 g) and Rhode Island Red hens
(1500 g) were maintained on an Oriental Yeast solid diet and tap
water ad libitum. [Thymidine methyl-3H]dTTP was obtained from
New England Nuclear. DNA polymerase prepared from M. Lysodeik-
ticus was purchased from Miles Laboratories, and NAD was obtain-
ed from Sigma Chemical Company. All other reagents were
purchased from Miyata Chemicals Co. Ltd, Shimane.

Preparation of nuclei

The preparation of the nuclei was as described elsewhere (10).
The final nuclear pellet was suspended in medium containing
30% glycerol, 50 mM Tris-Cl1~ buffer (pH 8.0), 0.5 mM EGTA, 1 mM

4. Y. Tanigawa and M. Shimoyama, in preparation.

5. The endonuclease which is inhibited by poly{(ADP-ribose) mole-
cule or poly(ADP-ribosyl)ation of the enzyme protein has
tentatively been referred to as poly(ADP-ribose)-sensitive
endonuclease.
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EDTA, and 2 mM 2-mercaptoethanol. The DNA in the nuclei was de-
termined as described by Burton (11).

Activation of template activity of nuclei in the presence
of MNU and NAD

The reaction mixture for activation of template activity of
the nuclei contained 50 mM Tris-Cl~ buffer (pH 8.0), 10 mM MgCl,,
6.25 mM CaCl,, and 1 mM dithiothreitol, with or without 5 mM NAD,
and/or 50 mM MNU, and appropriate amounts of the nuclei, in a
total volume of 0.2 ml. The mixture was incubated at 37° C for
various times. After incubation, the DNA polymerase assay was
carried out for determination of template capacity of the
nuclei (12).

DNA polymerase assay

The standard reaction mixture for the assay of DNA synthe-
sis contained 30 mM Tris-Cl~ buffer (pH 8.0), 10 mM MgCl,p,
25 mM KCl, 2 mM 2-mercaptoethanol, 1 mM EDTA, 1 mM ATP, 20 M
each of daTp, 4dGTP, 4ACTP, and [3H]dTTP (0.5 PCi/4 nmoles), ap-
propriate amounts of the nuclei, and 1 unit of M. Lysodeikticus
DNA polymerase in a total volume of 0.2 ml. The mixture was incu-
bated at 25° C for 15 min and stopped by the addition of 2.5 ml
10% TCA. The acid insoluble radioactive material was collected
on a glass filter. The radiocactivities of the sample were de-
terminated using a Packard liquid scintillation spectrometer.

RESULTS AND DISCUSSION
As shown in Fig. 1, when rat liver nuclei were incubated

with 50 mM MNU in the presence of both Ca2+ and Mg2+, there was a

marked increase in the incorporation of [3H]dTMP into the acid-
insoluble fraction, catalyzed by exogenous DNA polymerase. When
the experiments depicted in Fig. 1 were done using endogenous DNA
polymerase, the results were similar but the rate of [3H]dTMP in-
corporation was low (data not shown). Furthermore, when the

nuclei were incubated with MNU in the absence of Ca2+, Mg2+

, Or
both of these compounds, there was no evidence of stimulation of
the DNA synthesis by MNU (data not shown). The amount of MNU
used was high compared to the amounts used in cell culture ex-
periments (1,5}, nevertheless, this is the first observation in
isolated nuclei where DNA synthesis is enhanced by MNU.

When the nuclei were incubated in the presence of both MNU

and NAD, stimulation by MNU of the DNA synthesis was not detect-

ed (Fig. 1). These results were shown to be specific for the
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Fig., 1. Effect of MNU treatment of the rat liver nuclei with or
without NAD,on the DNA synthesis. The rat liver nuclei (171 pg
DNA) were incubated with 50 mM MNU in the presence and in the
absence of 5 mM NAD at 37°C for the indicated times. After in-
cubation, the DNA polymerase assays were carried out as described
in the Methods. ©0——o0, none; @ ----e, 50 MM MNU; A——=aA, 5 mM
NAD; g---- & » 50 mM MNU plus 5 mM NAD.

formation of poly(ADP-ribose) in the nuclei, as evidenced by in-

hibition with 20 mM nicotinamide (Fig. 2). The results shown in

Figs. 1l and 2 together with the evidence of inhibition of Ca2+,
Mg2+-dependent endonuclease by poly(ADP-ribose) formation re-
ported by Koide and associates (9) indicate that the endonuclease
probably participates in the damaged DNA repair processes. For
clarification, the following experiments were carried out.

