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Poly-ADP-ribosylated histones: potent DNA suppressors 
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When rat liver nuclear chromatin was sonicated in buffer containing 0.35 M (NH&SO, to release the en- 
gaged RNA polymerases, a potent inhibitor was also released. This inhibitor elicited dramatic inhibition 
of RNA synthesis regardless of whether the free or engaged RNA polymerase was used. On further analysis, 
it became apparent that the site of inhibition was on the DNA template, not on the enzyme. This inhibitor 
could be extracted into 0.25 N HCl by the standard procedure for the isolation of histones. This acid-soluble 
inhibitor, showing typical histone band on gel, was RNase A and DNase I resistant, but was sensitive to 
both pronase and snake venom phosphodiesterase digestion, as well as to 0.1 N KOH hydrolysis. Further- 
more, when [‘4C]adenine labeled poly-ADP-ribosylated histones were digested by snake venom phosphodi- 
esterase, the release of radioactivity was in parallel to the loss of inhibitor activity. We conclude that the 
inhibitor substances are poly-ADP-ribosylated histones and propose that the poly-ADP-ribosylated his- 

tones rather than the histones are the natural suppressors of the gene. 

Poly(ADP-ribose) Histone RNA polymerase RNA synthesis 
Gene regulation 

Snake venom phosphodiesterase 

1. INTRODUCTION 

Mammalian RNA polymerases are known to ex- 
ist in the cell nucleus in 2 functional states, referred 
to as free and engaged RNA polymerases [ 11. The 
procedure to isolate the free RNA polymerases re- 
quires the isolation of the nuclei in hypertonic 
sucrose, followed by extraction of the free enzyme 
with isotonic medium [2]. The release of the en- 
gaged RNA polymerases, on the other hand, is 
achieved by sonication of nuclear chromatin in 
buffer containing 0.35 M (NH&S04 [3]. A few 
years ago, we noticed that a potent inhibitor of the 
RNA polymerases was released from the chromatin 
together with the solubilized engaged enzyme 
under high salt sonication [4]. This inhibitor could 
be separated from the engaged enzyme after reduc- 
tion of the (NH&S04 concentration to 50 mM 
followed by high-speed centrifugation 141. The 
characterization of this inhibitor has been elusive. 
We now present experimental evidence showing 
that the principal inhibitor substances are poly- 

ADP-ribosylated histones. The fundamental 
property of this inhibitor is that it requires both the 
histone and the poly(ADP-ribose) components 
with the chemical linkages between them intact in 
order to function. This finding strongly suggests 
that the poly-ADP-ribosylated histones rather than 
the histones per se are the natural suppressors of 
the gene. 

2. MATERIALS AND METHODS 

2.1. Materials 
Bovine pancreas RNase A (Boehringer Man- 

nheim) was dissolved in Hz0 to 1 mg/ml before 
use. Bovine pancreas DNase I (Cappel/Wor- 
thington) was dissolved in 0.15 M NaCl to 
1 mg/ml for use. Pronase (protease from Strep- 
tomyces griseus) (Sigma) was dissolved in 
TGMEM buffer containing 50 mM (NH&S04 to 
1 mg/ml and was self-digested for 2 h at 37°C. 
Snake venom phosphodiesterase (Crotalus ada- 
man&us venom) (Pharmacia) was dissolved in 
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0.1 M Tris-HCI, pH 8.0, 50 mM MgCl2 to 100 
units/ml for use. 

