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Effects of Estradiol on Uterine Ribonucleic Acid Metabolism. 
11. Methylation of Ribosomal Ribonucleic Acid and Transfer 
Ribonucleic Acid" 

Theodore W. Munns and Philip A. Katzmant 

ABSTRACT: Following a single intraperitoneal injection of 
17P-estradiol into immature rats, the in vitro rates of incor- 
poration of L-[methyl- 3H]methionine into specific uterine 
RNAs (methylation) were assessed by acrylamide gel elec- 
trophoresis during the initial 24 hr of the estrogen response. 
The radioactivity profiles of gels containing total and frac- 
tionated uterine RNA preparations demonstrated that rRNA 
(both 28 and 18 S) and tRNA were the principal methylated 
species present. Studies with actinomycin D indicated that 
the methylation of rRNA and tRNA occurs at the time of 
transcription or shortly thereafter, thereby providing evi- 

A lthough the importance of uterine RNA synthesis for 
the uterotrophic action of estradiol has been suggested by the 
effects of transcriptional inhibitors (Ui and Mueller, 1963 ; 
Hamilton et al., 1968), studies designed to  characterize the 
selective synthesis of specific RNA species after estrogen ad- 
ministration have been limited and have yielded conflicting 
results. For example, Wilson (1963) found by sucrose gradient 
centrifugation that synthesis primarily of low molecular weight 
RNA was increased, while enhancement of all RNAs in both 
nuclear and cytoplasmic fractions was observed by Gorski 
and Nelson (1965). In the first case, the RNA in uteri exposed 
to the hormone in vico for 4 and 24 hr was labeled in citro 
with ['4C]adenine, whereas in the latter instance the RNA was 
labeled by short in vivo pulses with [3H]cytidine during the 
initial 2 hr of the estrogen response. More recently, Billing 
et al. (1969a) utilized MAK' column chromatography to 
characterize uterine RNA synthesis during the first 6 hr of 
estrogen action. Following 30 min in uivo pulses with [3H]- 
guanosine plus [3H]uridine, major increases in rRNA and 
tRNA synthesis were evident 6 hr after estrogen administra- 
tion, whereas mRNA synthesis was only slightly enhanced. 

Since conventional precursors of the type used in the above 
studies are more or less uniformly incorporated into all RNA 
structures, a significant portion of the label would be incor- 
porated into mRNAs during short pulses. During charac- 
terization, these polydispersed, rapidly labeled mRNAs would 
mask the identity of other, more discrete, RNA populations. 
Although MAK column chromatography offers better resolu- 
tion in this regard, overlapping of mRNAs as well as their 
complex formation with rRNAs (Hayes et al., 1966), present 
distinct possibilities of masking. Furthermore, even though 
radioactive nucleosides or bases offer a potential means of 
detecting the selective synthesis of various RNA species, 
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dence that methylation of these species is a reflection of their 
synthesis. During the early phase of the estrogen response, the 
methylation of rRNA and tRNA increased at similar rates, 
reaching values of 3 0 0 z  of controls at 6 hr. While the rate 
of tRNA methylation progressively declined after this time, 
that of rRNA did not become maximal until 12 hr (380% 
of controls). Methylation of both RNA species was still sig- 
nificantly above control levels 24 hr after estradiol adminis- 
tration. These studies represent an attempt to evaluate quan- 
titatively the effect of estradiol on the rates of synthesis of 
uterine rRNA and tRNA. 

quantitation of such species yields questionable results be- 
cause of the estrogen-induced fluctuations in specific activities 
associated with these precursors (Mueller et al., 1958; Billing 
et a[., 1969b; Oliver and Kellie, 1970; Munns and Katzman, 
1971). 

In the present investigation, we have attempted to over- 
come these difficulties by monitoring uterine RNA synthesis 
with ~-[methyl-~H]methionine in an in vitro system. Although 
this label is not incorporated into all RNA species, this dis- 
advantage was offset by the apparent absence of methylation 
of mRNA (Srinivasan and Borek, 1966; Moore, 1966) which 
permitted more accurate monitoring of discrete methylated 
RNA species. Furthermore, since the specific activity of L- 
[methyl-3H]methionine was found to be relatively constant 
in control and estrogen-pretreated uteri during a 2-hr in uitro 
pulse (Munns and Katzman, 1971), it seemed reasonable to 
assume that meaningful determinations of rates of synthesis 
of methylated RNA species could be ascertained by employing 
this system. A preliminary report of these studies was pre- 
sented by Munns and Katzman (1970). 

