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ABSTRACT 

Administration of estradiol (E) to mature ovariectomized rats results in an early (4h) 

increase in nucleolar transcriptional activity above controls, this increase is totally due to 

an increased elongation rate of nascent transcripts. Salt extraction (150 mM NaCl) of 

isolated nucleoli eliminates the early stimulatory effect of E on nucleolar transcriptional 

activity. Addition of salt extracts obtained from uterine nucleoli of animals treated with E 

(4h) to nucleoli isolated from uteri of control animals resulted in increased transcriptional 

activity. The stimulation was due to an increased rate of elongation of nascent chains in 

uterine nucleoli. Treatment of animals with cycloheximide (eye) or actinomycin D (AD) 

eliminates the E induced stimulation and the stimulatory activity of salt extract from 

nucleoli isolated from E treated animals on control uterine nucleoli. Alkaline phosphatase 

treatment of nucleoli in vitro also is able to eliminate the E induced increase in 

transcriptional activity. Isolated uterine nucleoli and the salt extracts (E treated and 

control) contain active protein kinase(s), which are capable of in vitro phosphorylating a 

number of proteins in nucleoli isolated from control and E treated animals using ATP or 

GTP as substrate. In vivo E treatment results in the phosphorylation of a single protein 

with an apparent molecular weight of 105 kDa. Treatment of animals with AD or eye 

blocks the in vivo phosphorylation of a 105 kDa protein but not the in vitro 

phosphorylation, suggesting that the protein substrates and at least one of the endogenous 

nuclear kinase(s) are not the targets of the metabolic inhibitors. Decreased in vitro 

phosphorylation of a number of other proteins is also observed due to AD or eye 

treatment in vivo. 

In vitro treatment of nucleoli with camptothecin, a specific inhibitor of topoisomerase 

I, was capable of inhibiting the E induced increase in nucleolar RNA synthesis. Results 

showed that topoisomerase was necessary but not sufficient for the E induced increase in 

nucleolar RNA synthesis. Leupeptin, an inhibitor of the processing of nucleolin, a 105 
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kDa phosphoprotein, was also capable of inhibiting E induced increase in nucleolar RNA 

synthesis. These results point to a role of phosphorylation of the 105 kDa protein in the 

early E induced stimulation of nucleolar RNA transcriptional activity. Nucleolin is a 

possible candidate for the 105 kDa protein that is phosphorylated in vivo 
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CHAPTER I 

INTRODUCTION AND BACKGROUND 

The purpose of this research project is to further the understanding of the mechanism 

of estradiol action as it relates to the synthesis of ribosomal RNA using the uterus of the 

ovariectomized mature rat as a model. The synthesis of rRNA has been shown to occur in 

the nucleolus. Therefore the nucleolus is the organelle that is examined in this project. 

The nucleolus is a dense staining nuclear organeUe that contains 3-5 % of the total 

DNA of the mammalian nucleus [1,2]. The only known active genes localized in the 

nucleolus are for the 45 S precursor of rRNA and they comprise only 0.04 % of the total 

genome [2, 3]. Each cell in eukaryotes contains 150-200 copies of this RNA gene [2, 3]. 

Growth in cell size results from increased synthesis of protein and RNA. Since rRNA 

represents 85 % of cellular RNA, the synthesis and accumulation of rRNA is an indicator 

of increased cell size [2,4-6]. Under physiological conditions, growth in size and cell 

DNA repHcation are coordinated and cells do not accept the environmental signal for cell 

DNA repHcation unless they have first responded to the signal for growth in size [2, 4-6]. 

One of the most challenging problems in molecular biology is to determine how the 

signals in the environment regulate ceU growth and ceU proliferation. Determining the 

mechanism by which genes are activated or repressed is critical for understanding how 

ceUs respond to environmental signals for growth control. The nucleolus and rDNA offer 

several advantages for structural and functional studies involved in gene control. Nucleoli 

can be isolated easily in a highly reproducible manner while maintaining functional activity 

[1, 3, 7]. NucleoH contain less than 5 % of the DNA of mammalian ceUs and the only 

known active genes in the organeUe are for the synthesis of pre-rRNA [1, 3, 4]. The 

product, rRNA, is distinguishable from many otiier RNA species by its high GC content, 

and the enzyme that synthesizes rRNA, RNA polymerase I, is present in nucleoli, can be 

isolated in high purity, and is resistant to high concentrations of a amanitin [8-10]. E2 
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(estradiol) regulation of the mammalian uterus is a good model for studies on growth 

control and cell proliferation. E2 stimulation of the uterus results in both uterine 

hypertrophy and hyperplasia with the response to E2 administration occurring in two 

phases, initiation and maintenance [10-14]. Certain responses in the uterus are restricted to 

the early (initiation) phase of E2 action whereas other responses are maintained throughout 

both phases [15, 16]. 

Numerous studies have shown the induction of rRNA synthesis by a variety of 

stimuli, but the precise mechanism by which rRNA synthesis is induced remains to be 

elucidated [12, 15]. Results from this laboratory show that E2 administration to 

ovariectomized mature rats results in an early and late increase in nucleolar transcription 

[17]. E2 regulates the early and late response in nucleolar transcription through different 

molecular mechanisms. Early effects of E2 on increased nucleolar transcription are 

dependent upon the continued synthesis of a short-Hved protein while the long term effect 

of E2 is independent of the synthesis of short-lived proteins [17]. 

MammaHan cells contain heHcal DNA that must be packaged into the nucleus. In 

order to accomplish this packaging, the heHcal DNA molecules of cells are organized into 

several higher orders of structure, including nucleosomes, chromatin fiber and looped 

domains of chromatin fiber [18-20]. Fundamental cellular processes such as DNA 

replication and transcription require the unraveling of the higher ordered structure of 

DNA. DNA topoisomerases are nuclear enzymes that play a central role in this process by 

catalyzing the interconversion of topological isomers of DNA. Topoisomerase I and II 

have been identified in eukaryotes [21]. Topoisomerase n is an ATP, Mg 2+ requiring 

enzyme that catalyzes double stranded DNA breaks and ligations and is thought to play a 

role in DNA repHcation [21-23]. Topoisomerase I activity is independent of ATP and Mg 

2+ and catalyzes single stranded breakage and Hgations [21, 24]. Topoisomerase I is 

preferentiaUy associated witii actively transcribed genes [25, 26], concentrated within 

nucleoli [25-27], enriched within the transcribed regions of rRNA genes [28] and 
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involved in the elongation step of rRNA synthesis [29]. In vivo regulation of 

topoisomerase I does not appear to occur through synthesis, but specific activity of 

topoisomerase I increases in chemicaUy and viraUy transformed ceUs [30], lutenizing 

hormone (LH) stimulated Leydig ceUs [31], and in serum stimulated mouse embryo 

fibroblasts [32]. The mechanism of in vivo stimulation of topoisomerase I activity is 

unknown. Experiments in vitro demonstrate stimulation of topoisomerase I occurs 

through phosphorylation at serine residues [31, 33, 34] and inhibition of activity by 

phosphorylation at tyrosine residues [34]. Interaction of topoisomerase I with high 

mobility group protein (HMG) 17 [35] and physiological concentrations of spermidine 

activated the DNA relaxation activity of topoisomerase I [36]. Activation of topoisomerase 

I alone cannot account for increased transcriptional activity. Specificity of topoisomerase I 

interaction with genes must occur. Whether this interaction is due to specific chromosomal 

proteins or the result of topological alterations in chromatin which faciHtates 

topoisomerase I binding is not known. 

Eukaryotic DNA is packaged within the nucleus in highly ordered structures which 

are dynamic and morphologically and biochemicaUy distinct. The higher ordered 

structures can be physicaUy separated into enriched populations of active and inactive 

genes. Active genes are packaged in an altered nucleosome structure that is less 

condensed, more sensitive to nuclease digestion, contains a different population of 

nonhistone proteins and modified histones, as weU as an altered configuration of DNA 

that may contain modified bases [37-40]. Nucleolar DNA is able to be separated into 

enriched populations of active and inactive chromatin which contains the genes for rRNA. 

In spite of the fact that numerous studies have been performed on characterization of active 

and inactive chromatin the molecular mechanism for regulation of gene activity remains 

unknown. Administration of E2 results in an early increase in the rate of rRNA synthesis. 

Whether this results from a change in the nucleolar chromatin structure, activation of 

topoisomerase I or other molecular mechanisms is not known. Alteration in uterine 
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nucleolar chromatin structure early in E2 action may prepare the nucleolus for the longer 

termed effects of the hormone through structural change induced "facilitated initiation" of 

rRNA synthesis. Molecular mechanisms controlHng initiation are numerous. 

Administration of E2 may result in: (1) modification of the promoter region of active 

rDNA which would allow for increased binding of RNA polymerase I and/or 

transcriptional factors required for initiation, (2) modification of the promoter region of 

inactive rDNA would activate silent rDNA and (3) modification of the structure of the 

coding region of rDNA would allow for previously bound initiation complexes to 

transcribe the gene. E2 administration may result in the activation and/or synthesis of RNA 

polymerase I and transcription factors which could result in increased initiation of rRNA 

transcription. The availability of cloned promoters and coding regions for rDNA have 

made it possible to study the molecular steps involved in initiation and elongation of rRNA 

synthesis [41, 42]. Fractionation studies have identified specific classes of proteins 

required for rRNA synthesis. The activity of the fractionated extracts for rDNA 

transcription is proportional to the rRNA synthesis capacity of the tissue from which the 

extract was obtained [9]. Modification of rDNA promoter regions and/or coding 

sequences or synthesis and/or activation of transcriptional factors may be the molecular 

mechanism of E2 regulated initiation of rRNA synthesis. 

It may also be that phosphorylation is involved in the E2 regulated initiation of rRNA 

synthesis. Phosphorylation has been shown to be involved in a great many of the 

mechanisms of cellular regulation [43, 44]. Phosphorylation has been shown to be capable 

of modulating the activity of RNA polymerase I [45]. It is possible that phosphorylation 

could be involved in the regulation of any of the mechanisms described earlier. 

The data reported in the following studies gives further insight into the mechanism of 

estrogen action in the uterus on normal cells. This project provides data that will be useful 

for those examining other ceU types. It wiU also be a first step in the elucidation of another 

component of the overaU estrogen action pathway. However, certain aspects of the system 

4 



here will not be addressed in this research project. These aspects include potential 

modification of the promoter region or the coding region of the rDNA and any changes in 

the actual histone composition of the chromatin of the rDNA genes. The purpose of this 

research is to obtain data on the estradiol induced protein factors that may act to modify the 

expression of the genes for rRNA. This project is designed to determine what protein 

modifications such as phosphorylation are involved in the estradiol induced increase in the 

synthesis of rRNA. 