2.2. Isolation of the RNA polymerase inhibitor 
from rat liver nuclear chromatin 

Sprague-Dawley rat liver nuclei were isolated by 
the hypertonic sucrose method as in [2]. A nuclear 
suspension of 12 ml in 0.34 M sucrose (12 g 
original liver) was homogenized at 600 rpm for 3 
up and down strokes in a glass homogenizer and 
centrifuged at 3000 x g for 10 min to extract the 
free RNA polymerase 121. The nuclear pellet was 
suspended in 12 ml of 0.01 M Tris-HCI buffer, pH 
7.9, containing 1 M sucrose, 5 mM MgCl2 and 
20 mM 2-mercaptoethanol. After mixing with 
l/l0 Vol. Of 3.5 M (N&)2S04 (pH 7.9), the 
nuclear suspension was then sonicated to solubilize 
the engaged RNA polymerase according to Roeder 
and Rutter [3]. The sonicated nuclear suspension 
was diluted with 2 vols of TGMEM buffer (0.05 M 
Tris-HCl, pH 7.9, 25% (v/v) glycerol, 5 mM 
MgC12,O. 1 mM EDTA, 20 mM mercaptoethanol), 
mixed and centrifuged at 105000 x g for 1 h at 
4°C. The supernatant was adjusted by adding solid 
(NH&S04 to a final concentration of 0.42 g/ml, 
stirred in the cold room for 30 min, and then cen- 
trifuged again at 105000 x g for 1 h at 4°C. The 
precipitate was dissolved in 2 ml TGMEM buffer 
and dialyzed against TGMEM buffer containing 
50 mM (NH&S04 at 4°C overnight (17 h) with 
several changes of the buffer. A fine precipitate 
was formed during the dialysis and it was collected 
by centrifugation at 105 000 x g for 1 h. The super- 
natant was the solubilized engaged RNA 
polymerase. The precipitate, which contained the 
inhibitor, was resuspended by homogenization in 
2.0 ml TGMEM buffer containing 50 mM 
(NH&SOa. The yield was about 3.5-4.5 mg pro- 
tein per ml. 

2.3. Assay of RNA polymerase inhibitor activity 
The inhibitor activity was measured under con- 

ditions where RNA polymerase activity is normally 
assayed [5]. As indicated in fig. 1, various amounts 
of inhibitor (1 mg/ml) in volumes of 5-50 ,ul with 
compensatory volumes of TGMEM buffer were 
added to 0.2 ml RNA polymerase assay medium 
[20pmol Tris-HCI (pH 7.9 at 23”C), 0.4 pmol 
MnC12, 5.6 pmol 2-mercaptoethanol, 10 pmol 
(NH&S04, 0.04rmol each of ATP, GTP, UTP 
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and CTP, 1.0&i [8-3H]GTP and 2.5 fig poly(dI- 
dC)]. Then, the engaged enzyme or the free en- 
zyme in volumes of 50 or 100 ~1, respectively, was 
added to start the reaction. Tubes were incubated 
in a water bath at 37°C for 20 min with shaking. 
The reaction was stopped by adding 4.0 ml of 10% 
trichloroacetio acid containing 1% sodium 
pyrophosphate. After sitting in ice for 20 min, the 
acid-insoluble material was collected on Whatman 
GF/C filters and washed 7-times with 5 ml of 5% 
trichloroacetic acid containing 1% sodium 
pyrophosphate and twice with 5 ml cold 60% 
ethanol. After drying, the filters were counted in 
5 ml of Brays’ solution [5]. 

For the studies presented in tables l-3, the basic 
assay procedures were the same as described in 
fig.1 with two exceptions. In one case (table 1) an 
assay medium containing either 2.5 or 25 /cg 
poly(dI-dC) was used. In another case (tables 2 and 
3), lO,~g in 50 pl buffer of the acid-soluble in- 
hibitor or the commercial calf thymus histone sam- 
ple was first treated with various agents as in- 
dicated, followed by boiling for 10 min at 100°C 
before assaying for RNA polymerase activity. 

2.4. Preparation of acid soluble inhibitor by 
0.25 N HCI extraction 

The standard procedure for the extraction of 
histones was used [6,7]. The extraction was carried 
out in 0.25 N HCI with mechanical stirring at 4°C 
for 17 h. It was then centrifuged at 12000 x g for 
10 min. The precipitate was re-extracted with 
0.25 N HCl for 10 min and centrifuged as before. 
The combined supernatant constituted the acid- 
soluble inhibitor fraction. The inhibitor was 
dialyzed against TGMEM buffer containing 
50 mM (NH&S04 overnight before use. However, 
for snake venom phosphodiesterase digestion and 
KOH hydrolysis, the inhibitor was first 
precipitated with 2 vols alcohol and then 
resuspended in buffer B (0.05 M Tris-HCI, pH 7.9, 
5 mM MgCl$ before use. 

