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SUMMARY

SMITH, STEVEN J., L1u, Da1 KEg, LEONARD, THOMAS B., DUCEMAN, BARRY W. &
VEeseLL, ELLior S. (1976) Phenobarbital-induced increases in methylation of ribo-
somal precursor ribonucleic acid. Mol. Pharmacol., 12, 820-831..

In young adult male rats killed either 6 or 16 hr after a single intraperitoneal injection of
phenobarbital (100 mg/kg) or 0.9% NaCl, hepatic nucleolar RNA methyltransferase
activity and nucleolar RNA polymerase activity were measured as well as labeling of
microsomal RNA in vivo. Nucleolar RNA methyltransferase activity was assayed, using
isolated nucleoli, by the incorporation of S-adenosyl[*Hlmethionine into RNA. RNA
polymerase activity was determined in a similar manner by measuring [*HJUTP incor-
poration. Incorporation in vivo of [*Hlorotic acid was used in the cytoplasmic microsomal
RNA-labeling studies. By 6 and 16 hr after phenobarbital, incorporation of methyl label
into RNA increased by 29% and 36%, respectively. Six hours after a single intraperito-
neal injection of phenobarbital, nucleolar RNA polymerase activity was unchanged. Six
hours after phenobarbital, incorporation in vivo of [*Hlorotic acid into cytoplasmic
microsomal 18 S and 28 S RNA was stimulated by approximately 50%. The increase in
cytoplasmic RNA after phenobarbital administration appears to result from increased
stability of nucleolar ribosomal precursor (45 S) RNA due to enhanced methylation
rather than from an increase in transcription of 45 S RNA.

INTRODUCTION

Within 6 hr after its administration,
phenobarbital increases the activity of he-
patic microsomal drug-metabolizing en-
zymes (1-4). Phenobarbital-induced stim-
ulation of drug-metabolizing enzyme ac-
tivity requires increased amounts of en-
zyme protein (1). Since protein synthesis
and RNA metabolism are closely associ-
ated, knowledge of how cellular RNA is
altered by phenobarbital becomes critical
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to understanding the mechanisms of in-
duction.

Within 16 hr after a single dose of phe-
nobarbital, increased labeling of cytoplas-
mic ribosomal RNA with [*Hlorotic acid
can be observed (5-7). In addition, stabili-
zation of newly synthesized ribosomal pre-
cursor (45 S) RNA has been shown (5, 8).
Previously we observed increased incorpo-
ration in vivo of [*H]methionine into total
hepatic nuclear RNA in phenobarbital-
treated rats (8, 9).

These studies were undertaken to inves-
tigate the possible function of RNA meth-
ylation in relation to the enhanced stabil-
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ity of 45 S RNA. To investigate this phe-
nomenon, a nucleolar RNA methyltrans-
ferase assay in vitro was developed and
employed, since experiments in vivo using
[*H]methionine might be influenced by the
effects of phenobarbital on the precursor
pool size of S-adenosylmethionine or on
the labeling of messenger RNA precur-
sors.

Under conditions that minimized pre-
cursor pool effects, the present studies re-
veal that methylation of nucleolar 45 S
RNA is increased after phenobarbital
treatment. Moreover, this increase in
methylation arises from phenobarbital-in-
duced enhancement of nucleolar RNA
methyltransferase activity. Although phe-
nobarbital stimulates nucleolar RNA
methyltransferase activity and labeling of
microsomal RNA in vivo, transcription of
45 S RNA, as indicated by RNA polymer-
ase activity, is unchanged.

Therefore the results of this study agree
with the hypothesis (5, 8) that phenobarbi-
tal treatment increases methylation of
some molecules of 45 S RNA, thereby pre-
serving 45 S RNA molecules that would
have been degraded intranuclearly in the
absence of phenobarbital. This stimula-
tory effect of phenobarbital on methylation
of 45 S RNA provides a mechanism for
stabilization of ribosomal precursor RNA.

MATERIALS AND METHODS

Phenobarbital Treatment

Male Sprague-Dawley rats weighing
170-200 g, from Charles River Laborato-
ries, received single intraperitoneal injec-
tions of phenobarbital (100 mg/kg) or of
NaCl (0.9%). For 6-hr experiments, rats
were injected at midnight and killed at
6:00 a.m.; for 16-hr experiments rats were
injected at 2:00 p.m. and killed at 6:00 a.m.
Rats were fasted for 16 hr prior to death.
Overnight fasting of animals did not affect
the results.