Experimental Procedures 

The treatment of animals and tissues, in vitro labeling con- 
ditions, and procedures for determining RNA have been pre- 
viously described (Munns and Katzman, 1971). Actinomycin 
D was donated by Merck and Company. 

Extraction of Uterine RNA. Pools of tissues of from 5 to  
20 immature rats, depending on the degree of uterine growth, 
were extracted by treatment with hot phenol-sodium dodecyl 
sulfate, based on the method of Scherrer and Darnel1 (1962). 
Glassware and solutions were autoclaved prior to  use and all 
operations were conducted at &4' unless otherwise noted. 

Groups of uteri were rinsed and homogenized (Dual1 ground 
glass homogenizers) in ice-cold buffer A (0.05 M NaAc-0.001 
M EDTA-0.14 M NaCl, pH 5.1) which contained 1 z sodium 
dodecyl sulfate, 10 RNase-free sucrose, and appropriate 
amounts of bentonite (Fraenkel-Conrat et al., 1961). To the 
homogenates was added an equal volume of hot (65") redis- 
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TABLE I : Recovery of Uterine RNA by Hot Phenol-Sodium Dodecyl Sulfate Extracti0n.a 
-_______ 

Homogenate RNA/group Extracted RNA/group % recovered 
pretreatment ~ 

__ in ciro (hr) PCg dpm X 1.18 dpm X 10-4 RNA dpm 

0 604 + 62 18.2 i 1 . 7  315 =k 40 8 . 4  i 0 . 9  52 46 
6 686 f 78 46.7 i 5 . 2  389 i 37 23.7 i 3 . 0  57 51 

12 947 i 93 58.1 f 4 . 8  538 i 40 27.8 f 2 . 4  57 48 
48 24 1895 i 158 35.7 f 3 .8  1046 i 81 17 .1  i 1 . 5  5 5  

Estradiol 

-- 
a Triplicate groups of uterine tissues (5/group) were pulsed in citro with ~-[met/iyl-  3H]methionine for 1 hr. Aliquots from 

perchloric acid insoluble hydrolyzable fractions of uterine homogenates and from dialyzed preparations of hot phenol-sodium 
dodecyl sulfate extracted RNA were used for chemical and radioactivity determinations as described by Mums  and Katzman 
(1971). 

tilled phenol containing 0.1 z 8-hydroxyquinoline and satu- 
rated with buffer A. This mixture was immediately placed 
in a water bath at 65", shaken vigorously for 5 min, cooled, 
and then centrifuged (lO,OOOg, 5 min) to separate the phenol 
and aqueous phases. The aqueous phase was removed and 
the phenol phase reextracted with an equal volume of buffer 
A at 4". The combined aqueous phases were reextracted with 
phenol (5-10") in the cold for 15 min and the resultant aque- 
ous phase centrifuged at  20,OOOg for 20 min to remove re- 
maining bentonite and denatured proteins. The supernatant 
was made 70% (v/v) with respect to ethanol by addition of 
absolute ethanol containing 275 KAc and stored at -20" 
for several hours prior to centrifugation (20,00Og, 10 min). 
The RNA contained in the pellet was dissolved in buffer B 
(0.1 M NaC1-0.001 M EDTA, pH 6.2). In some cases, this 
solution was dialyzed against buffer B for 4-6 hr prior to 
electrophoresis or further fractionation. 

Fractionation and Characterization of Uterine RNA. Approx- 
imately 1 mg of unfractionated RNA in 1.0 ml of buffer B was 
layered on preparative gradients (28-ml capacity, SW 25.1 
rotor) of 5-20z sucrose (RNase-free) in buffer B and centri- 
fuged in a Beckman Model L ultracentrifuge for 14 to 16 hr 
at 24,000 rpm. The gradient tubes were punctured, and the 
effluent was pumped jnto a Gilford 2000 spectrophotometer 
equipped with a flow cell permitting the collection of discrete 
fractions from which the RNA was precipitated by the addi- 
tion of ethanol. 