CHAPTER II 

CHARACTERIZATION OF THE IN VITRO UTERINE 

NUCLEOLAR TRANSCRIPTIONAL ASSAY SYSTEM 

Introduction 

Characterization of in vivo and in vitro systems is necessary for the establishment of 

optimized conditions; therefore, experiments were designed to characterize the animal 

system and the response of the uterine transcriptional activity to estradiol treatment. The 

animal system used was mature ovariectomized female Sprague-Dawley rats. Time course 

studies on the in vivo effect of a single dose of E2 on the transcriptional activity of isolated 

uterine nucleoH were performed to establish the point of peak transcriptional activity after 

injection of E2 and the earHest point at which the increase in transcriptional activity due to 

E2 was consistentiy elevated. Dose response studies on the effect of a single injection of E2 

at the early time point on the transcriptional activity of isolated uterine nucleoli were 

undertaken. FoUowing establishment of the parameters for the time and dose of E2 

treatment on the transcriptional activity of isolated uterine nucleoli, refinement of the in 

vitro transcriptional assay was undertaken. Linearity of the assay with nucleoH isolated 

from control animals and E2 treated animals was determined to estabHsh the kinetics of 

incorporation and the in vivo effect of E2 on the kinetics of the in vitro assay. AH of this 

was necessary in order to provide a consistent base for the large number of assays that 

were to be run in future experiments and in addition produced data implicating elongation 

rate increases as the primary mechanism of the early E2 effect. 

Any animal assay system is subject to individual variation among the animals used. 

The baseline transcriptional activity, with no E2 treatment, may be increased by a number 

of environmental stressors such as food, water or noise. Fortunately it is possible to 

minimize these stressors with a controlled environment. Variation in the transcriptional 

level of controls did occur but tiie stimulation of transcription due to in vivo E2 treatment 



was readily apparent under most conditions. These types of variations necessitate careful 

use of controls for all experiments. 

Materials and Methods 

Animal treatment 

Mature female albino rats (Small Animal Supply Co., Omaha, NE) weighing 160-

180 g were ovariectomized 3-4 weeks prior to use. 17p-estradiol (E2) was given by a 

single tail vein injection in 0.5 ml of vehicle composed of 5% (v/v) ethanol in isotonic 

saline. The rats were maintained under continuous Hght in a temperature controlled 

environment and had food and water continuously available. 

Nucleolar Isolation 

Groups of 5-20 uteri from identicaUy treated rats were homogenized (2 ml/uterus) in 

homogenization buffer (10 mM TRIS pH 7.4, 10 mM NaCl, 2.5 mM MgCl2 , 0.1 mM 

ZnAc, 0.5 mM PMSF (phenylmetiiylsufonyl fluoride), 1.0 mM NEM (N - ethyl 

maleimide), 1.0 mM pCMS (p-Chloromerciuiphenylsulfonic acid), 10 mM NaF) in a 

Polytron PT20 (Brinkman Instruments, Inc.) at a setting of 4 with 30 second burst with 

intermittent 30 second coolings repeated 3 times. FoUowing homogenization, the samples 

were spun at 1000 x g for 5 minutes. The samples were resuspended in homogenization 

buffer without the inhibitors (NaF, NEM, PMSF, pCMS), mixed 1:1 with Triton wash 

(homogenization solution -1-1% Triton X-100) and passed through an 18 gauge needle. The 

samples were mixed with 1.5 M sucrose to a concentration of 0.5 M sucrose and filtered 

through cheesecloth. The homogenates were centrifuged at 1000 x g for 5 minutes. The 

crude nuclear pellet was resuspended (3 ml/uterus) in nuclear wash (0.34 M sucrose, pH 

7.0) by vigorous vortexing followed by centrifugation at 1000 x g for 15 minutes. This 

step was repeated 3 times. The nuclear peUets were resuspended in nuclear wash (2 

ml/uterus) and layered over 0.88 M sucrose (3 ml/uterus) and centrifuged at 2000 x g for 
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15 minutes. This last step was repeated until clean nuclei were obtained. The clean nuclei 

were resuspended in nuclear wash (0.5 ml/uterus) and then disrupted by sonication using a 

Heats System sonicator W 375 at an output of 70 W for 10 seconds with intermittent 

cooHngs of 30 seconds. Nuclear disruptions usually required a total of 45 seconds of 

sonication and were monitored by staining a smaU aHquot of nuclei with 0.1% (w/v) 

methylene blue then viewed by light microscopy. The nucleoH were isolated from the other 

nuclear components by sedimentation through 0.88 M sucrose (2-3 times the volume of the 

nuclear suspension) at 2000 x g for 20 minutes. Nucleoli were resuspended in nuclear 

wash buffer (0.5 ml/uterus) and layered over 1.2 M Sucrose (2-3 times the nuclear 

suspension) and centrifuged at 2000 x g for 20 minutes. This step was repeated until clean 

nucleoH were obtained. Nucleoli were then resuspended in a smaU volume (0.25-0.5 

ml/uterus) of TGMED (50 mM TRIS-HCl, pH 8.0; 25% v/v glycerol; 5 mM MgCh; 

0.1 mM EDTA; 1.5 mM dithiothreitol) containing 50 mM NaCl and centrifuged at 2000 x g 

for 15 minutes to remove any non-nucleolar DNA. The nucleoH were then resuspended in a 

small volume (0.25-0.5 ml/uterus) of TGMED and immediately assayed or frozen at -80° C 

for use at a later time. We found that freezing nucleoli had no effect on RNA synthesis 

capacity. 

In vitro Transcriptional Assay 

The RNA synthesis capacity of isolated uterine nucleoli was determined by measuring 

the rate of incorporation of [ 5 ,6-3H ]-UTP into cold trichloroacetic acid insoluble 

material. The reaction mixture (0.2 ml) had the foUowing composition: 25 mM TRIS-HCl, 

pH 8.0; 12.5% (v/v) glycerol; 5 mM MgCl; 0.05 mM EDTA; 0.75 mM dithiothreitol; 50 

mM KCl; 0.4 mM ATP; 0.4 mM GTP; 0.4 mM CTP 0.05 mM unlabeled UTP; 2.5 }iCi 

[5 ,6 -3H]-UTP (46 Ci/mmol). Typical assays containing 1-5 |ig of nucleolar DNA were 

incubated at 37° C for 15 minutes. The assay was terminated by the addition of 5 ml of cold 

20% (w/v) trichloroacetic acid containing 1% (w/v) pyrophosphate. Bovine serum albumin 
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(400|j.g) was added and the reaction was incubated at 4° C for Ih. The acid insoluble 

material was then collected on glass fiber filters, washed 4 times with 5 ml of cold 5% 

trichloroacetic acid and 2 times with 5 ml of ethanol. The filters were dried and solubilized 

in 0.5 ml of NCS Tissue SolubiHzers (Amersham/Searle, Chicago, IL), and counted after 

the addition of 10 ml of a toluene based scintillator. Zero time controls were run with each 

assay and radioactivity in the unincubated samples was subtracted from the radioactivity in 

the incubated samples for the determination of the rate of RNA synthesis (CPM or pmoles 

of [5,6-3H]- UTP incorporated into RNA/|ig DNA/15 minutes) by the isolated nucleoli. 

DNA Assay 

The DNA content of the nucleoli was measured by Hoechst 33258 fluorescent dye 

binding. The assay was conducted as follows: 10 - 20 |J.l of nucleolar suspension were 

added to 4 ml of assay solution (2 M NaCl, 0.001 M EDTA, 0.04 M Na Phosphate, pH 

7.0) and 40 }il of a solution (0.2 mg / ml) of Hoechst 33258 fluorescent dye was added and 

the mixture vortexed. The mixture was aUowed to stand 30 minutes at room temperature 

and the fluorescence was then measured (excitation 358 nM, emission 458 nM, sHt width = 

7). A standard curve was determined at the same time as each group of nucleolar samples. 

a-Amanitin Treatment 

The effect of a-amanitin on transcriptional activity was determined using the standard 

transcriptional assay described above with 1 |j.g / ml of a-amanitin added to the in vitro 

assay mixture. 



Results 

Time Course of Estradiol Response on Transcriptional 
Activity in Uterine Nucleoli 

A single injection of E2 was shown to increase transcriptional activity in nucleoH 

isolated from the uteri of E2 treated animals relative to those isolated from control animals. 

FoUowing a single injection of E2 an increase in transcriptional activity is seen within 30 

minutes with the increased activity becoming significant and consistent after 2-4 hours. The 

peak transcriptional activity is seen at 24 hours post injection and the transcriptional activity 

begins to fall after 24 hours and by 48 hours the activity is near control transcriptional 

levels. Data shown in Figure 2.1. Since by 4 hours after injection the transcriptional 

activity of the nucleoH from E2 treated animals is significantly elevated above that of the 

control nucleoli, this time point was used in later experiments as the early time point of E2 

treatments. 

Dose Response of Uterine Nucleolar Transcriptional Activity 
to Estradiol Treatment 

Investigation into the effect of varying the dosage of E2 while keeping the time from 

injection to sacrifice constant at 4 hours on the change in the in vitro transcriptional activity 

induced by in vivo E2 treatment was undertaken. The results of the experiment are given in 

Figure 2.2. The transcriptional activity of isolated uterine nucleoH responds in a Hnear 

manner to in vivo treatment of animals with E2 up to a dose of 2.5 |ig per animal with 

maximum activities seen at this dose. Higher in vivo doses of E2 (5 and 10 |ig) result in 

decreased transcriptional activity of the isolated uterine nucleoli. 

Linearity of the in vitro Transcriptional Activity Assay 

Isolation and assay conditions used for measuring transcriptional activity of uterine 

nucleoH allow for the measurement of elongation of previously initiated RNA chains while 

initiation of new RNA chains during the in vitro assay does not occur due to the loss or 
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inactivation of initiation factors such as RNA polymerase tiiat is not in the act of 

transcribing DNA. Addition of poly d(AT) or calf tiiymus DNA does not detect any RNA 

polymerase activity above that seen in their absence confirming that free RNA polymerase 

molecules are not present with the isolated uterine nucleoli (data not shown). The data 

describing the linearity of the in vitro assay for transcriptional activity of isolated uterine 

nucleoli is seen in Figure 2.3. The results showed that the transcriptional activity measured 

by the incorporation of ^H-UTP into TCA insoluble material remained linear through 10 

minutes with uterine nucleoli isolated from either control or E2 treated animals. The 

incorporation of UTP is stimulated 2-fold in the uterine nucleoli isolated from 4 hour E2 

treated animals compared to nucleoli isolated from control animals. However, the total 

incorporation for uterine nucleoli isolated from control animals at the longest incubation 

time (25 minutes) was equal to the incorporation seen in uterine nucleoli isolated from E2 

treated animals. The rate of incorporation of UTP in nucleoH isolated from E2 treated 

animals plateaued earHer and the nucleoli isolated from control animals plateaued later at the 

same level, resulting in no significant difference in total incorporation at 25 minutes. These 

results suggest that there is either no significant difference in chain number in the act of 

synthesis in nucleoH isolated from control or E2 treated animals because the presence of 

more RNA chains should result in a plateau at a higher level of incorporation or premature 

termination of RNA synthesis is occurring in the uterine nucleoli isolated from E2 treated 

animals and not in nucleoli isolated from control animals. If initiation was not the primary 

mechanism of the early E2-induced transcriptional increase in uterine nucleoH then it 

appears tiiat E2 induces an increase in the elongation rate of the RNA polymerase I. This is 

consistent with the data showing both uterine nucleoli isolated from E2 treated and control 

animals plateau at the same level at longer times of incubation while initial velocity 

conditions established an increased incorporation of UTP by uterine nucleoli isolated from 

4 hour E2 treated animals. 
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Effect of a-Amanitin on Uterine Nucleolar 
Transcriptional Activity 

The nucleolus has been shown to be the site of ribosomal RNA genes and rRNA 

synthesis. Ribosomal RNA syntiiesis for all but tiie 5S RNA is due to the action of RNA 

polymerase I. The activity of RNA polymerase I is not changed by the inhibitor a-

amanitin. The activities of RNA polymerase n, responsible for the synthesis of mRNA, 

and RNA polymerase in which transcribes the genes responsible for transfer RNA 5S 

RNA and some small RNAs are inhibited by a-amanitin. Addition of a-amanitin to the in 

vitro nucleolar assay determines the extent of incorporation of UTP which represents RNA 

synthesis catalyzed by polymerases other than RNA polymerase I and would reflect the 

extent of contamination of these polymerases in the nucleolar preparation. The results 

shown in Figure 2.4 indicate no significant effect by a-amanitin on the transcriptional 

activity of either nucleoH isolated from control animals or 4 hour E2 treated animals. This 

data indicates that the RNA synthesis observed is due to a-amanitin resistant synthesis 

(RNA Polymerase I) presumably ribosomal RNA synthesis with no evidence of 

contamination by other RNA polymerase activity. This also indicates that the isolation 

procedure is producing relatively clean nucleoH with minimal contamination by 

extranucleolar chromatin. The a-amanitin was not used in subsequent assays due to the 

insignificant effect on transcriptional activity in our system. 