Isotope Labeling

[5-*H]Orotic acid (12.2 Ci/mmole),
[®*H]S-adenosylmethionine (8.5 Ci/mmole),
and [*HJUTP (36 Ci/mmole) were pur-
chased from New England Nuclear Corpo-
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ration. Unlabeled SAM! and UTP were
obtained from Sigma and Calbiochem, re-
spectively. In microsomal RNA labeling
studies, each rat was injected with 100 uCi
of [*Hlorotic acid 3 hr before death.

Isolation of Nucleoli

In all experiments, animals were killed
by decapitation and excised livers were
placed in ice-cold 0.25 M sucrose; further
steps were performed at 4°. For each exper-
imental group, livers from five to eight
rats were pooled. Minced liver tissue was
homogenized in a freshly prepared solu-
tion of 2.3 M sucrose (1:11, w/v) containing
15 mMm MgCl, and 0.25 mM spermine, with
four up-and-down strokes in a Teflon-glass
homogenizer (0.015-0.020-inch  pestle
clearance). After two filtrations through
four layers of cheesecloth, the homogenate
was centrifuged at 40,000 x g for 60 min to
sediment the nuclei (10, 11).

The sedimented nuclei were washed
with 0.88 M sucrose containing 5 mm
MgCl,, suspended in 0.34 M sucrose (1:1,
w/v), and sonicated for 15-20 sec in a Bran-
son Sonifier (9-10 amp) (11, 12). To sedi-
ment the nucleoli, 40 ml of the sonicated
suspension were layered over 40 ml of 0.88
M sucrose and centrifuged at 2000 x g for
20 min.

Under a phase-contrast microscope, nu-
cleolar preparations were highly purified
and contained fewer than 1% nuclei. No
difference was observed between the gross
morphology of isolated nucleoli of drug-
treated rats and NaCl controls.

Microsomal RNA Experiments

Isolation of microsomes. To prepare the
cytoplasmic microsomal fraction, minced
livers from three or four rats were homoge-
nized using a loosely fitting Teflon pestle
(0.030-0.040-inch pestle clearance) with
three strokes in an ice-cold solution of 0.05
M Tris-HCl (pH 7.6) containing 0.005 M
magnesium acetate, 0.025 M potassium
chloride, and 0.25 M sucrose (1:10, w/v).
After filtration through four layers of

! The abbreviations used are: SAM, S-adenosyl-
methionine; PCA, perchloric acid; DTT, dithiothrei-
tol.
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cheesecloth, an aliquot (10%) of the sus-
pension was centrifuged twice at 12,000 x
& for 20 min to remove nuclei, whole cells,
and mitochondria. The remaining super-
natant fluid was centrifuged at 130,000 x g
for 90 min to sediment the cytoplasmic
microsomes.

Acid-soluble pool. Two milliliters of the
0.25 M sucrose homogenate were mixed
with 2 ml of ice-cold 0.4 N perchloric acid,
homogenized, and centrifuged at 2000 x g
for 15 min. The precipitate was washed
once with 0.2 N perchloric acid and centri-
fuged again. The supernatant solutions
were pooled and assayed for absorbance at
260 nm and for radioactivity (13); the spe-
cific activity of the acid-soluble pool was
computed as disintegrations per minute
per A .

RNA extraction. Microsomes were ho-
mogenized in a solution containing 0.3%
sodium dodecyl sulfate, 0.14 m NaCl, and
0.05 M sodium acetate, pH 5.1 (13, 14), for 1
min (15 strokes) with a loosely fitting Tef-
lon pestle. After addition of 0.05 M sodium
acetate-saturated phenol containing 0.1%
8-hydroxyquinoline (14), the sample was
homogenized again for 1 min. The suspen-
sion was shaken for 30 min at room tem-
perature.

The mixture was centrifuged at 17,000 x
g for 10 min, and the aqueous phase was
removed; this was followed by two re-ex-
tractions of the aqueous phase with phenol
at room temperature. The RNA was pre-
cipitated overnight at —20° with 2.5 vol-
umes of ethanol containing 2% potassium
acetate (15). The precipitated RNA was
then dissolved in 0.01 M sodium acetate,
pH 5.1, or H,0O, and analyzed spectropho-
tometrically for absorbance at 260 nm.