Preparations of total and fractionated RNA were charac- 
terized by acrylamide and acrylamide-agarose (composite) 
gel electrophoresis. The EC-470 preparative slab electropho- 
retic unit (EC Corporation, Philadelphia, Pa.) was used exclu- 
sively. Electrophoretic procedures, including buffers, staining 
solution, preparation of gels, etc., were carried out according 
to the procedures of Peacock and Dingman (1967) and Ding- 
man and Peacock (1968), unless otherwise noted. Appropriate 
quantities of RNA, dissolved in 0.1 ml of buffer B containing 
5 %  RNase-free sucrose, were carefully layered into gel slots 
and after several minutes, the initial amperage of 50 mA was 
increased to  90 mA (constant) for the duration of electro- 
phoresis. Migration of RNA was monitored with a tracking 
dye (bromothymol blue), whose migration was similar t o  that 
of tRNA ; electrophoresis was discontinued after the tracking 
dye had migrated 7-10 cm. 

Identification of discrete electrophoretic bands from un- 
fractionated preparations of RNA was based on comparative 
migrations of specific RNAs isolated from subcellular prepa- 
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rations. The RNA extracted from a 100,OOOg supernatant 
identified tRNA (4 S), whereas extraction of polysomes iso- 
lated by the method of Wettstein et al. (1963), identified rRNAs 
(28 S and 18 S). The 5 s  species was identified by its selective 
release durjng warm (25 ") phenol-sodium dodecyl sulfate 
extraction of the above polysome fraction (Pene et af., 1968). 

A slight contaminatjon of RNA with DNA was detected 
by minor, purple-staining bands migrating slightly ahead of 
18s rRNA. Incubation with DNase (Peacock and Dingman, 
1967) resulted in their removal as well as establishing their 
identity. Lack of significant quantities of released radioac- 
tivity during enzyme hydrolysis indicated that methylation 
of DNA during the initial 24 hr of the estrogen response was 
negligible. 

Assessment o j  Teckniques. The data in Table I show that 
50-60 z of the RNA orginally present in uterine homogenates 
(based on chemical determinations) was extracted by hot 
phenol-sodium dodecyl sulfate treatment. The somewhat 
smaller recovery (45-50 75) of RNA based on radioactivity 
measurements was anticipated since only 85-90% of the ra- 
dioactivity released during selective hydrolysis of the per- 
chloric acid insoluble fraction of homogenates was derived 
from RNA;  the remainder representing "hydrolyzed protein" 
(Munns and Katzman, 1971). On the other hand, contamina- 
tion of phenol-extracted RNA due to labeled proteins and/or 
aminoacylated tRNA was quite small, accounting for less 
than 2 of the extracted radioactivity, as determined by simi- 
lar recovery studies in uteri pulsed with L-[carboxyl- "1- 
methionine. The recovery of RNA from uterine tissues was 
not significantly influenced by estrogen pretreatment (Table 
1). 

The radioactivity associated with RNA in gels was deter- 
mined by the method of Mayol and Thayer (1970). The gel 
was cut into equal slices (approximately 1.7 mm) and after 
incubating each slice at 25" for 24-48 hr in a scintillation vial 
with 10 ml of (1 :lo) NCS-organic scintillator, the radioac- 
tivity was determined. This treatment completely recovered 
the isotope applied to the gel (Table 11). 

Results and Interpretations 

Methylation of Uterine RNA,  In attempting to identify 
those RNAs which become methylated during a 2-hr in ritro 
pulse, unfractionated RNA obtained by hot phenol-sodium 
dodecyl sulfate extraction was electrophoresed on low per cent 
composite gels. Figure 1 illustrates the resultant RNA stain- 
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TABLE 11: Recovery of Labeled RNA from Acrylamide Gels.. 

dpm dpm 

Isotope (10-3 ( 73 (10-4) ( %) 
applied Efficiency recovered Recovery 

3H 23.60 3 2 . 3  23.34 98.9 
3H 4.72 32.3 4.93 104.4 

'4C 4.34 43.6 4.41 101.7 
'4C 2.17 43.6 2.09 96.4 

* After electrophoresis of suitable aliquots of radioactive 
RNA (labeled with ~-[mefhyl-"C or -3H]methionine), the 
gel was sliced into 1.7-mm sections and the sum of the radio- 
activity contained in the slices compared to the total radio- 
activity applied to the gel. 

ing pattern and accompanying radioactivity profile of such 
an electrophoregram. Major peaks of radioactivity coincided 
with each of three major bands of RNA identified as 28 S, 
18 S, and 4 S. Smaller amounts of dispersed radioactivity, 
located on either side of the rRNA bands, were presumed to 
be either methylated rRNA precursors and/or their breakdown 
products. 