Discussion 

The first objective of the reported experiments was to optimize the animal treatment 

regime to dose of estradiol and time of estradiol exposure that eHcit the maximal estradiol 

induced RNA synthesis capacity from isolated uterine nucleoH compared witii tiie RNA 

synthesis capacity of uterine nucleoH isolated from control (non E2 treated) animals. The 

results reported indicate tiiat administration of estradiol to ovariectomized mature rats 

results in a continuous increase in transcriptional activity of isolated uterine nucleoH with a 
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significant increase at 4 hr and the peak increase at 24 hr. The administration of estradiol to 

ovariectomized mature rats results in a significant stimulation of transcriptional activity both 

at the early and late time points that is reproducible under tiie experimental conditions 

employed. The increased rate of nucleolar RNA synthesis responds in a dose dependent 

manner up to 2.5 |J.g of estradiol. Higher doses of estradiol (5 |ig and 10 jig) result in a 

reduced response. The mechanism by which estradiol elicited this decreased response was 

not investigated. 

Increased transcriptional activity measured by ^H-UTP incorporation in isolated 

uterine nucleoH could be due to a number of mechanisms, two of which are an increase in 

the number of RNA chains in the act of synthesis which would have occurred in vivo, or 

and increase in the rate of elongation of RNA synthesis catalyzed by the same number of 

RNA polymerase I molecules. In order to determine the effect of in vivo E2 treatment on 

both of these parameters initial velocity conditions for the in vitro assay had to be 

established The results presented demonstrate that the rate of reaction is linear for the first 

10 minutes of incubation, and during initial velocity conditions the uterine nucleoH isolated 

from estradiol treated animals incorporate significantiy more UTP compared to nucleoli 

isolated from non-hormone treated animals. During longer times of incubation the RNA 

synthesis capacity of nucleoli isolated from the uterus of estradiol treated animals plateaus 

while the transcription of RNA in nucleoH isolated from control animals continued in a 

Hnear fashion. The total RNA synthesis capacity of nucleoli isolated from control and 

hormone treated animals is equal foUowing a 20 minute incubation. These results suggest 

that the early (4 hours) estradiol treatment in vivo results in an increased rate of elongation 

of previously initiated RNA chains while having no significant effect on initiation. If 

estradiol treatment was increasing the number of RNA chains in the act of synthesis then 

the stimulatory effect measured in the in vitro assay should have been observed at all time 

points of incubation. The data present support this hypothesis but direct measurement of 
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tiie number of RNA chains in the act of synthesis and the effect of estradiol treatment in 

vivo on this parameter is required and wiU be addressed in the next chapter. 
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Figure 2.1 - Effect of estradiol given in vivo for varying periods of time on the level of 
RNA synthesis in isolated uterine nucleoli. Groups of 10 animals were given 2.5 |ig of E2 
per animal by intravenous injection. Animals were sacrificed at the indicated times and the 
uteri frozen at - 80° C untU used. NucleoH were isolated and assayed by ^H-UTP 
incorporation for the determination of nucleolar transcriptional activity. Values are shown 
as mean CPM / fig DNA ± SEM 
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Figure 2.2 - Effect of injection of increasing doses of estradiol into ovariectomized mature 
rats on the rate of RNA synthesis of isolated uterine nucleoH. Groups of 10 animals were 
given the indicated dose of estradiol by intravenous injection. Animals were sacrificed at 4 
hours post injection and the uteri frozen at - 80° C untU used. NucleoH were isolated and 
assayed by ^H-UTP incorporation for the determination of nucleolar transcriptional 
activity. Values are shown as mean CPM / [ig DNA ± SEM 
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Figure 2.3 - Effect of varying the time of incubation of the in vitro transcriptional assay on 
RNA synthesis capacity of isolated uterine nucleoli. Groups of 10 animals were given 2.5 
|j.g of E2 per animal by intravenous injection. Animals were sacrificed at 4 hours post 
injection and the uteri frozen at - 80° C untU used. NucleoH were isolated and assayed by 
^H-UTP incorporation for the times indicated for the determination of nucleolar 
transcriptional activity. Values are total CPM incorporated into TCA insoluble material. 
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Figure 2.4 - Effect of a amanitin on transcriptional activity of isolated uterine nucleoli. 
Groups of 10 animals were given 2.5 |ag of E2 or carrier per animal by intravenous 
injection. Animals were sacrificed at 4 hours post injection and the uteri frozen at - 80° C 
until used. NucleoH were isolated and assayed by ^H-UTP incorporation in the presence or 
absence of a - amanitin (1 |Lig / assay) for the determination of nucleolar transcriptional 
activity. Values are mean CPM / |ig DNA ± SEM. 
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CHAPTER m 

CHARACTERIZATION OF THE MECHANISM OF 

THE E2 -INDUCED INCREASE IN UTERINE 

TRANSCRIPTIONAL ACTIVITY 

Introduction 

The data presented in the previous chapter demonstrate that E2 stimulates nucleolar 

RNA synthesis with a significant increase at early (4 hours) and the peak increase at the 

late (24 hours) times after the injection of hormone. These data also suggest that the early 

effect of E2 may be a stimulation of the rate of nucleolar RNA synthesis. Further 

experimentation is required in order to determine the mechanism of the E2-induced 

increase in transcriptional activity of nucleoli isolated from the rat uterus at the early 4 

hours time point and late 24 hours time points. 

Two major possible mechanisms of the E2-induced increase in transcriptional activity 

are an increase in the total number of RNA chains being synthesized (an increase in total 

initiation) or an increase in the rate at which the RNA polymerase traverses the DNA 

template (an increase in the rate of elongation). Either of these mechanisms could explain 

the increase in transcriptional activity seen with E2 treatment because they are not 

mutually exclusive. It is probable that both of these mechanisms have at least some 

involvement in the E2-induced increase in transcriptional activity in uterine nucleoli but 

the time course of appearance might be different for each mechanism. That is, different 

mechanisms may predominate at different times during the course of estrogen action. 

RNA polymerase I requires the presence of otiier protein factors to initiate 

transcription on the DNA template [4, 46]. Increased initiation could be accomplished by 

synthesis of new transcription factors, activation of pre-existing but inactive transcription 

factors or by modification of tiie RNA polymerase I protein itself [8, 9, 13, 47-51]. 

Modification of the polymerase has been shown to be capable of down regulating tiie 
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activity of RNA polymerase I by preventing the polymerase I molecule from initiating on 

the DNA template [8]. Initiation factors can also be modified to prevent or increase 

binding to the DNA template [52]. Another possibility is that the DNA template is 

modified so that the rDNA promoter site is more easily accessible to the initiation factors 

thereby resulting m an increase in initiation [20, 53, 54]. The end result of any or aU of 

these potential mechanisms would be an increased number of rRNA chains being 

synthesized in response to treatment of the animal with E2. The increased number of 

chains would result therefore in an increase in total RNA synthesis. 

The other possible mechanism by which E2 treatment results in an increased 

transcriptional activity of RNA polymerase I is to increase the rate of elongation of the 

nascent rRNA chain already in the act of synthesis. Such an increase in elongation rate 

would produce no significant change in total chain number while producing a significant 

increase in overall rRNA synthesis activity within the time frame of this assay. Such a 

change would probably require either modification of the RNA polymerase I molecule or 

changes in the rDNA template [28, 53-55]. Phosphorylation by nuclear kinase n has 

been shown to be capable of increasing the transcriptional activity of purified hepatoma 

RNA polymerase I [44, 56]. Changes in the chromatin structure could be due to activity 

of the topoisomerase enzymes or other factors such as kinases [35, 57-59]. 

Topoisomerase I has been shown to be present in the area of active ribosomal RNA genes 

and to be enriched in the nucleolus [27, 29]. Topoisomerase I is an enzyme that relaxes 

supercoiled DNA and appears to be present in tiie area of most active genes including 

rRNA [24, 29]. The buildup of supercoiHng during transcription can act as a 

transcriptional block and reduce or terminate RNA synthesis [60]. Topoisomerase or 

some other factor could alter the chromatin structure of tiie active ribosomal RNA genes 

and increase tiie rate of elongation and thus increase total transcription [28, 29, 61]. 

Changes in the structure of chromatin, particularly in the region of the promoter, could 

also increase tiie level of initiation on the rRNA genes as described earlier. 
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Other investigators have found evidence impHcating an increase in RNA chain 

number in the E2-induced increase in transcriptional activity but in these investigations 

time points much greater than 4 hours were employed between injection and sacrifice of 

the animal [51, 62]. The E2 response of immature rats at early time points has been 

examined [12]. These investigators used isolated uterine nuclei and demonstrated an E2-

induced increase m the rate of elongation of RNA synthesis. The type of RNA that was 

affected by E2 was not determined but was presumed to be ribosomal RNA. Data 

obtained during the characterization of the system used here (see Chapter II) indicates that 

the effect of E2 on transcriptional activity can be detected within 30 minutes after injection 

and that the peak of transcriptional activity occurs at 24 hours after a single injection. By 

48 hours after a single injection the transcriptional activity has retumed to the level found 

in nucleoH from the uteri of control animals. Therefore, the examination of the relative 

contribution of the two mechanisms, initiation and elongation, to the E2-induced increase 

in uterine nucleolar transcriptional activity was undertaken. Initiation is measured directiy 

by determining the incorporation of a ^^p-iabeled nucleotide, cordycepin. This agent acts 

as a chain terminator when incorporated into the nascent RNA chain. Cordycepin is a 

deoxy nucleotide that is an analog of ATP and can therefore be incorporated into the RNA 

chain but because an -OH is missing no further nucleotide incorporation is possible and 

the chain is terminated. Therefore exactiy one labeled nucleotide exists in each chain. 