Sucrose gradients and analysis of spe-
cific activity. Between 1 and 2 mg of RNA
were layered over 10-40% sucrose gra-
dients (38 ml) containing 0.1 m NaCl, 1.0
mmMm EDTA, and 0.01 M sodium acetate, pH
5.1 (16). The gradients were centrifuged in
a Spinco SW 27 rotor at 26,000 rpm for 15
hr at 5°. Analysis of gradients was carried
out with the aid of an ISCO automatic
fractionator system. Absorbance at 254 nm
was transcribed with a Honeywell re-
corder.
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The specific activity of the 18 S and 28 S
microsomal RNA peaks was determined
by pooling the three gradient fractions
which constituted the peak and by precipi-
tating them in ethanol overnight as above.
The precipitate was dissolved in water,
and its absorbance at 260 nm was mea-
sured; the radioactivity of the solution was
then measured by liquid scintillation (17).

Determination of nucleolar RNA meth-
yltransferase activity. Nucleolar RNA
methyltransferase was assayed by a modi-
fication of the procedure described by Ja-
cob et al. (18) for RNA polymerase. Varia-
tions in conditions were investigated sys-
tematically to obtain optimal activity. The
incubation mixture, in a final volume of
0.5 ml, included Tris-HCI buffer, pH 8.5,
50 wmoles; MgCl,, 1.5 umoles; NaF, 3
pmoles; dithiothreitol, 0.7 umole; ATP,
0.4 umole; GTP, CTP, and UTP, 0.3 umole
each; SAM, 0.005 umole; [*HISAM (11.6
Ci/mmole), 0.00028 umole; and nucleoli
containing 0.01-0.02 mg DNA. Tubes were
placed in a rotating water bath and incu-
bated for 30 min at 30°. To stop the reac-
tion, 100 ug of unlabeled SAM and 1.5 ml
of 0.4 N PCA containing 0.04 M Na,P,0,
were added. The tubes were shaken in a
Vortex mixer and then placed in an ice-
water bath for 20 min. The acid-soluble
fraction was centrifuged at 1000 x g for 10
min.

RNA was separated from DNA and pro-
tein using the procedure of Munro and
Fleck (19). The precipitate was washed
twice with 0.2 N PCA, and 0.6 ml of 0.3 N
KOH was added to the precipitate. After
incubation in alkali for 90 min to hydro-
lyze RNA, the DNA and protein were pre-
cipitated with PCA to a final concentration
of 0.3 N. The tubes were placed in an ice-
water bath for 20 min and then centrifuged
to sediment DNA, proteins, and salt. The
supernatant was analyzed for incorpora-
tion of CH; - into RNA. DNA and protein
were then extracted from the acid-insol-
bule fraction (19).

Aliquots from each sample were counted
by liquid scintillation, using 8 ml of 0.7%
2,5-diphenyloxazole in toluene containing
BioSolv [Beckman BBS-3, 1:10 (v/v)]. Ac-
tivity of the nucleolar methyltransferase
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was expressed as picomoles of methyl label
incorporated per milligram of DNA.

To estimate the amount of labeled RNA
in each fraction, nucleoli were incubated
using the nucleolar RNA methyltransfer-
ase incubation system described above, in
the presence of [3HJUTP instead of labeled
SAM. Analysis of the [PHJUTP-labeled
fractions showed that 88-92% of the label
was present in the RNA fraction, whereas
only 8-12% of the label was recovered in
DNA and protein.

Using [CHJSAM, 60% of the radioactiv-
ity was recovered in the RNA fraction.
About 10% of the label was in DNA, and
30% was in protein. No significant differ-
ence between control and phenobarbital-
treated rats occurred in the amount of la-
bel in nucleolar DNA. The amounts of la-
bel in protein of nucleoli from control and
treated rats were also similar.

Separation of mono- and dinucleotides
from nucleolar RNA labeled in vitro with
[*H]SAM. DEAE-cellulose was obtained
from H. Reeve Angel, Inc. (DE-52), and
prepared for chromatography. To separate
mononucleotides from alkali-stable dinu-
cleotides, chromatography was carried out
using 0.6 x 80 cm columns by a modifica-
tion of the procedure of Tomlinson and
Tener (20).

RNA was labeled in vitro using the pre-
viously described nucleolar RNA methyl-
transferase assay system, with either
[*(HISAM or [*H]JUTP. After the hydro-
lyzed RNA was prepared as described
above, the supernatant was made 1 N with
respect to KOH and incubated for 18 hr at
37°. Following this incubation, the tubes
were cooled and the pH was adjusted to 7.8
using PCA. To sediment salts that would
have interfered with the chromatography,
the solutions were cooled at 4° overnight
and then centrifuged at 2000 x g for 10
min. Between 15,000 and 40,000 cpm of
RNA hydrolysate in a 20-25-ml total vol-
ume. were loaded on the column. The nu-
cleotides were separated using a salt gra-
dient consisting of 150 ml each of 0.025 M
Tris-formate, pH 7.8, and 0.2 M Tris-for-
mate, pH 7.8, both containing 7 M urea.
The flow rate was 3-4 ml/hr. Fractions of 1
ml were collected, and 0.1-ml aliquots
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were analyzed for radioactivity as above.

