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ABSTRACT

The activities of the following enzymes have been determined in nuclei of quail ovi-
ducts in response to exogenous stimulation of the birds with diethylstilbestrol, used as
an estrogen analogue and progesterone: DNA dependent DNA polymerase, DNA depen-
dent RNA polymerase I and 11 and poly(adenosine diphosphate-ribose) [=poly(ADP-Rib)J
polymerase.

During primary stimulation with the estrogen analogue the activities of the four
DNA dependent polymerases increase to about the same degree. Upon withdrawal
of the hormones the levels of the enzymes drop to values known from nuclei from
unstimulated quail oviducts. The secondary stimulation with the estrogen analogue
causes a significant increase only of the RNA polymerase II.

The in vivo induction of avidin by progesterone in oviduct mucosa cells from
quails, during the period of primary estrogen stimulation, is accompanied by an in-
crease of RNA polymerase 11 activity and a marked decrease of poly(ADP-Rib) poly-
merase activity. The activities of RNA polymerase I and of poly(ADP-Rib) polymer-
ase are not affected significantly by an exogenous administration of progesterone.

INTRODUCTION

The existence of poly(adenosine diphosphate-ribose) [=poly(ADP-Rib)J in eukaryotic
cells has been described by Chambon et al. (1). The polymer with a chain length

of up to 30 ADP-Rib units (2) occurs in nuclei and is covalently attached to nuclear

proteins (3). Poly(ADP-Rib) is synthesized from NAD+ by the poly(ADP-Rib) poly-

merase, which seems to be firmly associated with the DNA (4). The enzyme con-
+

verts NAD into poly(ADP-Rib) by elimination of nicotinamide and formation of a

1'-2' glycosicic linkage between the ADP-Rib units (see review, 5).
The biological function of poly(ADP-Rib) in vivo has so far not been investigat-

ed extensively.The polymer is synthesized predominantly in two short-lived bursts

during the S-phase of mouse L-cells (6). Reports dealing with the biological acti-

vity of poly(ADP-Rib) bearing on DNA synthesis revealed 1) that in intact cells

a correlation exists between DNA and poly(ADP-Rib) synthesis (6), 2) that the
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activity of poly(ADP-Rib) polymerase varies inversely to the rate of DNA synthesis (7),

3) that there is no correlation between poly(ADP-Rib) formation and DNA synthesis (8),

and 4) that ADP-ribosylation may play a role in modulation of DNA synthesis in nor-

mal and regenerating tissue while any regulatory function of this polymer is ineffective

in tumor cells (9). One reason for these contradictory results may come from the

different biological systems used.Nevertheless it seems very likely that poly(ADP-Rib)

formation is involved in some way in the regulation of DNA synthesis through modifi-

cation of nuclear proteins.

Whether this new type of biochemical modification of nuclear proteins (ADP-ribo-

sylation, oligo ADP-ribosylation, poly ADP-ribosylation) has in addition to the known

reactions, such as methylation, phosphorylation and acetylation (5), some significance

in gene expression is not yet known. The experiments of Haines et al. (10) revealed

the highest poly(ADP-Rib) polymerase activity in nuclei involved in RNA synthesis.

In the present paper the in vivo biological system of avian oviduct has been used

to study the function of poly(ADP-Rib). In immature birds, estrogen causes a dramatic

increase of cell proliferation and an onset of cytodifferentiation in the epithelial cells

of the mucosa of the oviduct (11). Another steroid hormone, progesterone, then in-

duces a special type of gene expression (synthesis of avidin) without affecting DNA

synthesis (11). These two biological event chains, one triggered by estrogen the

other by progesterone, seem to be appropriate tools to check the role of poly(ADP-Rib)

synthesis first, in proliferating and differentiating cells and second, in cells whose

RNA synthesis is uniquely stimulated. Instead of the natural estrogen hormone, diethyl-

stilbestrol has been administered to the quails. This synthetic substance has been shown

to be a specific competitor of estradiol in the intracellular hormone binding system

(Muller et al., 12). The determination of poly(ADP-Rib) polymerase activity has been

performed in purified nuclei simultaneously with determinations of the following en-

zyme activities: DNA dependent DNA polymerase, DNA dependent RNA polymerase I

and DNA dependent RNA polymerase 11.