Since low molecular weight RNAs were not adequately 
resolved in low per cent composite gels, the staining pattern 
and radioactivity profile of these species were determined on 
5 %  acrylamide gels (Figure 2) after fractionation by sucrose 
gradient centrifugation. Although a number of discrete bands 
were present, only the tRNA band (4 S) contained significant 
amounts of radioactivity. In agreement with the results of 
others, the low amount of radioactivity contained in the other 
regions of this gel (Figure 2) suggested that mRNA (Srinivasan 
and Borek, 1966; Moore, 1966) as well as 5s  RNA (Knight 
and Darnell, 1967; Forget and Weissman, 1968) were not 
methylated, thus indicating, that the entry of isotope into 
RNA via "I-carbon" metabolism was not appreciable. In  
support of the above views, preliminary studies of the meth- 
ylated base patterns of uterine RNA in our laboratory have 
indicated that the quantity of radioactivity incorporated into 
unmethylated purines ("I-carbon" metabolism) was insig- 
nificant with regard to  that incorporated into methylated bases 
(methylation). 

These studies indicate that the methylation of uterine RNA, 
with respect to  both the extent and types of RNA which be- 
come methylated during short in tiifro pulses, is similar to  
that found in other mammalian systems (Brown and Attardi, 
1965; Cooper, 1969a,b). Based on numerous radioactivity 
profiles of gels of unfractionated uterine RNA obtained after 
2-hr pulses in uifro (and in vitio; unpublished), we have esti- 
mated that methylation was more or less equally distributed 
between rRNA and tRNA (approx 30:20:50 for 28 S :  18 S:4 
S). Small quantities of other low molecular weight methylated 
RNA species, although detected, contributed little to  the 
overall methylation profile due to their extremely small 
populations (Weinberg and Penman, 1968; Zapisek et a/., 
1969). 

Since a number of investigators have reported that newly 
synthesized RNAs are particularly sensitive to  nucleases 
during extraction (Henshaw et a/., 1965; Lazarus and Sporn, 
1967), it was necessary to determine a suitable pulse period 
that would permit the majority of methylated RNAs under- 
going synthesis to  become processed into more nuclease- 
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FIGURE 1 : A representative radioactivity profile of unfractionated 
uterine RNA pulse-labeled with ~-[mcrl~yl-"C]methionine for 2 hr 
i,, uitro and electrophoresed in I .25% composite gels. The staining 
pattern of the gel associated with this profile is illustrated at the 
top of the figure. The RNA was extracted with hot phenol-sodium 
dodecyl sulfate from unprimed uterine tissues. 

resistant, mature forms. To do  this, the effect of duration of 
the in vitro pulse on the methylation profile of unfractionated 
RNA was investigated. Figure 3 illustrates the radioactivity 
profiles of RNA prepared from uterine tissues pulsed in vitro 
with ~-[methyl-~Hlmethionine for 30, 60, and 120 min. The 
resolution of label associated with rRNA species in prepara- 
tions obtained after longer incubation was greatly increased, 
whereas after a 30-min pulse the resolution was insufficient 
for adequate determination of rRNA radioactivity. Resolu- 
tion of tRNA, on the other hand, was satisfactory, yielding 
a prominent tRNA peak of radioactivity in each instance 
(suggesting that at the time of methylation, precursor tRNAs 
are more resistant to  nuclease activity). The background of 
dispersed radioactivity which appeared predominately be- 
tween the 18s to  4 s  region of the gel and was believed to con- 
tain precursor rRNA breakdown products, did not appre- 
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FIOURE 2: A representative radioactivity profile of low molecular 
weight uterine RNAs pulse-labeled with ~ - [ m ~ ~ t b y l - ~ ' C ]  methionine 
for 2 h r  i,r citro and electrophoresed on 5 %  acrylamide gels. The 
staining pattern of the gel associated with this profile is illustrated 
at the top of the figure. The labeled RNA was extracted from un- 
primed uterine tissues by hot phenol-sodium dodecyl sulfate 
treatment, fractionated by sucrose gradient centrifugation and the 
law molecular weight RNAs (associated with the 4s peak of the 
sucrose pradient) electrophoresed. 
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FIGURE 3: The effect of duration of in ritro pulse on the methylation 
profile of total RNA. Unprimed groups of uteri were incubated with 
~-[mrth~./-~H]metIiioiiine for the indicated times and extracted 
with hot phenolhodium dodecyl sulfate, and equivalent amounts of 
the isolated RNA were electrophoresed on 2.8% composite gels. 
The sum of the radioactivity contained in gel slices 1 through 18 
and 32 through 37 were used in determining the extent of methyla- 
tion of rRNA and tRNA, respectively. 