In rats killed 16 hr after receiving a
single dose of phenobarbital, nucleolar
RNA methyltransferase activity was as-
sayed in vitro as described above. For this
assay, four tubes, each containing nucleoli
isolated from phenobarbital-treated and
NaCl-treated controls (0.5-ml total volume
per tube), were used. At the end of the 30-
min incubation, these tubes were pooled
into two groups (2.0-ml total volume per
group). The reaction was stopped by add-
ing 5 ml of a solution which yielded a final
concentration of 0.3% sodium dodecyl sul-
fate, 0.14 M sodium chloride, and 0.05 m
sodium acetate, pH 5.1. The mixture was
homogenized for 10 sec, 7 ml of sodium
acetate-saturated phenol containing 0.1%
8-hydroxyquinoline were added, and the
suspension was homogenized for 1 min.
The sample was then shaken successively
for 10 min at 63° and 30 min at room tem-
perature, and centrifuged at 17,000 x g for
10 min. The aqueous phase was removed
and re-extracted once with phenol at room
temperature.

The RNA was precipitated overnight at
20° with 2.5 volumes of 98% ethanol con-
taining 2% potassium acetate. RNA was
purified by filtration and reprecipitation
with ethanol-potassium acetate as before.
The RNA-containing filters were sus-
pended in 3 ml of distilled H,O for 3 hr at
4°, and the radioactivity in the samples
was determined by adding 0.1-ml aliquots
to 10 ml of 0.7% 2,5-diphenyloxazole-tolu-
ene containing BioSolv (BBS-3, 1:10, v/v).
RNA was estimated by measuring absorb-
ance at 260 nm, and the specific activity
was calculated as disintegrations per min-
ute per milligram of RNA. RNA was then
hydrolyzed in 1 N KOH for 18 hr at 37° and
chromatographed as previously described.

Determination of nucleolar RINA polym-
erase activity. RNA polymerase was as-
sayed as described by Jacob et al. (18) in
low ionic strength medium containing
Mg**. The assay mixture contained the
following in a final volume of 0.5 ml: Tris-
HCI buffer, pH 8.5, 50 umoles; MgCl,, 2.5
pmoles; NaF, 3 umoles; dithiothreitol, 5
umoles; ATP, GTP, and CTP, 0.3 umole
each; UTP, 0.14 umole; [*HJUTP (36 Ci/



824

mmole), 33.6 pmoles; and nucleoli contain-
ing 0.1-0.15 mg of DNA. The assay was
carried out for 30 min at 37°.

The reaction was terminated by adding
400 ug of UTP and 1.5 ml of 10% trichlora-
cetic acid containing 0.04 M Na,P,0;. Each
sample was assayed in quadruplicate.
Blanks were obtained by adding nucleoli
after trichloracetic acid treatment. The
acid-insoluble material was collected on
Whatman GF/C filters, washed, and
counted as described above for the RNA
methyltransferase assay. Data are ex-
pressed as picomoles of UMP incorporated
per milligram of DNA.

The RNA polymerase I assay was inves-
tigated using different concentrations of
[*HJUTP and nucleoli. A direct relation-
ship between increments in UTP concen-
trations and the velocity of the reaction
was observed from 30 uM to 200 uM. Con-
centrations of [*HJUTP and enzyme (nu-
cleoli) were used which were not rate-lim-
iting.

Determination of DNA. To estimate
DNA content in nucleoli used for the RNA
polymerase I assay, aliquots of isolated

nucleoli were used. Nucleolar DNA was ex- .

tracted by acid hydrolysis (19). DNA was
determined using Burton’s procedure (21).

SMITH ET AL.

In the RNA methyltransferase assay, ali-
quots from nucleoli, as well as from the
isolated DNA fraction, were taken. DNA
was measured using procedures described
by Burton (21) and Zamenhof (22).

RESULTS

Conditions for Assay of Nucleolar RNA
Methyltransferase Activity

To establish the validity of the rRNA
methyltransferase assay, several condi-
tions were investigated. The inset of Fig. 1
shows that at low concentrations of SAM,
the enzyme activity is linear. This obser-
vation in hepatic nucleoli agrees with that
of Liau et al. (23). However, at higher
SAM concentrations, apparent inhibition
by SAM occurs. For this reason, a SAM
concentration of 10 uM was used in all
assays.