MATERIALS

Source of the materials: Unlabeled ribo- and deoxyribonucleosidetriphosphates, NAD+,

creatine phosphate, creatine phosphokinase and micrococcal nuclease (from Staphylo-

coccus aureus, 8,000 units/mg), from Boehringer, Mannheim (Germany); diethylstilb-
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estrol and progesterone from Servo, Heidelberg (Germany); dithiothreitol from Cal-

biochem, Los Angeles (USA), nicotinamide- [14C]adenine dinucleotide (specific acti-

vity 260 mCi/mmole), [3Hj dTTP (specific activity 30 Ci/mmole) and [3H] ATP

(specific activity 21 Ci/mmole) from The Radiochemical Centre, Amersham (England);

,DNase I (beef pancreas, 2,500 units/mg), RNase A (beef pancreas, 3,000 units/mg)

and phosphodiesterase 1 (Crotalus adamanteus) from Worthington Biochemical Corp.,

Freehold (USA); GF/C filters from Hormuth and Vetter, Heidelberg (Germany).

METHODS

Animals. Immature female japanese quails (Coturnix japonica), with an average

weight of about 100 9 at an age of 35 days were obtained from J. BEkamp, Schlo(3

Holte (Germany).-

Treatment of quails. 5 mg diethylstilbestrol in 0.25 ml sesame oil were injected

into quails subcutaneously on five consecutive days (= primary stimulation), followed

by a period of withdrawal for 16 days; then the quails were injected again for four

days with diethylstilbestrol for secondary stimulation. Hormones were given 15 hours

prior to decapitation. 25 oviducts from untreated quails and 5 oviducts each, from

animals treated with hormones, were used for the determinations.

In one set of experiments avidin synthesis was induced in diethylstilbestrol-
stimulated oviducts in response to progesterone. Quails treated for five days with

diethylstilbestrol (primary stimulation) were injected subsequently for three days sub-

cutaneously with progesterone (5 mg progesterone dissolved in 0.25 ml sesame oil)
and diethylstilbestrol or with diethylstilbestrol alone.

Nuclei. Oviduct nuclei were isolated according to McGuire et al. (13). The packed,
purified nuclei were suspended in 10 mM Tris-HCI, pH 8.0 and 250 mM sucrose.

Preparations containing 3.6 mg DNA/ml, 2.7 mg RNA/ml and 24 mg protein/ml
were assayed for the different polymerase activities. The activity of DNA dependent

RNA polymerase was determined immediately while for the determination of the

activities of poly(ADP-Rib) polymerase and of the DNA dependent DNA polymerase
preparations nuclei could be used, which had been stored previously in frozen state.

The latter two enzymes do not lose activity during the freezing period.
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Poly(ADP-Rib) polymerase assay. The polymerase was assayed in a reaction mixture

containing in a total volume of 70 pI: 100 mM Tris-HCI, pH 8.5, 6 mM tAgCl2,
60 mM KCI, 4 mM dithiothreitol and 1.5 pM 4C NAD (0.4 mCi/mmole) and 20pl

of the enzyme sample to be assayed. The mixture was incubated for 30 min at 250C.

The reaction was stopped by the addition of 1 ml of 5% trichloroacetic acid. After

30 min at 0eC the mixture was then transferred onto GF/C filters; the filters were

washed three times with 10 ml aliquots of 5% trichloroacetic acid and dried. The

radioactivity was determined in a liquid scintillation spectrometer using a dioxane

scintillator (14). The specific activity of the enzyme from nuclei of animals treated
r4 +

five days with diethylstilbestrol (primary stimulation) was 6.4 nmoles LCJ NAD in-

corporated per mg protein x 30 min.

DNA dependent DNA polymerase assay. The DNA polymerase assay mixture (80pl)

contained the following components: 10 mM Tris-HCI, pH 7.5, 4 mM tCl 2,

8 mM KCI, 1 mM 2-mercaptoethanol, 100 pM each of the unlabeled deoxyribo-

nucleoside triphosphates, 10 pM [3H] dTTP (15 mCi/mmole) and the enzyme sample

to be assayed (20 pl). The reaction was incubated for 20 min at 37°C. The acid

precipitable radioactivity was collected and counted as previously described (15).

The specific activity of the enzyme from nuclei of animal s treated five days with

diethylstilbestrol (primary stimulation) was 94 pmoles [3H] dTTP incorporated per mg

protein x 20 min.