TABLE III:  Effects of Actinomycin D on the Methylation of 
Uterine RNA: 

- . _ _ _  - - - ~  - - - 

Pre- Treatment of tissues (z of controls) 
- .  Incuba- Actino- ~ ~ Unprimed E? 6 hr (in L I C O )  tion mycin . 

(min)b D rRNA tRNA rRNA tRNA 

0 _ I _  100 100 100 100 
0 + 8 . 2  1 9 . 8  7 . 8  24 .1  

15 + < 1 . 0  1 4 . 1  <1.0 22 0 
30 i- <1 . o  6 . 8  < 1 . 0  15.2 

Groups of unprimed and 6-hr estrogen-pretreated tissues 
(5/group) were incubated in the presence (and absence) of 
50 pg of actinomycin D for prescribed periods of time prior 
to  the addition of ~-[meth~.l-~H]methionine. At this time 
incubation was continued for an  additional 60 min. RNA was 
isolated by hot phenol-sodium dodecyl sulfate extraction, 
electrophoresed on 2.8 2 composite gels and the incorporation 
of isotope into rRNA and tRNA determined from the 
appropriate gel slice. The extent of methylation of rRNA and 
tRNA from groups preincubated with antibiotic is compared 
to control groups not exposed to antibiotic and expressed as 
percent controls. Control dpms were similar to those re- 
corded in Table IV. ?’ Preincubation period with actinomycin 
D prior to  addition of ~-[nzc.i/z~,/-~H]niethionine. Control. 

~~ .. ~ ~ ~- __ ~~ ~ ~ ~ 

. ~~ ~ ~~ ... ... ~ ~~~ ~~ ~- ~~ 

ciably increase during longer in citro pulses. On the other 
hand, the radioactivity associated with rRNA and tRNA 
bands progressively increased. Since Greenberg and Penman 
(1966) have reported that the 45s rRNA precursor becomes 
methylated at the time of transcription and requires approxi- 
mately 30 min to  be processed into 28s and 18s rRNAs, a 
considerable portion of the label incorporated into uterine 
RNA during a 30-min pulse would represent methylated 
rRNA precursors. During longer in citro pulses, however, 
proportionately more of the radioactivity would be pro- 
cessed into mature--more nuclease-resistant---ribonucleic 
acids. 

Effect of’ Actinoriiycin D on Uterine RNA Methylation. 
Studies with actinomycin D were conducted to  ascertain the 
relationship between synthesis and methylation of RNA 
(Table 111). If  uteri were incubated in the presence of both 
antibiotic and ~-[/,ieth~,l-~H]methionine for 1 hr, the amount 
of isotope incorporated into rRNA was less than 10% of that 
which was incorporated into control tissues incubated in the 
presence of isotope alone. If tissues were preincubated with 
antibiotic for 15 and 30 min prior to  a 1-hr pulse, incorpora- 
tion of isotope into rRNA was almost totally absent (<1% 
cf controls). Under the same labeling conditions, the incor- 
poration of isotope into transfer ribonucleic acid was 
markedly reduced, although not completely suppressed. 
Actinomycin D was equally effective in both estrogen-treated 
and control uteri. 