New chains are not initiated in the assay system employed. The data shown in Chapter II 

also indicates that the incorporation of ^H-UTP plateaus and eventuaUy no further 

incorporation is seen with time. If re-initiation occurs then the time point of the plateau 

would be expected to occur at longer times than what is employed in the uterine 

transcription assay. If re-initiation occurs then tiie primary determinant of the plateau time 

would be tiie loss or deterioration of the RNA polymerase or initiation factors. 

Transcription is determined by ^H-UTP incorporation into the nascent chain. This system 

can incorporate multiple labeled nucleotides into a single RNA chain in proportion to the 
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total rRNA synthesis. The elongation rate is determined by taking the ratio of the values 

of total transcription as pmoles (lO-̂ ^ moles, picomoles) incorporated to total 

incorporation of cordycepin as pmoles. 

Regardless of whether elongation or initiation increases in response to treatment with 

E2, it is highly unlikely that this is due to a direct effect of estradiol. The usual mode of 

action for estradiol involves binding to a receptor and then tiie E2-receptor complex binds 

to the steroid responsive elements of some genes and activates these genes [4]. The 

products of the activated genes may either be the end product of the pathway or may act 

on other genes and proteins to produce an indirect effect [4]. The nucleolus does not 

contain E2 receptors therefore a direct effect of the E2 -receptor complex on a specific 

gene does not occur [11]. There are also no sequences characteristic of the estrogen 

responsive elements found on the known rDNA sequences as determined by a search of 

GenBank [63]. This would indicate that the mechanism of the estradiol effect on rDNA 

transcription must be an indirect one involving activation of pre-existing components 

such as RNA and protein or activation of some other genes with the products of these 

genes entering the nucleolus and causing either directiy or indirectly the increase in 

transcriptional activity. These gene products could bind to or modify the RNA 

polymerase I enzyme or some factor on the chromatin and may be tightly or loosely 

associated with the nucleolus. If this is the case then it might be possible to remove these 

factors intact by extracting with various concentrations of salt. The RNA polymerase 

molecule is known to be very tightly bound once it has become engaged on the DNA 

template so that even high salt would not remove active polymerase I [48]. Salt extraction 

is unHkely,therefore to remove any engaged RNA polymerase but could remove proteins 

that are "loosely" bound to either the RNA polymerase I molecule or to the chromatin. 

Removal of tiie activating factors for the E2-induced increase in transcription activity or 

removal of inhibitors of transcription would cause a change in the level of transcriptional 

activity only if these factors must continually be present during transcription. If these 

22 



factors make a permanent change in the RNA polymerase or the chromatin structure then 

their removal should have no effect [55]. Factors that must be continuaUy present must 

either have a short half-life or require a labile modification for activation. It is also 

possible that these factors may require continued protein synthesis in order to maintain 

the increased transcriptional activity induced by E2. 

These experiments in Chapter LQ are designed to provide more data on the 

mechanism of the E2-induced increase in transcriptional activity in uterine nucleoli by 

answering the foUowing questions: 

1. Is the increase in transcriptional activity due to increased initiation and/or to an 

increased rate of elongation of the nascent change at both the early (4 hours) 

and late (24 hours) time points after injection and are the mechanisms of action 

different between the early and late time points? 

2. Do the factors which mediate the E2-induced increase in transcriptional activity 

in uterine nucleoli need to be continuaUy present throughout the transcriptional 

assay for maintenance of the E2-induced transcriptional effect? 

3. Is continued protein synthesis necessary for the E2-induced increase in 

transcriptional activity in uterine nucleoH? 

4. If the factors which mediate the E2-induced increase in uterine nucleolar 

transcriptional activity are extracted by salt then can the resulting salt extract be 

used to reconstitute the system on previously extracted nucleoli or perhaps 

stimulate transcription in control nucleoli? 

Materials and Methods 

Assay for Number of Chains 

The number of RNA chains being synthesized in isolated uterine nucleoH are 

determined by sHght modification of the metiiod of Olszewski and Guilfoyle [64]. The 
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reaction mixture (0.2 ml) had the foUowing composition: 25 mM Tris-HCl, pH 8.0; 

12.5% (v/v) glycerol; 5 mM MgCl; 0.05 mM EDTA; 0.75 mM dithiotiireitol; 50 mM 

KCl; 0.4 mM GTP; 0.4 mM CTP; 0.4 mM UTP; 2.5 mM unlabeled cordycepin 5'-

triphosphate and 2.5 uCi [a^^P]-cordycepin 5'-triphosphate (3000 Ci/mmol). Reactions 

containing 1-5 ug uterine nucleolar DNA are incubated at 37° C for 10 minutes. The assay 

is terminated by the addition of 5 ml of cold 20% (w/v) trichloroacetic acid containmg 1% 

(w/v) pyrophosphate. Bovine Serum albumin (400 \ig ) is then added and the reaction 

incubated at 4° C for 1 hour. The acid insoluble material was then collected on glass fiber 

filters, washed 4 times with 5 ml of cold 5% trichloroacetic acid and 2 times with 5 ml of 

ethanol. The filters were dried and solubiHzed in 0.5 ml of NCS Tissue SolubiHzers 

(Amersham/Searle, Chicago, IL), and counted after the addition of 10 ml of a toluene 

based scintillator. Zero time controls were run with each assay and radioactivity in the 

unincubated samples was subtracted from the radioactivity in the incubated samples for 

the determination of the number of nucleolar RNA chains (CPM of [a^^p].cordycepin 

5'-triphosphate incorporated into RNA/|j,g DNA) by the isolated uterine nucleoli. 

Uterine Nucleolar Salt Extraction and Reconstitution 

Uterine nucleoH were reisolated by centrifugation, resuspended in TGMED 

containing 50 mM or 150 mM NaCl and allowed to extract 45 minutes with agitation 

every 15 minutes at 4° C. Following extraction uterine nucleoli were reisolated by 

centrifugation, salt extracted supematants were reserved and pelleted nucleoli were 

resuspended in TGMED. Resuspension and reisolation of the nucleoH were repeated 

twice in order to remove any remaining NaCl prior to transcriptional assay or 

reconstitution. 

The 150 mM NaCl extract was diluted 2:1 with TGMED thereby reducing tiie salt 

concentration to 50 mM. Unextracted uterine nucleoH isolated from control animals were 

resuspended in the dUuted salt extract and reconstitution was allowed to take place for 45 

24 



minutes at 4° C with agitation every 15 minutes. Nucleoli were then assayed under 

standard nucleolar transcriptional conditions as described in Chapter n in the presence of 

the salt extracted fractions. 

Cycloheximide Treatment 

Groups of 10 rats were injected with 17P-estradiol (E2 2.5 |ig) in 0.5 ml of vehicle 

composed of 5% (v/v) ethanol in isotonic saHne or the vehicle alone via the taU vein. 

Cycloheximide (400 |j.g/animal) was also administered to some groups via a transcervical 

intrauterine route in a vehicle of 0.3M NaCl at the same time as the E2 injection and the 

animals were sacrificed at either 4 or 24 hours after the injection of the E2. The uterine 

nucleoH were isolated and assayed for transcriptional activity as described in Chapter 2. 

Protein Synthesis 

Groups of 10 rats were injected with 17p-estradiol (E2 2.5 |J.g) in 0.5 ml of vehicle 

composed of 5% (v/v) ethanol in isotonic saline or the vehicle alone via the taU vein. 

[4,5-3H]-leucine (40 Ci/mmol) or [i4C(U)]-leucine (300 mCi/mmol) was 

administered by the transcervical intrauterine route in a vehicle composed of 0.3 M NaCl 

simultaneously with the E2 or control injections. The uterine nucleoli were isolated and an 

smaU aHquot assayed for transcriptional activity as described in Chapter n. Nucleolar 

proteins from the remaining nucleoH were separated on sodium dodecyl sulfate-

polyacrylamide gels in Hnear gradient of 7.5-20% acrylamide according to tiie method of 

Laemimli [65]. Gels were sliced in 1.5 mm sections and solubUized in 1 ml of NCS 

Tissue SolubiHzer (Amersham/Searle, Chicago, IL) ovemight at 25° C and counted after 

the addition of 10 ml of a toluene-based scintUlator. 
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Results 

Primary Mechanism of the E2-induced Increase in 
Transcriptional Activity 

This experiment was designed to determine whether tiie primary mechanism of the 

E2-induced increase in transcriptional activity was increased elongation of nascent chains 

or increased chain number. The experiment used the incorporation of labeled cordycepin, 

a deoxy ATP analog, into the nascent RNA chains to measure the number of chains 

present. Cordycepin can be incorporated into the elongating RNA chain in the same way 

as ATP but because it is a deoxy nucleotide no further addition to the chain is possible. 

Therefore exactiy one molecule of cordycepin is incorporated into each chain. OveraU 

transcriptional activity was measured using ^H-UTP incorporation. The rate of elongation 

was calculated as the ratio of total transcriptional activity to chain number. The results 

shown in Figure 3.1 indicate that the primary mechanism for the E2-induced increase in 

transcriptional activity at the early time point (4 hours) is an increase in the rate of 

elongation of the nascent rRNA chains with no significant increase in the number of 

chains being synthesized. E2 treatment for 4 hours results in a 200% increase in the 

transcriptional activity of uterine nucleoH compared witii uterine nucleoH isolated from 

control animals. At 24 hours after injection there is a significant increase (100% over 

control) in the number of chains being synthesized and an increase in the rate of 

elongation (200% above control) of the nascent rRNA chains. This indicates that there 

may be two different mechanisms at work in the E2-induced increase in transcriptional 

activity. Most earHer investigators of simUar systems had reported an increase in initiation 

as the mechanism by which stimulation increased transcriptional activity. This earlier 

work had been done at a time point closer to our long time point (24 hours), littie is 

known about the mechanisms of stimulation of transcriptional activity in the first few 

hours after hormone administration. Some work has been done at shorter time points, 

Barry and Gorski [12] investigating the mechanism of E2 action on nuclear RNA 
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synthesis, had shown that 2 hours after E2 treatment of immature rats there was an 

increased rate of elongation of RNA synthesis witii no effect on the number of RNA 

chains being synthesized in isolated uterine nuclei. The type of RNA being syntiiesized 

and effected by E2 treatment was not identified but it was presumed to be ribosomal RNA 

Salt Extraction of Uterine NucleoH 

Experiments were then designed to determine whether the E2-induced increase in 

transcriptional activity was due to an effect of E2 on components that were loosely 

associated with the nucleolus and therefore able to be removed by low salt extraction. 