In agreement with other reports (24-26),
incorporation of labeled SAM is favored
under alkaline conditions; a pH of 8.5 =
0.1 was employed in all assays (Fig. 2).
Temperature sensitivity of the assay is
demonstrated in Fig. 3. Previous investi-
gators used either 30° (24) or 37° (25, 26).
The standard temperature was 30° in all
experiments, because consistently higher
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Fi16. 1. Nucleolar RNA methyltransferase assay: SAM concentration curve

Nucleoli were isolated from the livers of NaCl-treated rats as described in MATERIALS AND METHODS.
Nucleolar RNA methyltransferase activity was measured at a constant concentration of [*H]JSAM, and the
unlabeled SAM concentration was varied from 2.5 to 25 um. All other conditions were the same as described
in MATERIALS AND METHODS. Each data point is the mean of quadruplicate determinations.
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enzyme activities were obtained at 30°
than at 37°. Figure 4 shows the effect of
incubation time on enzyme activity. A 30-
min incubation time was utilized in our
assay.
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Fic. 2. Nucleolar RNA methyltransferase assay:
PH curve

Nucleoli were isolated and nucleolar RNA meth-
yltransferase activity was determined as described
in MATERIALS AND METHODS. The incubation buffers
were adjusted to the designated pH prior to the
addition of the nucleoli. Each data point is the mean
of four determinations.
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Fi1c. 3. Nucleolar RNA methyltransferase assay:
temperature curve

Nucleoli were isolated and assayed for RNA
methyltransferase activity as described in Fig. 1.
Temperatures were varied by using separate water
baths for the incubations. Each data point is the
mean of quadruplicate determinations.
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Because of the requirement of this en-
zyme for divalent metal ions (24-27), the
effects of variations in magnesium concen-
tration were examined (Fig. §). Maximum
enzyme activity occurred at a concentra-
tion of 3 mm MgCl,.

The sulfhydryl agent DTT had - previ-
ously been reported to exert little, if any,
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Fi1c. 4. Nucleolar RNA methyltransferase assay:
incubation time curve

Nucleolar RNA methyltransferase activity was
measured as described in MATERIALS AND METHODS.
Each time point is the mean of quadruplicate deter-
minations.
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Fi16. 5. Nucleolar RNA methyltransferase assay:
MgCl, concentration curve

Nucleolar RNA methyltransferase activity was
determined as described in MATERIALS AND METHODS.
The concentration of MgCl, in the incubation buffer
was varied between 0.5 and 8 mym. Each data point is
the mean of quadruplicate determinations.
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stimulating effect; some investigators ob-
served an inhibitory effect of DTT on the
assay (24, 25, 28). A re-examination of this
question revealed that DTT at concentra-
tions below 1.5 mm was required for maxi-
mum activity (Fig. 6). However, enzyme

1250 T T T T 7/ T

1000~ /

750

500 \.

PMOLES CH 5 INCORPORATED /mg DNA
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F1G. 6. Nucleolar RNA methyltransferase assay:
DTT concentration curve

Nucleolar RNA methyltransferase activity was
determined as described in MATERIALS AND METHODS.
The DTT concentration in the incubation buffer was
varied between 0 and 10.4 mM. Each data point is
the mean of quadruplicate determinations.
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activity decreased at concentrations above
1.5 mmM under these conditions. Therefore
DTT was used in a concentration of 1.3
mM.

Recovery of Alkali-Stable Dinucleotides
Following Assay of Nucleolar RNA Meth-
yltransferase

To demonstrate that 2’'-O-ribose methyl-
ation was occurring during the assay, a
modification of the method of Vaughan et
al. (29) was used. DEAE-cellulose chroma-
tography of nucleotides obtained from
RNA labeled in vitro with [PHJUTP or
[*HJSAM revealed that about 90% of
[BHJUTP radioactivity was present as
mononucleotides (Fig. 7), whereas 90% of
the [PH]JSAM radioactivity was recovered
as alkali-stable dinucleotides. These ob-
servations establish that the product of the
nucleolar RNA methyltransferase assay
resembles native ribosomal RNA after al-
kaline hydrolysis (20).