DNA dependent RNA polymerase I and 11 assay. The RNA polymerose I assay con-

tained according to Austin et al (16) in a total volume of 100 pl the following com-

ponents: 50 mM Tris-HCI, pH 7.8, 2 mM MnCI2, 40 mM (NH4)2SO4, 1 mM di-

thiothreitol, 320 pM each of the unlabeled ribonucleoside triphosphates, 10 pM

L3HJ ATP (10 mCi/mmole), 2 mM creatine phosphate, 20 pg/ml creatine phospho-
kinase and the enzyme sample to be assayed (20 WI). The RNA polymerase 11 was

assayed using 80 mM (NH4)2SO4 instead of 40 mM (NH4)2so4.
The reaction was incubated for 10 min at 370C. The acid precipitable

radioactivity was collected and counted as described for poly(ADP-Rib) polymerase.

The specific activity of enzymes from nuclei of animals treated five days with di-

ethylstilbestrol (primary stimulation) was: RNA polymerase 1 85 pmoles [3H] ATP

incorporated per mg protein x 10 min; RNA polymerase 11 116 pmoles/mg x 10 min.
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The incorporation of the labeled precursors into acid insoluble material in the diffe-

rent enzyme assays, is expressed throughout this communication in dpm/mg protein.

Each value in Fig. 1 and Fig. 2 (mean - S.D.) comes from 5 parallel assays.

Chemical determinations. For protein determinations the method of Lowry et al. (17)

was used. RNA was determined as described (18), DNA by the procedure of Kissane

et al. (19).

RESULTS

Characterization of the product synthesized by poly(ADP-Rib) polymerase. The sensi-

tivity of the product, synthesized in vitro by poly(ADP-Rib) polymerase, towards

various enzymes has been determined (Table 1). From the DNA and RNA nucleases

tested, only the phosphodiesterase I from Crotalus adamanteus reduces the amount of

acid precipitable material synthesized by poly(ADP-Rib) polymerose.

Change of poly(ADP-Rib) polymerase activity during estrogen induction. The oviduct

wet weight depends strongly on treatment of the quails with diethylstilbestrol (Fig.1,A).

During primary stimulation for five days the weight of the oviduct increases from 0. 1 g

to 1.7 g. In a subsequent period of withdrawal of hormone, the oviduct weight de-

creases to 0.3 g in the course of 16 days. The secondary stimulation produces a more

pronounced growth of the oviduct.

The activity of the DNA dependent DNA polymerase as well as of the poly(ADP-

Rib) polymerase follows essentially the some pattern as the growth of oviduct during

primary stimulation (Fig. 1, B). The activities of both enzymes are strongly reduced

during withdrawal of the hormone. During secondary stimulation the activities of

the two enzymes do not change significantly.

Fig. 1, C illustrates the activity of DNAdependent RNA polymerase I and 11

during estrogen treatment. During primary stimulation the activities of RNA poly-

merase forms I and 11 strongly increase while after withdrawal the activities of the

two RNA polymeroses decline to values present in nuclei of unstimulated animals.

The secondary stimulation with diethylstilbestrol produces again an increase of the

two activities; the increase of RNA polymerase 11 is more pronounced.
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Enzyme Acid precipitable
concentration

Enzyme per ml dpm

None _ 5,300

DNase I 50 pg 5,150

RNase A 50 pg 5,350

Phosphodiesterase I 50 pjg 430

Micrococcal nuclease 50 pg 5,400

Table 1 Effect of various enzymes on the acid precipitable material synthesized by
the poly(ADP-Rib) polymerase. After incubation (see under Methods) the enzyme reac-
tion was stopped by heating the mixture 30 sec at 100°C. Then the material was in-
cubated with the different enzymes at 370C for 60 min; the amount of acid precipi-
table material was determined as described under methods. Nuclei from animals,
treated five days with diethylstilbestrol (primary stimulation), were used as source for
the enzyme.
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Fig. 1: Effect of primary and secondary stimulation by diethylstilbestrol (DES) on
oviduct wet weight and different DNA dependent polymerase activities.
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Change of poly(ADP-Rib) polymerase activity during progesterone induction. After the

rapid growth of the oviduct during the primary stimulation period of five days, the

rate of increase in oviduct wet weight declines. In the experiments summarized in

Fig. 2, the quails, previously stimulated for five days with diethylstilbestrol, were

treated three days longer with this estrogen hormone without (Fig. 2, left row) or in

combination with progesterone (Fig. 2, right row). During this prolonged primary sti-

mulation period the increase of oviduct wet weight is relatively low (Fig. 2, A). A

simultaneous administration of progesterone for three days does not change the growth

curve of the oviduct significantly.

During a prolonged primary stimulation period with diethylstilbestrol alone (Fig. 2, B

left) as well as during a further treatment with this estrogen hormone in combination

with progesterone (Fig. 2, B right) the activity of DNA polymerase does not change.