Uterine nucleoli were isolated from control, 4 and 24 hour E2 treated animals. Nucleoli 

were extracted with either 50 mM or other concentration (100, 150, 200, 250 mM) NaCl 

at 4° C for 45 minutes. Nucleoli were reisolated and assayed for transcriptional activity, 

RNA chain number and rate of RNA chain growth as described in Materials and 

Methods. Optimization of the salt concentration required to eHminate the E2-induced 

increase in the RNA synthesis capacity of uterine nucleoH whUe having minimum effect 

on the transcriptional activity of nucleoH isolated from the uteri of control animals was 

undertaken. The results shown in Figure 3.2 indicate that the best salt extraction is 

achieved at 150 mM NaCl for nucleoH isolated from animals treated with E2 4 hours prior 

to sacrifice but this has very littie effect on transcription of nucleoli from animals treated 

with E2 24 hours prior to sacrifice. The results also indicate that higher salt 

concentrations (>200 mM) would reduce transcriptional activity of nucleoH of eitiier 

estrogen time point. NucleoH from control animals are not significantiy affected untU the 

salt concentration exceeded 250 mM. The salt concentration of 150 mM NaCl is to be 

used for the extractions in further experiments because this concentration can differentiate 

between the nucleoli from 4 hour and 24 hour E2 treated animals. NucleoH from the uteri 

of E2 treated animals (24 hours) showed a 10% drop in transcriptional activity after 150 

mM NaCl extraction relative to 50 mM salt extraction, nucleoli from 4 hour E2 treated 
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animals showed a 53% drop in transcriptional activity whUe nucleoli from control animals 

exhibited a 12% drop in transcriptional activity. Note that tiie graph in Figure 3.2 shows 

the greatest reduction in the activity of the nucleoli from the uteri of E2 treated (4 hours) 

animals without reducing significantly the activity of either the nucleoli from control or 

from 24 hour E2 treated animals. Concentrations above this level (>200-250 mM) tend to 

have a significant effect on the transcriptional activity of aU treatment groups, reducing 

the transcriptional activity to a very low level in all groups. The differences in 

transcriptional activity due to in vivo E2 treatment are eliminated by this treatment. 

Concentrations above 200 mM NaCl have also caused a nonspecific increase in 

transcriptional activity in nucleoli isolated from either control animals or from E2 treated 

animals due to removal of excessive nonhistone and loosely associated histone proteins 

and the resulting loss of the attenuating activity of these proteins on transcriptional 

activity (data not shown). In either case the differences between the E2 treated and control 

groups are eliminated by this salt treatment. 

The determination of the optimum time for salt extraction using the 150 mM NaCl 

concentration was undertaken. The results shown in Figure 3.3 indicate that >30 minutes 

is sufficient to produce maximal reduction of transcriptional activity in nucleoli from E2 

treated animals at the early time point. The time used in further experiments is 45 minutes 

at 4°C for the salt extraction. 

Effect of Salt Extraction on the Elongation Rate and 
Initiation of RNA Synthesis of Isolated Uterine NucleoH 

With the basic characterization of the salt extraction completed, determination of the 

effect of salt extraction on tiie elongation rate and initiation of nucleoH from E2 treated and 

control animals was undertaken. The results presented in Figure 3.4 show that salt 

extraction reduces overall transcription in nucleoH from E2 treated animals (4 hours) by 

70% while having no significant effect on transcription of nucleoH from control and a 

minimal but not significant effect of < 20% on nucleoli from E2 treated animals (24 
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hours). Salt extraction reduces the elongation rate of E2 treated nucleoH (4 hours) by 75% 

to near that of nucleoH from control animals while having a much smaller effect of about 

20% on nucleoli from animals freated with E2 for 24 hours prior to sacrifice. As 

expected, salt extraction has no effect on the number of chains in tiie act of being 

synthesized in nucleoH from either control or E2 treated animals. 

Effect of Salt Extract from Nucleoli Isolated from the Uteri 
of E2 Treated Animals on the Transcriptional Activity of 

Nucleoli from the Uteri of Control Animals 

The previous experiments demonstrate that in vivo E2-induced increases in nucleolar 

RNA synthesis can be eliminated by low salt extraction of isolated uterine nucleoli. The 

effect of salt could be due to the inactivation of nucleolar components or the removal of 

active components from the nucleoli. Reconstitution experiments have the potential to 

discriminate between these two effects of salt extraction. Initial experiments were 

attempts to reconstitute nucleolar RNA synthesis capacity employing previously extracted 

nucleoli but these experiments were unsuccessful, perhaps indicating that the process of 

salt extraction damages the nucleoli in some way (data not shown). It was however, 

possible to use salt extract from uterine nucleoH isolated from E2 treated animals to 

stimulate transcriptional activity in uterine nucleoli isolated from control animals. A 

similar salt extract from control nucleoli is not capable of stimulating transcriptional 

activity in nucleoH isolated from control animals. The increase in transcriptional activity 

induced by the salt extract isolated from the nucleoH of E2 stimulated animals on the 

transcriptional activity of nucleoli isolated from the uteri of control animals is shown by 

the data in Figure 3.5 to be due to an increase in the elongation rate of the nascent chains 

and not due to any increase in the number of chains that are being synthesized. The 

Figure shows that tiie ^H - UTP incorporation increased significantly but the 32p. 

Cordycepin incorporation did not change significantly from the levels found in normal 

29 



nucleoli from control animals. This indicates a significant increase of about 300% in the 

rate of elongation of the nascent RNA chains 

Experiments were also performed to determine if tiie salt extract elicited a similar 

response on transcriptional activity whether extracts were present during the assay or 

removed following preincubation with uterine nucleoH but prior to transcriptional assay. 

The results shown in Figure 3.6 indicate that a greater increase in transcriptional activity 

is found if the salt extract remains during the assay but that a significant increase in 

transcriptional activity is found even after the removal of the salt extract prior to the 

transcriptional assay. Because of the greater magnitude of the transcriptional increase 

induced when the salt extract remained during the assay it was decided to conduct all 

further assays with the salt extract present during the transcriptional assay. 

Effect of in vivo Cycloheximide Treatment on the E2-
induced Increase in Uterine Nucleolar Transcriptional 

Activity 

The effect of protein synthesis inhibition on the E2-induced mcrease in uterine 

nucleolar transcriptional activity was measured using the protein synthesis inhibitor 

cycloheximide. Cycloheximide given at the same time as the E2 injection or 1 hour prior 

to sacrifice is capable of completely eliminating the increased transcriptional activity in 

isolated uterine nucleoH that is normaUy induced by tiie E2 injection at tiie early (4 hours) 

trnie point as shown in Figure 3.7. Cycloheximide given 1 hour prior to sacrifice is not 

capable of eUminating the E2-induced increase in uterine nucleolar transcriptional activity 

at the long time point (24 hours). This indicates that by 24 hours after injection the E2-

induced increase in uterine nucleolar transcriptional activity is no longer dependent on the 

continued synthesis of short-lived proteins. 
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Determination of E2 -Induced Synthesis of Uterine 
Nucleolar Proteins 

Synthesis of a short-Hved protein(s) is apparentiy required for the maintenance of the 

E2 stimulation of uterine nucleolar RNA synthesis during early (4 hours) E2 action as 

demonstrated in Figure 3.7. Investigation into the effect of E2 on the synthesis of 

nucleolar proteins and whether E2-induced proteins are salt extractable. Results presented 

in Figure 3.8 demonstrate that early after E2 treatment (4 hours), a nucleolar protein(s) 

with an apparent molecular weight of 110 kDa experienced a higher rate of synthesis 

when compared with nucleolar proteins synthesized in control animals. This is reflected 

in an increased ratio of [̂ ^C] leucine / [̂ H] leucine incorporation. No nucleolar protein 

was found to contain exclusively [̂ "̂ C] leucine or [̂ H] leucine suggesting no new protein 

is present in uterine nucleoli extract from control or 4 hour E2 treated animals. Ratio of 

[̂ H] leucine to [̂ ^C] leucine did not differ from 1.0, suggesting there was no preferential 

loss of nucleolar protein due to E2 treatment. Salt extracts (150 mM NaCl) of nucleoH 

isolated from animals pulsed with labeled leucine did not contain newly synthesized 

protein(s) (data not shown). 

Discussion 

Previous results have shown that E2 administration to ovariectomized mature rats 

resulted in an increased synthesis of uterine RNA [11-13, 66]. Most of the quantitative 

changes in uterine transcription in E2 treated animals are attributed to the synthesis of 

nucleolar RNA which is presumably ribosomal RNA [11]. Hormone specific, time and 

dose dependent increased nucleolar RNA synthesis is observed following E2 

administration (Chapter II) [11]. Increased transcriptional activity of isolated uterine 

nucleoli is elevated above control levels at both early (4 hours) and late (24 hours) time 

after E2 administration. Even though tiie mechanisms by which E2 stimulates uterine 

nucleolar RNA syntiiesis are not clearly established, certain requirements for tiie E2-
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induced increase in transcriptional activity are apparent. Administration of cycloheximide, 

an inhibitor of protein synthesis, prior to the administration of the hormone or during the 

early phase of E2 action (<4 hours) blocked tiie E2-induced increase in nucleolar 

transcription. If tiie initiation phase of E2 action is allowed to proceed to 8 hours before 

administration of cycloheximide, inhibition of protein synthesis was without effect on the 

E2-induced increase in nucleolar transcription [11]. 

Barry and Gorski, investigating the mechanism of E2 action on nuclear RNA 

synthesis, had shown that 2 hours after E2 treatment of immature rats there was an 

increased rate of elongation of RNA syntiiesis with no effect on the number of RNA 

chains being synthesized in isolated uterine nuclei [12]. The type of RNA being 

synthesized and effected by E2 treatment was not identified but it was presumed to be 

ribosomal RNA. The reaction steps involved in nucleolar RNA synthesis and the steps 

where E2 exerted stimulatory effects have been investigated. Early in E2 (4 hours) action 

increases rate of elongation of preinitiated RNA chains were observed with no apparent 

increase in the number of RNA molecules being synthesized in uterine nucleoH, simUar to 

that seen in the Barry and Gorski study [12]. Longer termed (24 hours) treatment of 

animals with E2 resulted in a significant increased initiation of nucleolar RNA synthesis 

reflected by an increased number of RNA molecules synthesized in isolated uterine 

nucleoli and also an increased elongation rate of nucleolar RNA chain growth. Whether 

nucleolar RNA chains initiated prior to E2 treatment and/or nucleolar RNA chains initiated 

during E2 action are equaUy effected by E2 in the stimulation of the elongation rate is not 

known at this time. 