The nuclei were heated at 75°

the Ca2+,

C for 15 min to inactivate
Mg2+-dependent endonuclease, and then were preincu-

bated with or without MNU for 120 min at 37° C. After preincu-
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Fig. 2. Effect of nicotinamide treatment of the rat liver nuclei,
with or without NAD in the presence of MNU, on the DNA synthesis.
The incubation was carried out as described in the legend to

Fig. 1 except that 20 mM nicotinamide were added to the incu-
bation mixture., ©o——o0, 50 mM MNU alone;A—— A , 50 mM MNU and
5 mM NAD; e----e, 50 mM MNU and 20 mM nicotinamide; g ----a,

50 mM MNU, 5 mM NAD and 20 mM nicotinamide.

bation, the mixture was centrifuged to remove MNU not bound to
the nuclei. These nuclei were then incubated in the presence and

2+, Mg2+-dependent endo-

absence of the partially purified Ca
nuclease. When the incubation was carried out in the absence of
endonuclease, there was no effect of MNU on the [3H]dTMP incorpo-
ration (Fig. 3). 1In the presence of endonuclease, however, MNU
stimulation of DNA synthesis was evident as shown in the Fig. 1
experiment (Fig. 3).

Recently, we observed that hen liver nuclei contain Mgz+-

dependent endonuclease which is inhibited by poly(ADP-ribose)
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Fig. 3. MNU stimulation of DNA synthesis in the heat-treated
nuclei with partially purified Ca?t, Mg2t - dependent endonuclease.
The rat liver nuclei were heated at 75° C for 15 min. The nuclei
were then preincubated with or without 50 mM MNU at 37° C for

120 min. The mixture was centrifuged at 10,000 x g for 10 min
and these nuclei were then incubated at 37° C for the indicated
times with appropriate amounts of the partially purified Ca2+,

Mg4t - dependent endonuclease prepared from rat liver nuclei.
Partial purification of the endonuclease from the rat liver
nuclei were carried out through salt extraction, ammonium sulfate
fractionation and DNA cellulose column chromatography, as de=-
scribed by Yoshihara et al. (9). Other conditions were as de-
scribed in the legends to Figs. 1 and 2. e, preincubated with
MNU; o, preincubated without MNU; , incubated with endo-
nuclease; ——-—-, incubated without endonuclease.

molecules and that these nuclei contain no Ca2+, Mg2+-dependent—

enzyme activity4. Therefore, it was of interest to determine
whether MNU treatment enhances the [3H]dTMP incorporation into the
acid-insoluble fraction of the hen liver nuclei. BAs shown in
Table I, the results obtained in the absence of Ca2+ were in good

agreement with those from rat liver nuclei shown in Figs. 1 and
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Table I. Effect of MNU treatment of hen liver nuclei with

or without NAD, nicotinamide, or both on the DNA synthesis

Incubation in the

presence of : [3H]dTMP incorporation

x 10~3 cpm/100 jig DNA %

None 1.74 100

50 mM MNU 5.12 294.3
50 mM MNU + 5 mM NAD 0.81 46.6
50 mM MNU + 20 mM nicotinamide 3.78 217.2

50 mM MNU + 5 mM NAD

+ 20 mM nicotinamide 4.19 240.8

The hen liver nuclei (152 pg DNA) were incubated with

MNU at 37°C for 120 min in the presence of indicated amounts

of NAD, nicotinamide or both. The incubation mixture contain-

ed 10 mM Mg2+, but not Ca2+. Other incubation conditions

were as described in the legends to Figs. 1 and 2. The nuclei

incubated were then used for DNA polymerase assay as described

under "Methods".
2. Furthermore, we confirmed the significant MNU effects on the
DNA synthesis in the combined system of the partially purified
Mg2+-dependent endonuclease from the hen liver nuclei to the
heat-treated nuclei, as shown with rat liver enzyme in Fig. 3
experiments (data not shown).