These results support the views of Greenberg and Penman 
(1966) and Zimmerman and Holler (1967) that the methyla- 
tion of rRNA takes place during or immediately after tran- 
scription. The small amount of rRNA which was methylated 
when isotope and antibiotic were added concommitantly, 
presumably was due to  the time required for complete inhibi- 
tion of rRNA transcription. Reduction in the methylation of 
tRNA, which was not as immediate as that of rRNA, sug- 
gested that an interval existed between tRNA transcription 

4952 B I O C H E M I S T R Y ,  V O L .  1 0 ,  N O ,  2 6 ,  1 9 7 1  

and methylation. Similar results have been reported by Bern- 
hardt and Darnell (1969) for methylation of precursor tRNA 
in HeLa cells during actinomycin D chases. These results are 
not unexpected since the tRNA methylases have been shown 
to  reside in the cytoplasm (Burdon el d., 1967; Burdon and 
Clason, 1969; Mowshowitz, 1969). 

Thus, from the above studies it seems reasonable to assume 
that methylation of uterine RNA occurs on recently synthe- 
sized species and that ~-[meth?,l-~HH]methionine may be a 
useful precursor for minotoring the synthesis of rRNA and 
tRNA. 

Erects of Estradiol on Uterine rRNA and tRNA Methj,lci- 
tion. To assess the effects of estradiol on the rates of methyla- 
tjon of these RNAs, both single- and double-label isotope 
techniques were employed. The RNA was extracted from uteri 
which had been primed with estradiol in cico for varying peri- 
ods of time prior to being pulsed for 2 hr in ritro with L- 

[methyI-l4C or -3H]methionine. As shown in Table IV and 
Figure 4, estradiol profoundly affected the rates of methyla- 
tion of both rRNA and tRNA. The extent of methylation of 
rRNA and tRNA was assessed by determining the quantity 
of radioactivity, or 3H/14C ratios, in the appropriate regions 
of the gel (see Figure 3) and compared to control values as 
presented in Table IV. These data, as summarized in Figure 
4, illustrate the rates of rRNA and tRNA methylation during 
the course of estrogen action. Wet weight, RNA accumula- 
tion, and total RNA methylation (Munns and Katznian, 1971) 
are included for comparison. 

These results indicate that the rates of methylation of rRNA 
and tRNA increased to  the same extent during the first 6 hr 
after injection of hormone. While the rate of tRNA methyla- 
tion began to decline after this time, that of rRNA did not 
become maximal until 10-12 hr, and thereafter declined. The 
results obtained in the studies utilizing single and double iso- 
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TABLE IV:  Effect of Estradiol on the Methylation of Uterine tRNA and rRNA: 

Single label ( 3H) Double label (3H and 14C) -___ 
tRNA rRNA tRNA rRNA 

Treatment (hr) dpma % control dpmb control Ratio % control Ratio control 
~~ 

E2 (0) 1 . 8  100 1 . 7  100 1 .8  100 1 .9  100 
E2 (2) 2 . 6  145 2 . 7  160 
Ez (4) 4 . 5  250 4 . 2  245 
E2 (6) 6 .0  335 5 9  345 6 .2  340 6 .7  350 
Ez (10) 5 .O 275 6 .6  390 
Ez (12) 4 . 4  245 6 . 5  385 4 . 9  270 7.9 41 5 
Ez (24) 2 . 3  130 3 .9  230 2 . 6  145 4.9 260 

Following the prescribed estradiol pretreatment in vivo, groups of uteri (5-l0/group) were incubated in the presence of 
 methyl- 3H]methionine for 2 hr, extracted with hot phenol-sodium dodecyl sulfate and the RNA electrophoresed on 2.8 % 
composite gels as described in Experimental Procedures. In the double-label experiment, 6-hr estrogen-pretreated tissues (4 
groups with 10 uteri/group) were incubated under the same conditions with ~-[methyl-l4C]methionine and combined with various 
groups of tissues incubated with the 3H isotope prior to RNA extraction (10 [I4C]uteri + 5 [3H]uteri). The amount of label or 
ratio of labels associated with tRNA and rRNA, separated during electrophoresis, was determined from the appropriate gel 
slices and expressed in terms of dpms/uterus ( 3H), ratios (3H/14C), and per cent of controls. 6 dpm X lop4. 

topes were in excellent agreement, as was also the case with 
regard to accounting for the methylation of total RNA by the 
sum of the methylation of the major methylated species. 

Although individual accumulations of rRNA and tRNA 
were not determined, their increases, as judged by the density 
of the stain (methylene blue) of their respective bands in gels 
after electrophoresis, appeared to parallel the accumula- 
tion of total RNA (the latter shown in Figure 4). 