Nonhistone chromosomal proteins have been shown to play a major role in regulation 

of gene expression [37]. Initially increased synthesis of nonhistone protems occurs in 

cells exhibiting increased gene expression and treatment of tiiese ceUs with cycloheximide 

eHminates tiie stimulation in transcription [40, 67,68]. Chromatin reconstituted with 
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nonhistone proteins from stimulated cells have higher template activity than chromatin 

reconstituted with nonhistone proteins from unstimulated ceUs [69]. Some newly 

synthesized nonhistone proteins are loosely associated with chromatin, tiie proteins are 

easUy removed by a low concentration of salt and may be responsible for increased 

template activity (extraction of chromatin witii low concentration of salts eHminates the 

increase in template activity [37]). The types of RNA and the steps of RNA synthesis 

(initiation and/or elongation) effected by the nonhistone proteins was not addressed in 

this study [37]. Data reported here confirms the importance of loosely bound proteins in 

the regulation of gene activity, specifically nucleolar RNA synthesis. Salt extraction of 

uterine nucleoli isolated from 4 hours E2 treated animals resulted in decreased nucleolar 

transcriptional activity to the level of transcription observed in nucleoH isolated from the 

uterus of control animals. The salt extractable factors are involved in E2 regulation of 

RNA chain elongation. The stimulation in the rate of elongation of nucleolar RNA chain 

growth is eHminated, no effect on the number of RNA chains being synthesized is seen, 

and no effect on the basal elongation rate of nucleolar RNA chain growth in uterine 

nucleoH isolated from control animals is observed in salt extracted nucleoli compared to 

their unextracted counterparts. EHmination of the stimulation in transcriptional activity 

might result from inactivation of factors associated with extracted nucleoH and/or in the 

salt extract. Reconstitution experiments reported in this study have eliminated inactivation 

of stimulatory factors as the cause for decreased nucleolar transcriptional activity. Uterine 

nucleoH isolated from control animals reconstituted with factors salt extracted from 

nucleoH isolated from 4 hour E2 treated animals stimulated the nucleolar transcriptional 

activity to the transcriptional level observed in unextracted nucleoH isolated from uterus of 

4 hour E2 treated animals. The increased transcriptional activity resulted from an 

increased rate of elongation of RNA chain growth; tiiere was no effect on tiie number of 

RNA chains being synthesized. Experimental manipulation of the nucleoH was not 

responsible for the effect observed since salt extraction of nucleoli isolated from control 
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animals had no significant effect on the RNA syntiiesis capacity of the nucleoli, effecting 

neither the rate of RNA chain growth or the number of RNA chains. Salt extracts from 

uterine nucleoH isolated from control animals were ineffective in stimulating or inhibiting 

nucleolar transcriptional activity in reconstituted systems. The salt extractable-E2-

stimulated factor(s) or the role played in regulating elongation rate of nucleolar RNA 

chain growth have not been identified. The factor(s) does not appear to be a newly 

synthesized nucleolar protein(s), at least, not synthesized during the time interval required 

for maintenance of the early E2 (<4 hours) stimulation of elongation rate of nucleolar 

RNA chain growtii. A newly synthesized protein(s) with a molecular weight of about 110 

kDa is found in the nucleoH isolated from the uteri of animals treated with E2 (4 hours). 

This protein, however, is not salt extractable and remains in the residual nucleoH. This 

protein is synthesized at a lower rate in the nucleoH isolated from the uteri of control 

animals. This protein may be involved in the E2-induced increase in transcriptional 

activity or may be another factor whose synthesis is induced by E2 treatment. That there 

are no newly synthesized proteins present in the salt extract implies that the factor(s) in 

the salt extract might be a modifier of a pre-existing protein or a pre-existing protein 

having undergone a post translational modification. 

Salt extracts of nucleoli isolated from 4 hour E2 treated animals could possibly 

contain E2-induced phosphorylated nucleolar protein(s) whether these phosphoprotein(s) 

are involved in regulating uterine nucleolar RNA synthesis is not known. Uterine protein 

kinase(s) activity is regulated by E2 and uterine protein kinase(s) may be the short-Hved 

protein required for the maintenance of E2 stimulation in nucleolar RNA synthesis [70]. 

Regulation of elongation rates might be tiirough, (1) activation of RNA polymerase I 

(subunits of RNA Polymerase I are known to be phosphorylated and activity of RNA 

Polymerase I is affected by phosphorylation [56]); (2) activation of topoisomerase I 

which is concentrated in nucleoH, involved in nucleolar RNA synthesis and is regulated 

by phosphorylation [25-28, 34]; and (3) alteration in nucleolar chromatin structure via a 
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phosphorylation event resulting in faster movement of preinitiated RNA Polymerase I. 

Any or aU of these mechanisms might affect the elongation rate. To resolve this question 

experiments on the purification of the E2-induced-nucleolar salt extractable factor(s) will 

be conducted. 
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Figure 3.1- The effect of E2 on transcriptional activity, number of RNA chains and rate 
of elongation of the RNA chain of uterine nucleoH. Groups of 10 animals were given 
either 2.5 }ig E2 or saline carrier by intravenous injection. Animals were sacrificed at the 
indicated times and the uteri frozen at - 80° C until used. Nucleoli were isolated and 
assayed by ^H-UTP incorporation (Panel A) for the determination of nucleolar 
transcriptional activity and 32p-Cordycepin triphosphate incorporation (Panel B) for 
determination of the number of RNA chains as described in Materials and Methods. Panel 
C shows the rate of elongation of nucleolar RNA chains determined from the ratio of ^H-
UTP incorporation to 32p-Cordycepin triphosphate incorporation. Values are given as 
Mean ± SEM (with the exception of panel C). * P < 0.05 relative to Control using 
ANOVA and Tukeys Test. 
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Figure 3.2 - The effect of extracting uterine nucleoli isolated from control and 4 hour E2 
treated animals with varying concentrations of NaCl on the nucleolar transcriptional 
activity. Groups of 10 animals were given 2.5 |ig E2 or carrier by intravenous injection. 
The animals were sacrificed 4 hours after the injections and the uteri frozen at - 80° C 
untU used. Uterine nucleoH were isolated, extracted with the indicated NaCl concentration 
for 45 minutes at 4 °C following extraction uterine nucleoli were re-isolated by 
centrifugation and pelleted nucleoli were resuspended in TGMED. Nucleoli were then 
assayed by ^H-UTP incorporation for the determination of nucleolar transcriptional 
activity. 
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Figure 3.3 - The effect of 150 mM NaCl extraction for various times on the 
transcriptional activity of isolated uterine nucleoli. Groups of 10 animals were given 2.5 
|Lig E2 by intravenous injection. The animals were sacrificed at 4 hr and the uteri frozen at 
- 80° C until used. Nucleoli were isolated, extracted with 150 mM NaCl at 4° C for the 
indicated times and assayed by ^H-UTP incorporation for 10 minutes. Values plotted are 
mean ± SEM. 
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Figure 3.4 - The effect of 150 mM NaCl extraction on the transcriptional activity, number 
of RNA chains and rate of elongation of the RNA chain of isolated uterine nucleoli. 
Groups of 10 animals were given 2.5 |ig E2 or carrier by intravenous injection. The 
animals were sacrificed at the indicated times and the uteri frozen at - 80° C until used. 
Nucleoli were isolated, extracted with either 50 or 150 mM NaCl and assayed by ^H-
UTP incorporation (Panel A - 50 mM NaCl, Panel A' - 150 mM NaCl) for the 
determination of nucleolar transcriptional activity and 32p-Cordycepin triphosphate 
incorporation (Panel B - 50 mM NaCl, Panel B' - 150 mM NaCl) for tiie determination of 
tiie number of RNA chains as described in Materials and Metiiods. Panel C - 50 mM 
NaCl and Panel C - 150 mM NaCl show the ratio of ^H-UTP incorporation to 32p-
Cordycepin triphosphate incorporation illustrating the elongation rate of nucleolar RNA 
chain growth. Values are given as Mean ± SEM. * P < 0.05 relative to Control using 
Tukeys test. 
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Figure 3.5 - Effect of addition of the salt extract from nucleoli isolated from control and 4 
hour E2 treated animals on transcriptional activity, nucleolar RNA chains and rate of 
elongation of nucleolar RNA chain length in nucleoli isolated from control animals. 
Groups of 15 (20 for controls) animals were given 2.5 jig E2 or carrier by intravenous 
injection. The animals were sacrificed after 4 hours, the uteri frozen (- 80° C) until used. 
Isolation and salt extraction were as discussed in Materials and Methods. Nucleoli from 
control animals were preincubated with the diluted salt extracts for 45 minutes at 4° C and 
assayed by ^H-UTP incorporation for nucleolar transcriptional activity (Panel A) and 
32p-Cordycepin triphosphate incorporation for the determination of the number of RNA 
chains(Panel B) as described in Materials and Methods. Panel C shows the ratio of ^H-
UTP incorporation to 32p-Cordycepin triphosphate incorporation representing the rate of 
elongation of nucleolar RNA chains. Values are Mean ± SEM. * P < 0.05 relative to 
Control by Students t-Test. 
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Figure 3.6 - Effect of the presence or absence of the salt extract on the stimulation of 
nucleolar transcription. Groups of 15 animals were given 2.5 |ig E2 or carrier by 
intravenous injection. The animals were sacrificed after 4 hours and the uteri frozen at -
80° C until used. Nucleoli were isolated, split into groups and extracted witii 150 mM 
NaCl. The extracts were isolated and the salt concentration adjusted to 50 mM NaCl with 
fresh buffer, nucleoli from control animals were preincubated witii the diluted salt 
extracts for 45 minutes at 4° C and either assayed by ^H-UTP incorporation for nucleolar 
transcriptional activity or tiie salt extract was removed and transcriptional activity was 
determined. 
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Figure 3.7 - The effect of cycloheximide given at the same time as E2 injection or 1 hour 
prior to sacrifice on transcriptional activity of uterine nucleoli. Groups of 10 animals were 
given either 2.5 \ig E2 or saline carrier by intravenous injection. Cycloheximide (in 1.8% 
NaCl) was given intraluminally at 400 |j,g/animal at 0, 3 or 23 hours after E2 injection. 
Animals were sacrificed at the indicated times and the uteri frozen at - 80° C until used. 
Nucleoli were isolated and assayed by ^H-UTP incorporation for the determination of 
nucleolar transcriptional activity. Values are given as Mean ± SEM. 
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Figure 3.8 - Sodium dodecyl sulfate polyacrylamide gel electrophoresis of uterine 
nucleolar proteins synthesized in vivo in control and 4 hour E2 treated animals. Groups 

of 10 identically treated animals were administrated E2 (2.5 |J.g) or hormone carrier by the 
intravenous route for 4 hours One hour prior to sacrifice control animals received either 
25 îCi [4,5-3H]-leucine/animal or E2 treated animals received 10 jiCi [14C(U)]-
leucine/animal by the transcervical intrauterine route. Animals were sacrificed following 
treatment and uteri were pooled. Uterine nucleoli were isolated from the pooled samples, 
solubilized and separated by electrophoresis on a 7.5-20% sodium dodecyl sulfate 
polyacrylamide gel. The radioactivity present in 1.5 mm slices was determined, corrected 
for background incorporation and spillover of [14C(U)]-leucine into [4,5-3H]-
leucineJ.The results are expressed as a ratio of incorporated [14C(U)]-leucine to 
incorporated [4,5-3H]-leucine into uterine nucleolar proteins. The peak at Rf 0.2 
corresponds to a MW of approximately 110 kDa. 
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CHAPTER IV 

CHARACTERIZATION OF THE SALT EXTRACTABLE 

FACTORS FROM UTERINE NUCLEOLI 

Introduction 

In the previous experiments it has been demonstrated that the salt extract from uterine 

nucleoU isolated from 4 hour E2 stimulated animals contains factors that are capable of 

altering the transcriptional activity of uterine nucleoli isolated from control animals and 

increasing tiie rate of elongation of the nascent RNA chain. Changes in the rate of 

elongation could be induced by changes in the RNA polymerase molecule or changes in the 

structure of the chromatin that it is transcribing. The salt extract does not contain RNA 

polymerase activity, engaged RNA polymerase is not salt extractable and addition of RNA 

polymerase should produce an increase in initiation on addition to control nucleoli [48]. 