Effect of a Single Dose of Phenobarbital on
Nucleolar RNA Methyltransferase Activ-
ity

Our earlier data (8) showed that at 16 hr
after phenobarbital the incorporation of L-
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Fic. 7. DEAE-cellulose chromatography of mono- and dinucleotides produced after alkaline hydrolysis of
nucleolar RNA synthesized in vitro and labeled with [*H]SAM or [*H]JUTP

Rats were killed, their livers were removed, and the nucleoli were isolated as described in MATERIALS AND
METHODS. Nucleolar RNA methyltransferase activity was assayed as described in MATERIALS AND METHODS.
In one group, [*HJUTP was substituted for [*HJSAM in order to compare the incorporation of UMP and
methyl groups. Following incubation, RNA was extracted and hydrolyzed in alkali as described in MATERI-
ALS AND METHODS. To separate mononucleotides from alkali-stable dinucleotides, each alkaline hydrolysate
was analyzed by DEAE-cellulose chromatography using a linear gradient of Tris-formate, pH 7.8, contain-
ing 7 M urea (0.025-0.2 M) as detailed in MATERIALS AND METHODS. Three separate experiments produced
similar DEAE-cellulose profiles. This profile is from a single experiment.
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[methyl-*H]methionine into total hepatic
nuclear RNA in vivo increased more than
2-fold. Because messenger RNA precur-
sors are methylated and potential error
due to phenobarbital-induced fluctuations
of precursor pool size in vivo could occur,
studies were performed in vitro under con-
ditions in which SAM and other precursors
were present in excess. Table 1 shows that
in rats killed 6 and 16 hr after receiving a
single injection of phenobarbital (100 mg/
kg), a significant increase in nucleolar
RNA methyltransferase activity was ob-
served.

Increased incorporation in vitro of la-
beled methyl group into isolated nucleoli
of phenobarbital-treated rats should be re-
flected by an increase of similar magni-
tude in the amount of labeled dinucleo-
tides per milligram of DNA. In two sepa-
rate experiments, rats were killed 16 hr
after a single dose of phenobarbital or
NaCl; nucleoli were isolated, and the as-
say for nucleolar RNA methyltransferase
activity was performed as described in Ta-
ble 1. Since sugar methylation of a nucleo-
tide confers on adjacent nucleotides resist-
ance to alkaline digestion, alkali-stable
dinucleotides containing methyl groups
are formed after incubation of ribosomal
RNA for 18 hr in 1 N sodium hydroxide.
Table 2 shows that increased nucleolar
RNA methyltransferase activity in pheno-
barbital-treated rats is reflected by similar
elevations in labeled, alkali-stable dinu-
cleotides.

Effect of a Single Dose of Phenobarbital on
Nucleolar RNA Polymerase Activity

Table 3 shows that 6 hr after phenobar-
bital treatment there was no increase in
the incorporation of [PHJUTP into isolated
nucleoli. This assay was carried out in low
ionic strength medium in the presence of
Mgt+*. These results are identical with
those reported earlier for 16 hr and 4 days
of treatment with phenobarbital (8). Ear-
lier studies in vivo on labeling of hepatic 45
S RNA with various labeled purines and
pyrimidines gave similar results (5). These
studies demonstrate that phenobarbital
has no significant effect on transcription of
ribosomal precursor RNA.
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TaABLE 1

Effect of a single dose of phenobarbital on hepatic
nucleolar RNA methyltransferase activity

Phenobarbital (100 mg/kg) or 0.9% NaCl was in-
jected intraperitoneally as a single dose. Six or six-
teen hours after injection of the drug, the rats were
killed. Liver nucleoli were isolated and assayed as
described in MATERIALS AND METHODS. Each assay
was carried out in quadruplicate. The number of
experiments is shown in parentheses. Standard er-
rors are indicated.

Treatment Time Nucleolar RNA methyl-
transferase activity
SAM incorpora- Ratio of
tion pheno-
barbital
to con-
trole
hr  pmoles/mg DNA
Control 6 980 + 28 (4)
Phenobarbital 6 1263 + 80 (4) 1.29
Control 16 718 + 51 (6)
Phenobarbital 16 976 + 34 (6) 1.36

e Differences between control and treated rats at
6 and 16 hr are significant by Student’s ¢-test (p <
0.01).

Effects of a Single Dose of Phenobarbital
on Labeling of Microsomal RNA with
[*H]Orotic Acid

Table 4 shows that 6 hr after phenobar-
bital treatment, labeling of 18 S and 28 S
microsomal RNA increased by approxi-
mately 50%. These increases in labeling of
microsomal RNA 6 hr after treatment of
rats with phenobarbital were similar to
those observed after 16 hr of phenobarbital
treatment (5). A single dose of phenobarbi-
tal has no effect on the specific activity of
the total acid-soluble nucleotides. These
data support the possibility that increased
methylation of 45 S RNA molecules may
be a mechanism by which phenobarbital
treatment enhances the post-transcrip-
tional stability of this RNA and increases
the specific activity of labeled ribosomal
RNA.