However the activity pattern of this enzyme is significantly different from the one of

the poly(ADP-Rib) polymerase during the administration with progesterone (Fig. 2, B

right). During three progesterone applications the activity of the poly(ADP-Rib)

polymerase decreases from 6,000 dpm to 1,300 dpm, while the DNA polymerase acti-

vity remains almost constant (2,800 to 2,300 dpm).

The prolonged primary stimulation with diethylstilbestrol does not markedly change

(Fig. 2, C left) the activity of RNA polymerase of as well form I as of form 11 where-

as a simultaneous administration of progesterone causes an increase of RNA polymerase 11

only (Fig. 2, C right).

DISCUSSION

The product synthesized from NAD by the poly(ADP-Rib) polymerase, isolated from

the oviducts of quails, has a similar enzyme sensitivity as the ones known from other

eukaryotic systems (3,5,6), in which only phosphodiesterase I produces a significant

degradation. The phosphodiesterase product had been identified as 2'-[5"-phospho-
ribosyl -5'-adenosine monophosphate (3).

After exogenous primary stimulation of immature quails with estrogen hormones an

onset of proliferation of the oviduct mucosa cells occurs. In the course of this event

the epithelial cells differentiate from homogeneous-appearing, primitive cells of the

mucosa, to three distinct types of cells (tubular gland cells, goblet cells and ciliated

cells) (11). This primary hormonal stimulation is accompanied by a strong DNA syn-
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Fig. 2: Effect of progesterone (Prog) on oviduct wet weight and different DNA de-
pendent polymerase activities.
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thesis probably caused by an increase in DNA dependent DNA polymerase activity in

the oviduct cells. The activity of the DNA polymerase in the nuclei increases in a

linear fashion and follows the same pattern as the oviduct growth (Fig. 1). The find-

ing that the activity of poly(ADP-Rib) polymerase seemsjto be strongly correlated with

both the activity of DNA polymerase and the increase of oviduct wet weight is strik-

ing. The hormone-induced synthesis of cell-specific proteins (ovalbumin and lysozyme)
is occuring in the tubular gland cells (11) as a second event besides the enlarged

DNA synthesis during primary stimulation. The acceleration of cell-specific protein

synthesis reflects an increase of r-RNA and m-RNA synthesis (20) mediated by DNA

dependent RNA polymerases (11). The enzymes responsible for the synthesis of the

two RNA species are present in higher activity in the nuclei (Fig. 1): The RNA

polymerase I which is involved in the read-out of nucleolar (primarily ribosomal)
RNA and the RNA polymerase 11 which transcribes primarily nucleoplasmic genes

(synthesis of m-RNA) (21).
After withdrawal of estrogen hormones some processes induced during primary

stimulation are reversible: Increase of oviduct wet weight and synthesis of cell-

specific proteins (11,20). The differentiation stage attained and the amount of cells

in the oviduct mucosa can however be not reversed (22). After administration of

estrogen hormones (secondary stimulation), again RNA- and cell-specific protein

synthesis are the main events. The level of DNA synthesis remains almost unaffected

during secondary stimulation since the gland cells are already present (20). R -RNA

synthesis is low during the early stages of this period (20); m-RNA synthesis is do-

minating. Thus, in the nuclei from oviducts of early stages during sdcondary stimu-

lation only the activity of the RNA polymerase 11 is augmented; the increase of the

RNA polymerase I activity is not significant, the DNA polymerose. activity remains

constant (Fig. 1). The activity of poly(ADP-Rib) polymerase in the nuclei does not

change during the period of secondary stimulation.
These findings may indicatedthat a close correlation exists between poly(ADP-Rib)

polymerase activity and DNA polymerase activity during primary exogenous estrogen

stimulation, which is characterized by a rapid cell proliferation and a high rate of

cytodifferentiation.
Administration of a single dose of progesterone to estrogen-stimulated birds results

in an increase of RNA polymerase activity, in an increase of rapidly labeled nuclear
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RNA and in a synthesis of a specific protein (avidin) (11). These processes occur in

the goblet cells of the oviduct mucosa. The DNA synthesis is not influenced by

progesterone (11). From the nuclear enzymes determined in this study, the activity of

two polymerases are markedly affected after administration of progesterone to quails

during the period of primary estrogen stimulation. The RNA polymerase 11 activity in-

creases while the activity of poly(ADP-Rib) polymerase drops to values found in unsti-

mulated oviducts and in oviducts during secondary stimulation. From the results ob-

tained with the biological model of in vivo oviduct avidin induction, it seems to be

reasonable to conclude that gene expression may occur at low poly(ADP-Rib) synthesis.