Thus, "poly(ADP-ribose)-sensitive endonuclease" probably
induces a significant breakage in the DNA, preferentially in
nuclei which have undergone MNU-modification. If this is indeed
the case, treatment of cells with MNU brings about a fragmen-
tation of DNA and subsequently stimulates poly (ADP-ribose) for-
mation from NAD. Breakage of DNA may be reduced as a conse-
quence of the inactivation of "poly(ADP-ribose)-sensitive endo-
nuclease". In the presence of poly(ADP-ribose) synthetase in-
hibitor, however, the fragmentation of DNA by the endonuclease
may continue at a rate higher than the rates of DNA repair. In

fact, Smulson et al. (1) reported that inhibition of poly(ADP-

ribose) synthetase with nicotinamide results in an extensive
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degradation of the MNU-damaged DNA. In addition, Shall and co-
workers (5) demonstrated the potentiation by 5-methylnicotinamide
of the cytotoxicity of the DNA damaging agents. The evidence
reported here is inconsistent with the findings of Durkacz et al.
who suggested the relationship of poly (ADP-~ribose) metabolism in
processes of DNA excision repair in L1210 cells (13). Further-
more, our observations contribute to an understanding of the re-
markable effects of nicotinamide on DNA metabolism in the
presence of carcinogen (14, 15).

During the preparation of this manuscript, Edwards and
Taylor (16) reported that poly{ADP-ribose) may function in the
recovery from DNA damage by suppressing DNA synthesis. Using
purified enzyme and cell systems, we are now attempting to pro-

vide direct and supportive evidence for our hypothesis.

ACKNOWLEDGEMENTS

We thank Misses Y. Sato and J. Ishikura, Messrs. T. Suzuki
and Y. Fujita for technical assistance, and M. Ohara, Shimare
Medical University, for advice on the manuscript. This invest-
gation was supported in part by a Grant-in-Aid for Scientific
Research (Nos. 457075, 477149, and 557061) from the Ministry of
Education, Science, and Culture, Japan.

REFERENCES

1. Smulson, M. E., Schein,P.S.,Mullin, S. D. W., Jr., and Sudh-
aker, S. A., (1977) Cancer Res. 37, 3006-3012.

2. Sudhaker, S., Tew, K. D., Schein, P. S., Woolly, P. V., and
Smulson, M. E., (1979) Cancer Res., 39, 1411-1417.

3. Wish, W. J. D., Davies, M. I., and Shall, S., (1975) Biochem.
Biophys. Res. Commun. 65, 722-729.

4. Skidmore, C. J., Davies, M. I., Goodwin, P. M., Halldorsson,

H., Lewis, P. J., Shall, S., and Zia'ee, A-A., (1979) Eur. J.
Biochem. 101, 135-142.
5. Nduka, N., Skidmore, C. J., and Shall, S., (1980) Eur. J.

Biochem. 105, 525-530.

6. Juarez-Salinas, H., Sims, J. L., and Jacobson, M. K., (1979}
Nature, 282, 740-741.

7. Jacobson, M. K., Levi, V., Juarez-Salinas, H., Barton, R. 2.,
and Jacobson, E. L., (1980) Cancer Res., 40, 1797-1802.

8. Rankin, P. W., Jacobson, M. K., Mitchell, V. R., and Busbee,
D. L., (1980) Cancer Res., 40, 1803-1807.

9. Yoshihara, Y., Tanigawa, Y., Burzio, L., and Koide, S. S.,
(1975) Proc. Natl. Acad. Sci., U. S. A. 72, 289-293,

813



Vol. 98, No. 3, 1981 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

10. Tanigawa, Y., Kawamura, M., and Shimoyama, M., (1977) Bio-
chem. Biophys. Res. Commun., 76, 406, 406-412,

11. Burton, K., (1956) Biochem. J. 62, 315-323.

12, Tanigawa, Y., Kawamura, M., Kitamura, A., and Shimoyama, M.,
(1978) Biochem. Biophys. Res. Commun. 81, 1278-1285.

13. Durkacz, B. W., Omidiji, 0., Gray, D. A., and Shall, Ss.,
(1980) Nature, 283, 593-596.

14. Althaus, F. R., Lawrence, S. D., Sattler, G. L., and Pitot,
H. C., (1980) Biochem. Biophys. Res. Commun. 95, 1063-1070.

15. Yamamoto, H., and Okamoto, H., (1980) Biochem. Biophys. Res.
Commun. 95, 474-481.

16. Edwards, M. J., and Taylor, M. R., (1980) Nature, 287, 745-
747.

814