DISCUSSION

These studies demonstrate that a single
dose of phenobarbital increases methyla-
tion in vitro of newly synthesized ribo-
somal precursor RNA. Furthermore, these
results obtained in vitro agree with pre-
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vious labeling experiments in vivo (5).
Since nucleolar RNA methyltransferase
activity was assayed with saturating con-
centrations of precursors (Table 1), the
possibility that precursor pool sizes might
influence the results obtained after pheno-
barbital (5, 8) was minimized. The present
studies support the hypothesis which
emerged from previous investigations (5,
8), that phenobarbital enhances labeling of
cytoplasmic ribosomal RNA (5-7) through

TABLE 2

Effect of a single dose of phenobarbital on rat hepatic
nucleolar RNA polymerase activity

Rats were treated with phenobarbital as de-
scribed in Table 1. Six hours after injection of the
drug, the rats were killed by decapitation. Liver
nucleoli from five to eight rats were isolated by
sonication, and assays were performed as described
in MATERIALS AND METHODS, in low ionic strength
medium containing Mg**. Each assay was carried
out in quadruplicate. The number of experiments is
shown in parentheses. Standard errors are indi-
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post-transcriptional stabilization of 45 S
RNA (5, 8) rather than through transcrip-
tional effects (9).

In mammalian cells, 50-80% of newly
synthesized ribosomal RNA is degraded
intranuclearly and thus never reaches the
cytoplasm (5, 30-34). Ribosomal RNA is
methylated primarily in the 2’-hydroxyl
position of the ribose moiety concurrently

TABLE 4

Recovery of alkali-stable dinucleotides from
nucleolar RNA labeled in vitro with S-adenosyl-L-
[*H]methionine

Rats were killed 16 hr after receiving a single
dose of phenobarbital or 0.9% NaCl. Nucleoli were
prepared using the sonication technique, and the
assay was carried out as described in MATERIALS'AND
MeETHODS. RNA methylated in vitro was extracted
with sodium dodecyl sulfate and phenol. After alky-
line hydrolysis of the purified RNA, the nucleotides
were eluted by DEAE-cellulose chromatography.
Each fraction was collected and analyzed for radio-
activity. The results shown are the averages of two
separate experiments.

cated. Treatment | Nucleolar RNA | Recovery of al-
Treatment Time Nucleolar RI::I E;Iymerue ac- methy ;t:'eansfer- kall;?gtis e‘:‘n“'
- X Activ- |Ratio of| Activ- |Ratio of
UMP tli‘::mn- l:"’:;::f ity | pheno- [ ity | pheno-
barbital barbital barbital
to con- to con- to con-
trol trol trol
pmoles pm/mg
hr pmoles/mg DNA SAM/ f DNA
Phenobarbital 6 1023 + 104 (6) ’I’\lf
Control 6 998 =+ 154 (6) 1.03 DNA
2 No significant differences between control and gl(:ntrol . 659 | 1.00 | 14,079
experimental animals by Student’s ¢-test. enobarbital | 1,046 1.59 22,673 1.61
TaBLE 3

Effect of single doses of phenobarbital on labeling of microsomal RNA with [5->H]orotic acid
Rats were treated with phenobarbital as described in Table 1. After 3 hr, each rat received 100 u.Ci of [5-
3HJorotic acid intraperitoneally. The rats were decapitated 3 hr later, and specific activity was determined
for 28 S and 18 S RNA as described in MATERIALS AND METHODS. Each value is the mean + standard error of
five experiments; three or four rats were used for each experiment.