2.5. Polyacrylamide gel electrophoresis of 
acid-soluble inhibitor 

Gel electrophoresis of both the acid-soluble in- 
hibitor and the standard calf-thymus nuclear 
histones was carried out according to Alfageme et 
al. [8]. The gel contained 12% acrylamide, 0.08% 
methylenebisacrylamide, 5% glacial acetic acid, 
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0.5% N,N, N ‘, N ‘-tetramethylethylenediamide, 
0.06% ammonium persulfate, 6 M urea and 
0.38% Triton DF-16. The gel was prerun at a con- 
stant voltage of 200 V until no further decrease in 
current (80 to 7.8 mA in 3 h). Then, 100 ~1 of 1 M 
cysteamine in 5% acetic acid was added to each of 
the troughs and run at 140 V for 30 min. At the 
end, the remaining cysteamine was removed. 50 /cl 
(5Opg) each of the acid-soluble inhibitor and the 
histone standard in 5% acetic acid containing 
0.02% pyronine y, 4 M urea and 4% & 
mercaptoethanol were applied onto the gel and it 
was run at 200 V for 5 h. The electrophoresis buf- 
fer was 5% acetic acid containing 0.1% Triton 
DF-16. The gel was stained with 0.4010 amido black 
in acetic acid/methanol/Hz0 (1: 5 : 16) for 17 h 
and destained with 7.570 acetic acid in 5% alcohol. 

3. RESULTS 

Fig. 1 shows that the inhibitor was effective in in- 
hibiting the activities of both free and engaged 
RNA polymerases, and that the inhibition was 
dose dependent. When 50ag of the inhibitor was 
used, close to 90% inhibition was observed for 
both enzymes. 

To determine whether this inhibition was a result 
of suppression of the DNA template function or of 
a direct inhibition of the RNA polymerase per se, 
the inhibitor activity was measured at both 2.5 and 
25 pg poly(dI-dC) with a fixed amount of 50 pg in- 
hibitor per assay. The results presented in table 1 
clearly show that this inhibition could be overcome 
by the addition of an excessive amount of DNA 
template. Therefore, the inhibition was due to a 
suppression of the DNA template function. 

The inhibitor could be extracted into 0.25 N 
HCl by the standard procedure for the isolation of 
histones [6,7]. Indeed, fig.2 demonstrates the in- 
hibitor gave the typical histone bands on 
polyacrylamide gel [8]. Because of this, and the 
findings (table 2) that the inhibitor was RNase A 
and DNase I resistant but pronase sensitive, we in- 
itially believed the inhibitor to be histones. 
However, on further analysis, we found that the 
inhibitor was also sensitive to snake venom 
phosphodiesterase, a unique enzyme known to 
hydrolyze specifically poly(ADP-ribose) 19, lo]. 
We therefore conclude that these inhibitor 
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Fig. 1. Dose-dependent inhibition of RNA polymerase 
activity by an inhibitor released from nuclear chromatin 
under high salt sonication. Rat liver nuclei were isolated 
by the hypertonic sucrose method [2]. After the free 
RNA polymerase was extracted [2], the nuclear pellet 
was resuspended in buffer containing 0.35 M (NH&S04 
and sonicated according to Roeder and ‘Rutter ]3] to 
solubilize the engaged RNA polymerase. The RNA 
polymerase inhibitor was then isolated from the engaged 
RNA polymerase fraction after reduction of the 
(N&)&& concentration to 50 mM followed by high- 
speed centrifugation 141. Various amounts of inhibitor 
(1 mg/ml) in volumes of S-50 ,zl were added to the 
0.2 ml RNA assay medium [S]. The assay was carried 
out at 37’C for 20 min using either the free (A) or 
engaged (0) RNA polymerase. For details, see section 2. 