Summarizing the results of the estrogen-induced cell proliferation and cytodifferen-

tiation system as well as the progesterone-stimulated avidin system of the quail oviduct

a positive correlation has been found between the activities of DNA polymerase and

poly(ADP-Rib).polymerase and a negative correlation between the activities of RNA

polymerase 11 and poly(ADP-Rib) polymerase. Further experiments on the subcellular

level are necessary to determine whether these correlations are accidental or not.

Additionally, it has to be clarified whether the observed incorporation rate in the

assays with different poly(ADP-Rib) polymerase preparations is parallel with the acti-

vity of this enzyme or whether the amount of the incorporated poly(ADP-Rib) into

the in vitro assay is also dependent on poly(ADP-Rib) degrading enzymes (23), which

might be present in different amounts in the polymerase preparations.

ACKNOWLEDGEME NTS

The authors express their gratitude to Mrs. U. MUller-Berger, M. Schmidt and Mr.

H. Hergert for excellent technical assistance.

REFERENCES

1 Chombon, P., Weill, J.D. and Mandel, P. (1963) Biochem. Biophys. Res. Commun.
11, 39-43

2 Shima, T., Fujimura, S., Hasegawa, S., Shimazu, Y. and Sugimura, T. (1970)
J. biol. Chem. 245, 1327-1330

3 Nishizuka, Y., Ueda, K., Yoshihara, K., Yamaura, H., Takida, M. and
Hayaishi, 0. (1969) Cold Spr. Hrb. Symp. quant. Biol. 34, 781-786

4 Ueda, K., Reeder, R.H., Honio, T., Nishizuka, Y. and Hayaishk, 0. (1968)
Biochem. Biophys. Res. Commun. 31, 379-385

5 Sugimura, T. (1973) in-Progress in Nucleic Acid Research and Molecular Biology
(ed. by J.N. Davidson and W.E.Cohn), Vol. 13, pp. 127-151, Academic Press,
New York and London

1326



Nucleic Acids Research

6 Colyer, R.A., Buidette, K.E. and Kidwell, W.R. (1973) Biochem. Biophys. Res.
Commun. 53, 960-966

7 Smulson, M. and Rideau, C. (1971) Biochem. Biophys. Res. Commun. 43, 1266-
1273

8 Hilz, H. and Kittler, M. (1971) Hoppe-Seyler's Z. Physiol. Chem. 352, 1693-
1704

9 Burzio, L. and Koide, S.S. (1972) FEBS Letters 20, 29-32
10 Haines, M.E., Johnston, I.R., Mathias, A.P. and Ridge, D. (1969) Biochem. J.

115, 881-887
11 O'Malley, B.W., McGuire, W.L., Kohler, P.O. and Korenman, S.G. (1969)

in Recent Progress in Hormone Research (ed. by E.B. Astwood), Vol. 25, pp.
105-160, Academic Press, New York

12 MUller, W.E.G., Totsuka, A. and Zahn, R.K. (1974) Biochim. Biophys. Acta
in press

13 McGuire, W.L. and O'Malley, B.W. (1968) Biochim. Biophys. Acta 157, 187-
194

14 MUller, W.E.G., Zahn, R.K. and Beyer, R. (1970) Nature 227, 1211-1212
15 MUller, W.E.G., Zahn, R.K. and Seidel, H.J. (1971) Nature New Biology

232, 143-145
16 Austin, G.E., Bello, L.J. and Furth, J.J. (1973) Biochim. Biophys. Acta 324,

488-500
17 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. (1951) J. biol.

Chem. 193, 265-275
18 I-San-Lin, R. and Schieide, O.A. (1969) Anal. Biochem. 27, 473-483
19 Kissane, J.M. and Robins, E. (1958) J. biol. Chem. 233, 184-188
20 Palmiter, R.D., Christensen, A.K. and Schimke, T. (1970) J. biol. Chem.

245,833-845
21 Blatti, S.P., Ingles, C.J., Lindell, T.J., Morris, P.W., Weaver, R.F.,

Weinberg, F. and Rutter, W.J. (1970) Cold Spr. Hrb. Symp. quant. Biol. 35,649
22 Oka, T. and Schimke, R.T. (1969) J. Cell Biol. 43, 123-137
23 Stone, P.R., Whish, W.J.D. and Shall, S. (1973) FEBS Letters 36, 334-338

13Z7