Treatment Specific activ- 28 S RNA 18 SRNA
ity of acid-sol-
uble nucleo-  Specific activity® Ratio of phe- Specific activity®  Ratio of
tides: ratio of nobarbital to pheno-
phenobarbital control barbital
to control to control
dpm/A 16 dpm/mg RNA dpm/mg RNA
Phenobarbital, 1.02 8531 + 690 1.51 7570 + 490 1.52
6 hr
Control 5650 + 430 4980 + 390

¢ Differences between experimental and control means were significant by Student’s ¢-test (p < 0.05).
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with its nucleolar synthesis (26, 35-37).
Sugar methylation of the ribosomal RNA
precursor confers stability and protects
against degradation by nucleases (29, 36-
40). Although direct proof is lacking, cir-
cumstantial evidence suggests that under-
methylated 45 S RNA exists in eukaryotic
cells (24, 29). Undermethylated RNA
which accumulates in nucleoli of methio-
nine-starved HeLa cells is not processed
normally into cytoplasmic ribosomal sub-
units (29). In the absence of RNA synthe-
sis after treatment of these cells with acti-
nomycin D, methylation of undermethy-
lated RNA occurred when methionine lev-
els returned to normal. Moreover, addition
to the nucleolar rRNA methyltransferase
assay of undermethylated ribosomal RNA
precursor from Novikoff hepatoma cells
starved for methionine produced an ap-
proximately 2-fold increase in activity.
Furthermore, the presence of 2’-O-methyl-
ated nucleotides in synthetic RNA poly-
mers greatly reduces the hydrolysis of
these polynucleotides by exonucleases
(41).

Phenobarbital treatment produces only
small increases in nucleolar RNA methyl-
transferase activity (Table 1). Although
the number of methyl groups per molecule
of newly formed 45 S RNA is known (36),
the number of methyl groups necessary for
normal stability and maturation of each
molecule of 45 S RNA is not. If a limited
number of specific sites that are methyl-
ated on the 45 S RNA molecule are essen-
tial for stability, only small decreases in
methylation per molecule would render
the 45 S RNA molecule unstable.

Hypermethylation of existing 45 S RNA
may also occur in phenobarbital-treated
rats (8). However, our observations sug-
gest that phenobarbital raises to normal
levels the methylation of some under-
methylated 45 S RNA molecules, which
otherwise would be most susceptible to in-
tranuclear degradation. Phenobarbital ap-
parently confers stability on these 45 S
RNA molecules, enabling them to be “sal-
vaged” and to be transported to the cyto-
plasm as ribosomal subunits. The mecha-
nism by which phenobarbital stimulates
methylation is unclear (6). From these ex-
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periments, methylation of 45 S ribosomal
precursor RNA appears to be one regula-
tory step for the stability and transfer of
ribosomal subunits from the nucleus to the
cytoplasm.

Although no decrease was observed in
nuclear RNase activity in rats treated
with phenobarbital (8), alterations in spe-
cific exonucleases (42-44) and endonuclea-
ses (45-49) could also be involved in the
metabolic stabilization of 45 S RNA. Phe-
nobarbital treatment of rats may also alter
the phosphorylation of nucleolar ribosomal
proteins (50). Changes in these and other
nuclear proteins may affect the stability
and maturation of nascent nucleolar preri-
bosomal subunits (38, 50).

Like the results obtained 16 hr after
phenobarbital treatment (5, 8), the present
experiments reveal that phenobarbital in-
fluences rRNA metabolism 6 hr after phe-
nobarbital treatment (Tables 1-4), the
time at which significant induction of
drug-metabolizing enzymes is first ob-
served (1-10). Studies performed both in
vivo (6, 51) and in vitro (52) suggest that
RNA synthesis may be a rate-limiting step
during initial stages of the induction proc-
ess.
In two separate experiments, nucleolar
RNA methyltransferase activity was stud-
ied in rats killed at 6:00 a.m. This activity
was 35% higher in rats receiving 0.9%
NaCl intraperitoneally at midnight than
in rats receiving it at 2:00 p.m. or rats that
were neither injected nor handled. There
is a consistent difference between the con-
trol enzyme activities 6 hr and 16 hr after
phenobarbital treatment (p < 0.05 by Stu-
dent’s ¢-test).This difference may be due to
stress-induced effects as influenced by
diurnal variations (see Fig. 4 of ref. 53).
Phenobarbital treatment has no effect on
diurnal variations in the levels of plasma
corticosterone (53).

To establish unequivocally the effects of
phenobarbital on rRNA metabolism, en-
zymes involved in processing 45 S RNA,
such as nucleolar RNA methyltransferase
and various nuclear nucleases, must be
solubilized and characterized. Thus far, at-
tempts to solubilize nucleolar RNA meth-
yltransferase have been unsuccessful (25).
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Although nuclear nucleases have been sol-
ubilized, they have not been fully charac-
terized (42-49).

Experiments performed in other labora-
tories (54) suggest that phenobarbital
treatment stimulates aggregate RNA po-
lymerase II activity in isolated nuclei. It is
possible that phenobarbital treatment
might also affect messenger RNA synthe-
sis, its post-transcriptional stability, or
both.
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