Table 1 

Effect of template excess on the inhibitor activity 

Group Poly[dI-dC] RNA polymer- % 

(Icg) ase activity 

Control 2.5 5850 f 348 100 
Inhibitor 2.5 1455 f 10 25 
Control 25 8304 + 919 100 
Inhibitor 25 8740 f 1123 105 

RNA polymerase activity was measured in pmol 
[8-3H]GMP incorporated per g liver. Values given are 

mean Z!Z SE of 2 separate experiments 
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Fig.2. Polyacrylamide gel electrophoresis of the 0.25 N 
HCl soluble RNA polymerase inhibitor. Gel 
electrophoresis of the acid-soluble inhibitor along with 
the standard calf thymus nuclear histones was carried 
out according to Alfageme et al. [8]. The gel contained 
12% acrylamide, 0.08% methylenebisacrylamide, 5% 
glacial acetic acid, 0.5% N,N,N’,N’-tetramethyl- 
ethylenediamide, 0.06% ammonium persulfate, 6 M 
urea and 0.38% Triton DF-16. 50 ,ug of each sample was 
used. The electrophoresis buffer was 5% acetic acid 
containing 0.1% of Triton DF-16. The run was at 200 V 
for 5 h. The gel was stained with 0.4% amido black in 
acetic acid/methanol/H20 (1: 5 : 16) and destained with 
7.5% acetic acid in 5% alcohol. (I) Acid soluble 

inhibitor, (H) standard histones. 

substances are not histones, but rather poly-ADP- 
ribosylated histones. 

Furthermore, since this inhibitor activity could 
be largely (70%) abolished by either pronase or 
snake venom phosphodiesterase treatment (table 
2), these results strongly suggest that intact poly- 
ADP-ribosylated histone molecules are required 

Table 2 

Studies on the nature of the 0.25 N HCl soluble RNA 
polymerase inhibitor 

Conditions RNA polymer- % 
ase activity 

Control 
0.25 N HCl soluble inhi- 

bition (10 pg) 

6582 + 268 100 

56 f 14 0.9 

+ RNase A (lopg), 
37”C, 30 min 33 f 8 0.5 

+ DNase I (lopg), 
37”C, 30 min 941 * 94 14 

+ pronase (lopg), 37°C 2 h 4758 + 130 72 
+ snake venom phospho- 

diesterase (2.0 units), 
37”C, 2 h 4549 f 75 69 

+ KOH (0.1 N), lOO”C, 
10 min 6767 f 421 103 

RNA polymerase activity was measured in pmol 
[8-3H]GMP incorporated per g liver. Values given are 

mean + SE of 2-4 separate experiments 

for this inhibition. This interpretation is further 
supported by the finding that the inhibitor activity 
was totally abolished after it was boiled in 0.1 N 
KOH for 10 min. It is known that while both 
histones and poly(ADP-ribose) are alkaline stable, 
the chemical bonds between them are alkaline- 
labile ester linkages [9, lo]. 

In view of the fact that histones are normally 
prepared by dilute acid extraction, this study sug- 
gests the possibility that the early reports in- 
vestigating the suppressor roles of histones might 
have measured the effects not of histones but of 
poly-ADP-ribosylated histones. The data present- 
ed in table 3 clearly show that the commercial 
histone sample was as potent an inhibitor for RNA 
synthesis as our 0.25 N HCl soluble inhibitor 
preparation (table 2). Since it was also sensitive to 
snake venom phosphodiesterase digestion and to 
0.1 N KOH hydrolysis, we believe that these 
‘histones’ are in fact poly-ADP-ribosylated 
histones. Furthermore, these results (table 3) 
should also erase any doubt that the 0.25 N HCl 
soluble inhibitor might be the unknown band (be- 
tween H3 and H2B) on the polyacrylamide gel 
(fig.2). 
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Table 3 

Properties of commercial ‘histone’ as inhibitor of DNA- 
dependent RNA synthesis 

Conditions RNA polymer- % 
ase activity 

Control 
Commercial ‘histone’ (10 yg) 