General Discussion 

The results of the present study strongly support the evi- 
dence presented by others that an important feature of estro- 
gen action in the rat uterus (Hamilton et al., 1968; Billing 
et al., 1969c) and the chick oviduct (O’Malley et al., 1968; 
Dingman et al., 1969) is the increasing rate of synthesis and 
accumulation of rRNA and tRNA, presumably required to 
support the increased rate of protein synthesis occurring some- 
what later in the response. Whether the rate-limiting step in 
general and/or specific protein synthesis is associated with 
alterations in the quantity and/or quality of these RNAs is at 
present unknown. In this regard, Billing et al. (1969a,c) re- 
ported only slight increases in mRNA synthesis relative to 
that of rRNA and tRNA during the first 6 hr of the estrogen 
response. 

It is perhaps significant that the maximum rates of methyla- 
tion of total RNA and/or rRNA which we have observed to 
occur approximately 9-12 hr after the estrogen response is 
initiated, parallel the findings of Teng and Hamilton (1968) 
with regard to maximum binding of estradiol to uterine chro- 
matin as well as the extent of this binding throughout the 
initial 18 hr of the response. In other related studies, com- 
parable increases in uterine RNA polymerase activity whose 
product is rRNA in nature (Hamilton et al., 1968), as well 
as template activity (Barker and Warren, 1966; Teng and 
Hamilton, 1968; Church and McCarthy, 1970), have also been 
reported. 

Of considerable interest in this investigation were the ob- 
served differences in the rates of methylation of rRNA and 
tRNA, i.e., naximum methylation of rRNA occurred 4-6 

hr later than that of tRNA (Figure 4). We have assumed that 
these patterns of methylation are primarily the result of dif- 
ferences in rRNA and tRNA synthesis. This assumption is 
supported by the present study with actinomycin D, indicat- 
ing that the bulk of RNA methylation occurs on newly syn- 
thesized RNA in contrast to hypermethylation of preexisting 
RNA. However, these studies do not provide information 
with regard to possible changes in the extent of methylation 
of newly synthesized RNA. The latter could be brought about 
by relative shifts in tRNA populations and/or the synthesis 
of “new” tRNA species possessing different degrees of meth- 
ylation. In this regard, estrogen-induced alterations in tRNA 
populations (Yang and Sanadi, 1969; Sharma and Borek, 
1970), tRNA methylase activities (Hacker, 1969 ; Lipshitz- 
Weisner et al., 1970), and methylase inhibitor levels (Sharma 
and Borek, 1970) have been reported. 

I ” ”  

I 

b 

1 
HOURS AFTER ESTRADIOL INJECTION 

FIGURE 4: A summary of the effects of estradiol administered if? cico 
on the methylation of uterine rRNA, tRNA, and total RNA as 
determined in citro. The extent of methylation of rRNA and tRNA 
was determined by acrylamide gel electrophoresis (see Table IV), 
whereas total RNA methylation was determined by selectively hy- 
drolyzing the perchloric acid insoluble fractions of uterine homog- 
enates as described by Munns and Katzman (1971). Wet weights 
(hatched area) and RNA accumulation (undesignated dashed line) 
are presented for reference. 

B I O C H E M I S T R Y ,  V O L .  1 0 ,  N O .  26 ,  1 9 7 1  4953 



M U N N S  A N D  K A T Z M A N  

References 

Barker, K.  L., and Warren, J. C. (1966), Proc. Nut. Acad. 

Bernhardt, D., and Darnell, J. E. (1969), J.  Mol. Biol. 42,43. 
Billing, R. J., Barbiroli, B., and Smellie, R. M. S. (1969a), 

Billing, R. J., Barbiroli, B., and Smellie, R. M. S. (1969b), 

Billing, R.  J., Barbiroli, B., and Smellie, R. M. S. (1969c), 

Brown, G. M., and Attardi, G. (1965), Biochem. Biophys. Res. 

Burdon, R. H. ,  and Clason, A. E. (1969), J .  Mol. Biol. 39,113. 
Burdon, R. H., Martin, B. T., and Lal, B. M. (1967), J .  Mol. 

Church, R. B., and McCarthy, B. J. (1970), Biochim. Biophys. 