The salt extract produces no increase in initiation thus indicating that RNA polymerase is 

not the active factor. Direct extraction of RNA polymerase is unlikely but extraction of a 

factor which modifies RNA polymerase cannot be ruled out. 

Another strong possibility is the presence of a component in the salt extract which 

modifies chromatin. A possible candidate for this is the enzyme topoisomerase I [21, 24, 

29, 71]. The enzyme is capable of relaxing supercoiled DNA. The enzyme relaxes the DNA 

by binding to the DNA and producing a break in one strand of the DNA while allowing the 

other strand to remain intact [21]. This break allows free rotation around the remaining 

phosphodiester bond with consequent removal of the tension produced by supercoiling. 

The topoisomerase protein remains attached to the DNA and eventually re-ligates the 

broken strand [21, 24, 71]. The enzyme then detaches from the DNA and is ready to repeat 

the cycle again. Relaxation of the supercoiling in the DNA would alter the structure of the 

chromatin and might allow greater access to tiie DNA for various transcriptional factors and 

the RNA polymerase [29, 58, 59]. The other eukaryotic form of the enzyme is 
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topoisomerase II. This enzyme can relax DNA in a manner similar to topoisomerase I but 

can also decatenate DNA strands [24,71]. Topoisomerase I is unable to decatenate DNA 

strands. It is tiie decatenation activity tiiat is important for repHcation [23]. Topoisomerase 

n decatenation activity is necessary for the separation of the sister chromatids during 

mitosis and topoisomerase I cannot substitute [22, 23, 72-74]. Cells treated with 

topoisomerase n inhibitors typically die during mitosis. 

It has been shown that transcription produces an increase in the supercoiling of the 

DNA being transcribed [22, 75-77]. The buildup of supercoiling will eventually stop 

transcription by preventing the advance of the polymerase molecule along the DNA. 

Topoisomerase I acts to relieve the buildup of supercoiling in the DNA to allow the RNA 

polymerase to advance along the DNA [22]. It has been shown that the presence of a 

topoisomerase activity is needed to permit more than minimal transcription to take place 

[22, 28, 29] . Both of the topoisomerases can be involved in relaxing the DNA for 

transcription but in cells with functional topoisomerase I it is primarily topoisomerase I that 

is concentrated around transcribing genes and topoisomerase II is primarily involved in the 

replication of DNA [22, 23, 25, 26, 28, 29, 78, 79]. Topoisomerase I has been shown to 

be concentrated heavily in the area of the nucleolus where the genes for rRNA are located 

[25, 26, 30, 35]. It has also been shown that this topoisomerase I is necessary for the 

transcription of the genes for rRNA while inhibition of topoisomerase n activity produces 

no significant effect on the transcription of rDNA [79-81]. It is therefore conceivable that a 

change in the level or activity of topoisomerase I could have an effect on the ability of the 

polymerase molecule to move down the DNA chain. Data discussed in Chapter HI indicated 

that a short-lived protein might be involved in the E2-induced increase in transcriptional 

activity in nucleoli from rat uteri. The typical turnover times for tiie topoisomerase 

molecules are much longer than the time required to produce the effects seen witii protein 

synthesis inhibitors during the experiments reported in Chapter EI [21, 24, 71]. The 

topoisomerase level would not be significantly reduced in the time frame of the inhibitor 
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actions so a more Ukely option is the alteration of the activity level of existing enzyme 

protein if topoisomerase I is responsible. It has been shown that it is possible to modulate 

the activity of topoisomerase I by phosphorylation [33]. Phosphorylation on serine 

residues increases the activity and phosphorylation on a tyrosine residue reduces tiie 

activity [33, 34]. It appears tiiat the endogenous enzyme requires some level of 

phosphorylation on the serine residue for activity, as complete removal of tiie phosphate 

reduces the activity to near zero. Phosphorylation could tiierefore alter the activity of the 

topoisomerase in a time frame compatible with the effects that have been observed in the rat 

uterine nucleolar system. Changes in phosphorylation could produce changes in extractable 

topoisomerase activity [34]. 

It is also possible that any increase in topoisomerase activity is a very localized 

increase due to changes in the structure of chromatin induced by other factors. These 

factors could produce a change in the structure of chromatin leading to increased binding of 

topoisomerase I to the chromatin and an increase in the localized concentration of 

topoisomerase I [25-27, 29, 82-84]. If this is tiie case then examination of the 

topoisomerase activity in the salt extract will be unable to detect any differences in 

topoisomerase I level between extracts from control and E2-treated nucleoli. 

It is possible to inhibit the activity of topoisomerase I with the alkaloid, camptothecin. 

Camptothecin has been shown to specifically inhibit the DNA relaxing activity of 

topoisomerase I while having no effect on the DNA relaxing activity of topoisomerase n 

[85]. The topoisomerase II inhibitors such as VM-26 or coumermycin have no effect on the 

activity of topoisomerase I [73, 79, 81, 85]. Camptothecin blocks topoisomerase I activity 

by preventing the dissociation of the enzyme molecule from the DNA chain and subsequent 

re-ligation of the DNA by the enzyme [86]. In the presence of camptothecin, topoisomerase 

produces single stranded breaks in the DNA with the opposite strand intact and the 

topoisomerase molecule covalentiy bound to the broken strand [80, 86-88]. The inability to 

recycle the enzyme rapidly depletes the cellular stores of topoisomerase I and produces 
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multiple protein bound single stranded DNA breaks witiiin the active genes. These breaks, 

witii tiie large topoisomerase I molecule attached, can prevent normal transcription from 

occurring and therefore account for the high toxicity of camptothecin [89]. Camptothecin 

can be useful for the investigation of processes tiiat involve topoisomerase by selectively 

inhibiting topoisomerase I activity. A process tiiat is inhibited by camptothecin must have 

some direct or indirect dependence on topoisomerase activity and the specificity of the drug 

makes it possible to differentiate topoisomerase I activity from the activity of the otiier 

enzymes that can mimic it in many of the functional assays [81, 85, 87]. 

The experiments described here are designed to determine if the regulation of the level 

of topoisomerase I activity has any involvement in the estradiol induced increase in uterine 

nucleolar RNA synthesis. Experiments were performed to measure topoisomerase I activity 

in uterine nucleoli and nucleolar salt extract from control and E2-treated animals. The effect 

of camptothecin, an inhibitor of topoisomerase I, on transcriptional activity of isolated 

uterine nucleoli and on the E2-induced stimulation of the transcriptional activity was 

investigated. Evaluation of the effect of a topoisomerase n inhibitor on the transcriptional 

activity of isolated uterine nucleoli was also performed. 

Experiments were performed to purify the active factors from the salt extract. 

Purification experiments require large numbers of assays to be performed and require a 

more abundant supply of isolated nucleoli than it is feasible to obtain from uterine tissue. 

Experiments therefore were performed to determine a suitable organ for recovery of 

nucleoli that demonstrated low template activity and an ability to reconstitute with nucleolar 

salt extracts isolated from the uteri of E2-treated animals. Purification using size exclusion 

chromatography will allow some purification of the active factor(s) and will also give a 

rough estimate of the molecular weight of the active factors. DEAE ion exchange 

chromatography will also be tried to purify the active factors from tiie salt extract. If tiie 

active factors will bind DEAE then this will allow the proteins that do not bind to be 

washed away easily . The active factors can then be eluted from the column using 
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increasing salt concentrations. This will also allow separation of the active factors from 

factors witii differing affinities for tiie DEAE column. 

Materials and Methods 

Isolation of Spleen Nucleoli and Reconstitution with Uterine 
Nucleolar Salt Extractable Factors 

Spleen nucleoli were isolated as follows: 5-10 spleens from rats were suspended in 

suspension buffer (10 mM TRIS pH = 7.4, 10 mM NaCl, 2.5 mM MgCh) homogenized 

in a Polytron PT20 (Brinkman Instruments, Inc.) at a setting of 4 with 30 second burst 

with intermittent 30 second coolings repeated 3 times. Following homogenization, the 

samples were spun at 1000 x g for 5 minutes. The samples were resuspended in 

homogenization buffer. The samples were mixed with 1.5 M sucrose to a concentration of 

0.5 M sucrose and filtered through cheesecloth. The homogenates were centrifuged at 1000 

X g for 5 minutes. The crude nuclear pellet was resuspended (3 ml/uterus) in nuclear wash 

(0.34 M sucrose, pH 7.0) by vigorous vortexing followed by centrifugation at 1000 x g for 

15 minutes. This step was repeated 3 times. The nuclear pellets were resuspended in 

nuclear wash (2 ml/uterus) and layered over 0.88 M sucrose (3 ml/uterus) and centrifuged 

at 2000 X g for 15 minutes. This last step was repeated until clean nuclei were obtained. 

The clean nuclei were resuspended in nuclear wash (0.5 ml/uterus) and then disrupted by 

sonication using a Heat System sonicator W 375 at an output of 70 W for 10 second with 

intermittent coolings of 30 seconds. Nuclear disruptions usually required a total of 45 

seconds of sonication and were monitored by staining a small aliquot of nuclei with 0.1% 

(w/v) methylene blue then viewed by Hght microscopy. The nucleoH were isolated from the 

other nuclear components by sedimentation through 0.88 M sucrose (2-3 times tiie volume 

of the nuclear suspension) at 2000 x g for 20 minutes. 

The uterine nucleolar isolation procedure was as foUows: Groups of 5-20 uteri from 

identically treated rats were homogenized (2 ml/uterus) in homogenization buffer (10 mM 
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TRIS pH 7.4, 10 mM NaCl, 2.5 mM MgCl2 , 0.1 mM ZnAc, 0.5 mM PMSF 

(phenyHnethylsufonyl fluoride), 1.0 mM NEM (N- ethyl maleimide), 1.0 mM pCMS (p-

Chloromercuriphenylsulfonic acid), 10 mM NaF) in a Polytron PT20 (Brinkman 

Instruments, Inc.) at a setting of 4 with 30 second burst with intermittent 30 second 

coolings repeated 3 times. FoUowing homogenization, the samples were spun at 1000 x g 

for 5 minutes. The samples were resuspended in homogenization buffer without the 

inhibitors (NaF, NEM, PMSF, pCMS), mixed 1:1 witii Triton wash (homogenization 

solution 4-1% Triton X-100) and passed through an 18 gauge needle. The samples were 

mixed with 1.5 M sucrose to a concentration of 0.5 M sucrose and filtered through 

cheesecloth. The homogenates were centrifuged at 1000 x g for 5 minutes. The crude 

nuclear pellet was resuspended (3 ml/uterus) in nuclear wash (0.34 M sucrose, pH 7.0) by 

vigorous vortexing followed by centrifugation at 1000 x g for 15 minutes. This step was 

repeated 3 times. The nuclear pellets were resuspended in nuclear wash (2 ml/uterus) and 

layered over 0.88 M sucrose (3 ml/uterus) and centrifuged at 2000 x g for 15 minutes. This 

last step was repeated until clean nuclei were obtained. The clean nuclei were resuspended 

in nuclear wash (0.5 ml/uterus) and then disrupted by sonication using a Heat System 

sonicator W 375 at an output of 70 W for 10 seconds with intermittent cooHngs of 30 

seconds. Nuclear disruptions usuaUy required a total of 45 seconds of sonication and were 

monitored by staining a small aHquot of nuclei with 0.1% (w/v) methylene blue then 

viewed by Hght microscopy. The nucleoH were isolated from the other nuclear components 

by sedimentation through 0.88 M sucrose (2-3 times the volume of the nuclear suspension) 

at 2000 X g for 20 minutes. Nucleoli were resuspended in nuclear wash buffer (0.5 

ml/uterus) and layered over 1.2 M Sucrose (2-3 times the nuclear suspension) and 

centrifuged at 2000 x g for 20 minutes. This step was repeated until clean nucleoH were 

obtained. Nucleoli were then resuspended in a smaU volume (0.25-0.5 ml/uterus) of 

TGMED (50 mM TRIS-HCl, pH 8.0; 25% v/v glycerol; 5 mM MgC^; O.lmM EDTA; 1.5 

mM dithiothreitol) containing 50 mM NaCl and centrifuged at 2000 x g for 15 minutes to 
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remove any non-nucleolar DNA. Uterine nucleoH were reisolated by centrifugation, 

resuspended in TGMED containing 50 mM or 150 mM NaCl and allowed to extract 45 

minutes with agitation every 15 minutes at 4° C. Following extraction uterine nucleoli were 

reisolated by centrifugation, salt extracted supematants were reserved and peUeted nucleoli 

were resuspended in TGMED. Resuspension and reisolation of tiie uterine nucleoli were 

repeated twice in order to remove any remaining NaCl prior to transcriptional assay or 

reconstitution. 