6494 + 146 100 
33 + 15 0.5 

+ RNase A (lopg), 37”C, 
30 min 24 k 9 0.4 

+ DNase I (lopg), 37’C, 
30 min 28 + 5 0.4 

+ pronase (lopg), 37”C, 2 h 6352 f 574 98 
+ snake venom phospho- 

diesterase (2.0 units), 
37”C, 2 h 3888 + 190 60 

+ KOH (0.1 N), lOO”C, 
10 min 6703 + 284 103 

RNA polymerase activity was measured in pmol 
[8-3H]GMP incorporated per g liver. Values given are 

mean f SE of 2 separate experiments 

To prove directly that indeed poly-ADP- 
ribosylated histones rather than histones were 
responsible for the observed inhibition and that the 
release of inhibition was due to the digestion of 
poly(ADP-ribose) moiety by snake venom phos- 
phodiesterase, radiolabeled poly-ADP-ribosylated 
histones were prepared using [U-14C]adenine ac- 
cording to Nishizuka et al. [15]. Gel elec- 
trophoresis of this radiolabeled poly-ADP- 
ribosylated histones showed identical band pat- 
terns to the unlabeled 0.25 N HCl soluble inhibitor 
isolated from chromatin under high salt sonication 
(not shown). As shown in table 4, when 1Opg of 
this labeled poly-ADP-ribosylated histones was 
used, it produced 98% inhibition. This inhibition 
was stable after 2 h incubation in the absence of 
snake venom phosphodiesterase, and the inhibitor 
activity was almost totally lost when incubated for 
2 h with snake venom phosphodiesterase. In 
parallel, the radioactive label was quite stable in 
the absence of snake venom phosphodiesterase and 
was 80% released after the enzyme treatment. 

Table 4 

Direct evidence for the requirement of poly-ADP-ribose moiety in the poly- 
ADP-ribosylated histone inhibition of DNA-dependent RNA synthesis 

Conditions RNA polymer- % Radioactivity % 
ase activity 

Control 3937 + 461 100 

+ [ 14C]adenine-labeled 
poly-ADP-ribosylated 
histones (10 gg), zero 
time preincubation 94 * 22 2 11808 + 195 100 

+ [14C]adenine-labeled 
poly-ADP-ribosylated 
histones (10 fig), 2 h 
preincubation 51*9 1 10630 + 416 90 

+ [ 14C]adenine-labeled 
poly-ADP-ribosylated 
histones (lopg), 2 h 
incubation in the presence 
of snake venom phospho- 
diesterase (2.0 units) 3771 + 141 96 2334 f 163 20 

RNA polymerase activity was measured in pmol [8-3H]GMP incorporated per 
g liver. Radioactivity was expressed in pmol [14C]adenine-labeled poly-ADP- 
ribosylated histones per mg protein. Values given are mean f SE of 2 separate 

experiments 
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4. DISCUSSION REFERENCES 

Poly(ADP-ribose) was discovered 20 years ago 
[ 1 I-13 1. The phenomenon of ADP-ribosylation of 
various cellular proteins, including histones, is well 
known [9,10,14]. However, the physiological 
significance of the protein ADP-ribosylation is 
unclear. In view of their general occurrence in the 
cell, ADP-ribosylated proteins are thought to play 
an important role in the regulation of various 
cellular functions [lo]. The present finding is im- 
portant for at least 2 reasons. Firstly, nearly 20 
years after their discovery [lo, 15-181, a possible 
biological role of the ADP-ribosylated histones is 
finally identified. Secondly, since the discovery of 
the nucleosome [19,20] and the finding that active- 
ly transcribed gene sequences are also found in the 
nucleosomal histone core [21,22], the classical con- 
cept that histones are gene suppressors [23,24] 
clearly requires modification. The finding that 
ADP-ribosylated histones rather than histones are 
the suppressors of the gene is therefore most time- 
ly, and it is conceivable that this new concept 
should make significant contributions toward the 
final understanding of gene regulation. 
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