Cooper, H. L. (1969a),J. Biol. Chem. 244,1946. 
Cooper, H. L. (1969b),J. Biol. Chem. 244,5590. 
Dingman, C. W., Aronow, A,, Bunting, S. L., Peacock, A. C., 

Dingman, C. W., and Peacock, A. C. (1968), Biochemistry 

Forget, B. G., and Weissman, S. M. (1968), Science 158, 1695. 
Fraenkel-Conrat, H., Singer, B., and Tsugita, A. (1961), 

Gorski, J., and Nelson, N. J. (1965), Arch. Biochem. Biophys. 

Greenberg, H.,  and Penman, S. J. (1966), J.  Mol. Biol. 21, 

Hacker, B. (1969), Biochim. Biophys. Acta 186,214. 
Hamilton, T. H., Widnell, C. C., and Tata, J. R. (1968), 

Hayes, D .  H., Hayes, F., and Guerin, M. F. (1966), J.  Mol. 

Henshaw, E. C., Revel, M., and Hiatt, H. H.  (1965), J .  Mol. 

Knight, E., and Darnell, J. E. (1967), J .  Mol. Biol. 28,491. 

Sci. U. S .  56,1298. 

Biochem. J.  112,563. 

Biochim. Biophys. Acta 190,52. 

Biochim. Biophys. Acta 190,60. 

Commun. 20,298. 

Biol. 28, 357. 

Acta 199,103. 

and O’Malley, B. W. (1969), Biochemistry 8,489. 

7,659. 

Virology 14,54. 

110,284. 

527. 

J.  Biol. Chem. 243,408. 

Biol. 18,499. 

Biol. 14,241. 

Lazarus, H. M., and Sporn, M. B. (1967), Proc. Nut. Acad. 

Lipshitz-Wiesner, R., Srinivasan, P. R., and Borek, E. (1970), 

Mayol, R. F., and Thayer, S. A. (1970), Biochemistry 9,2484. 
Moore, P. B. (1966), J.  Mol. Biol. 18,38. 
Mowshowitz, D. B. (1970), J.  Mol. Biol. 50,143. 
Mueller, G. C., Herranen, A. M., and Jervell, K. (1958), 

Munns, T. W., and Katzman, P. A. (1970), Fed. Proc., Fed. 

Munns, T. W., and Katzman, P. A. (1971), Biochemistry I O ,  

Oliver, J. M., and Kellie, A. E. (1 970), Biochem. J .  119,187. 
O’Malley, B. W., Aronow, A., Peacock, A. C., and Dingman, 

Peacock, A. C., and Dingman, C. W. (1967), Biochemistry 6, 

Pene, J. J., Knight, E., and Darnell, J .  E. (1968), J .  Mol. Biol. 

Scherrer, K., and Darnell, J. E. (1962), Biochem. Biophys. 

Sharma, 0. K., and Borek, E. (1970), Biochemistry 9,2507. 
Srinivasan, P. R., and Borek, E. (1966), Progr. Nucl. Acid 

Teng, C. S., and Hamilton, T. H.  (1968), Proc. Nut. Acud. 

Ui, H., and Mueller, G. C. (1963), Proc. Nut. Acad. Sci. U.  S .  

Weinberg, R. A., and Penman, S. J. (1968), J.  Mol. Biol. 38, 

Wettstein, F. O., Staehelin, T., and Noll, H.  (1963), Nature 

Wilson, J. D. (1963), Proc. Nut. Acad. Sci. U. S. 50,93. 
Yang, S. S., and Sanadi, D. R.  (1969), J .  Biol. Chem. 244,5081. 
Zapisek, W. F., Saponara, A. G., and Engle, M. D.  (1969), 

Zimmerman, E. F., and Holler, B. W. (1967), J .  Mol. Biol. 

Sci. U. S. 57,1386. 

Fed. Proc., Fed. Amer. SOC. Exp. Biol. 29,469. 

Recent Progr. Horm. Res. 14,95. 

Amer. SOC. Exp. Biol. 29,469, 

4941. 

C. W. (1968), Science 162,567. 

1818. 

33,609. 

Res. Commun. 7,486. 

Res. Mol. Biol. 5,157. 

Sci. U. S. 60,1410. 

50,256. 

289. 

(London) 197,430. 

Biochemistry 8,1120. 

23,149. 

4954 B I O C H E M I S T R Y ,  V O L .  1 0 ,  N O .  26 ,  1 9 7 1  