The 150 mM NaCl extract was diluted 2:1 with TGMED thereby reducing tiie salt 

concentration to 50 mM. Spleen nucleoli were suspended in the diluted salt extract and 

reconstitution was allowed to take place for 45 minutes at 4° C with agitation every 15 

minutes. Nucleoli were then assayed under standard nucleolar transcriptional conditions as 

described earlier in the presence of tiie salt extracted fractions. 

Measurement of Topoisomerase I Activity 

Topoisomerase I activity was measured using the relaxation of supercoiled OX 174 RF 

DNA. The assay mixtures consisted of the foUowing: 0.5 |ig OX 174 RF DNA, 50 mM 

TRIS-HCl, pH 8.0; 25% v/v glycerol; 5 mM MgC^; O.lmM EDTA; 1.5 mM dithiotiireitol 

and varying amounts of the salt extracts for a total volume of 30 jil. For experiments 

involving inhibitors, camptothecin 150 |iM or coumermycin Ai 10 jig were added to the 

reaction mixture. The reaction mixtures were incubated for various times and the reaction 

stopped by adding 5 jil of 20% SDS -i- Bromophenol blue. The reaction mixture was 

loaded on to a 0.8% agarose gel and separated at 30V for 15 hours. The gel was stained 

with ethidium bromide and visuaHzed by UV Hght. A negative photograph of the gel was 

scanned and analyzed using a Bioimage Visage 2000 system. 
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Salt Extraction of Uterine Nucleoli in tiie Presence of 

Camptothecin 

Nucleoli from uteri of animals treated with E2 4 hours prior to sacrifice and control 

animals were isolated either without camptothecin or with camptothecin (10 jiM) present 

throughout tiie isolation process. The nucleoli were assayed by ^H-UTP incorporation into 

TCA insoluble material following the removal of camptothecin. Some groups were salt 

extracted both witii and witiiout camptotiiecin present for 45 minutes at 4°C at 150 mM 

NaCl. Camptotiiecin was removed by repeated washings and the removal was monitored 

by measuring the fluorescence of tiie nucleoH at 458 nm with excitation at 358 nm. Some 

groups of nucleoH were again subjected to salt extraction. Nucleoli were assayed for 

transcription in the presence or absence of camptothecin. 

Sephadex G-lOO Purification of the Nucleolar Salt Extractable 
Factors from the Uteri of Animals Treated with E2 

One hundred fifty mM NaCl extracts of uterine nucleoH isolated from 4 hour E2-treated 

animals were chromatographed on Sephadex G-lOO in TGMED buffer with a column 

volume of 30 ml and a void volume of 10 ml. Fractions of 1 ml were coUected and assayed 

for stimulation of transcription in spleen nucleoH and topoisomerase activity by the assays 

described above. 

DEAE Affinity Chromatography of the Active Fractions 
from the Sephadex G-100 Column 

One hundred fifty mM NaCl extracts of uterine nucleoH isolated from 4 hour E2-treated 

animals were chromatographed on a Sephadex G-lOO column, the active fractions were 

pooled and then bound to DEAE cellulose in TGMED buffer in a 2 ml column. Bindmg 

capacity of the DEAE was 3 mg protein / ml DEAE. The column was washed with TGMED 

and then eluted in a batchwise manner with salt concentrations of 200,400, 600 and 800 

mM NaCl. Fractions of 1 ml were collected and assayed for stimulation of transcription in 

spleen nucleoH. 
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Results 

Effect of Inhibitors of Topoisomerase I and n on 
Transcriptional Activity of Isolated Uterine Nucleoli 

Previous results (in earHer chapters) have demonstrated tiiat E2-induced uterine 

nucleolar RNA syntiiesis by increasing tiie rate of elongation of previously initiated RNA 

chains. The stimulation can be eliminated by salt extraction. One potential candidate for 

affecting elongation rate is topoisomerase I, an enzyme known to be present in nucleoH and 

involved in rRNA synthesis. Experiments were conducted to determine the role of 

topoisomerase I in the E2-induced stimulation of uterine nucleolar RNA synthesis. 

Inhibitors of both topoisomerase I (camptothecin) and topoisomerase II (coumermycin Ai) 

were assayed for abiUty to affect transcriptional activity in uterine nucleoli isolated from 

both control and E2-treated animals and the results are shown in Figure 4.1. Camptothecin 

in vitro applied to isolated uterine nucleoli prior to the transcriptional assay and allowed to 

remain present during the assay is effective in eliminating the E2-induced increase in 

transcriptional activity of isolated nucleoli while having no significant effect on nucleoH 

from control animals. The concentration of camptothecin was shown to be capable of 

blocking the relaxation of OX 174 plasmid by purified topoisomerase I. Camptothecin as 

noted above functions by "freezing" the topoisomerase I enzyme to the DNA chain. 

Coumermycin, a topoisomerase II inhibitor, has no effect on RNA transcription in isolated 

uterine nucleoH at the concentrations employed. This concentration according to the 

Hterature is capable of blocking the activity of topoisomerase II in purified preparations [81, 

90]. 

Measurement of Topoisomerase I Activity in the Uterine 

Nucleolar Salt Extract 

Results reported above suggest that topoisomerase I plays a significant role in the E2-

induced increase in the rate of elongation of nucleolar RNA chain growth since 

camptothecin, a specific inhibitor of topoisomerase I, eliminates the stimulation that is 

52 



observed in vitro due to E2 treatment in vivo. The inhibiting effect may be due to a specific 

effect of E2 on topoisomerase I activity or may be due to a permissive role of 

topoisomerase I in the process of nucleolar RNA synthesis, i.e., necessary but not 

sufficient for the stimulatory activity. In order to assess the role of topoisomerase I in the 

E2 stimulation of uterine nucleolar RNA synthesis, assays for topoisomerase I activity were 

performed. The levels of topoisomerase I were measured in salt extracts from nucleoli 

isolated from the uteri of both control and E2-treated animals using relaxation of the 

supercoiled OX 174 RF plasmid. No significant differences in DNA relaxing activity were 

found in the salt extracts from nucleoli isolated from the uteri of both control and E2-treated 

animals as shown in Figure 4.2. The DNA relaxing activity was inhibited significantly by 

150 [iM camptothecin but was not affected by the presence of 10 |ig of coumermycin as 

shown in Figure 4.2. In addition the effect on the DNA relaxing activity of changes in the 

phosphorylation state of the extract was examined. The DNA relaxing activity of the salt 

extract and purified topoisomerase I responded to both alkaline phosphatase and protein 

kinase treatment in the same manner (Figure 4.3). Treatment of purified topoisomerase and 

salt extracts of uterine nucleoH isolated from E2-treated (4 hours) animals with 10 units of 

aUcaHne phosphatase totaUy eliminated the relaxation activity. The re-phosphorylation of the 

samples by treatment with ATP and the catalytic fragment of c AMP dependent protein 

kinase restored tiie DNA relaxation activity of both samples and produces a 30% increase in 

the baseUne (untreated) activity of both samples. These results suggest tiiat the DNA 

relaxation activity present in the uterine nucleolar salt extract is probably topoisomerase I 

and that the enzyme present after isolation is probably dephosphorylated. No evidence for 

an E2-induced phosphorylation of the topoisomerase I protein was detected. 

Effect of Camptothecin on Salt ExtractibiHty of the Active 

Factors 

The previous assay demonstrates that the topoisomerase salt extracted from isolated 

uterine nucleoH is not activated by E2-treatment in vivo when compared to topoisomerase 
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salt extracted from isolated uterine nucleoli isolated from control animals. The camptotiiecin 

data on inhibition of tiie E2 stimulation of uterine nucleolar RNA synthesis stUl suggests an 

important role for topoisomerase I or another activity affected by camptothecin in tiie E2 

regulation of uterine nucleolar RNA synthesis. This may be a permissive role but anotiier 

alternative should be evaluated before this conclusion is reached. It is known that 

topoisomerase I is required for ceU survival and that the concentration of topoisomerase 

therefore is not rate limiting and the synthesis of topoisomerase is not required for the cell 

to move from Go to Gi in tiie cell cycle. Other investigators have presented data 

demonstrating tiiat up regulation of cell metaboHsm results in activation of existing 

topoisomerase I. It is therefore possible that a subset of topoisomerase I is activated by E2 

treatment in vivo and the specific stimulation is masked. An experimental approach was 

developed to investigate this possibiHty. Since the topoisomerase activity should be bound 

to the nucleolar chromatin and in the act of relaxing the DNA at the time of nucleolar 

isolation a mechanism by which one could "freeze" the topoisomerase would facUitate 

investigations into the critical role of these enzyme molecules in the estrogen stimulation of 

nucleolar transcription. The experimental approach would be to employ camptothecin at a 

concentration which would fuUy inhibit topoisomerase during the total isolation procedure 

[80, 86, 87]. Camptothecin has been shown to bind the DNA-topoisomerase complex at 4° 

C freezing the DNA topoisomerase I complex that is in the act of relaxing tiie DNA [91]. 

Topoisomerase I not in the act of relaxing should not be covalentiy attached to the DNA. To 

accompHsh the end result, it would be necessary to be able to remove the camptothecin 

prior to the assay and maintain the transcriptional activity at the same level as nucleoH 

isolated in the absence of the drug. Levels in the range of 10 p-M in the assay could be used 

and these levels give good inhibition of transcriptional activity and yet are easy to wash out 

in a reasonable time frame (data not shown). 

If an active component in the salt extract is topoisomerase I or an activator of 

topoisomerase I then freezing the topoisomerase I to the nucleolar chromatin should 
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eHminate the effect of salt extraction on the nucleoH isolated from 4 hour E2-treated 

animals. The results from such an experiment are shown in Figure 4.4. The effect of salt 

extraction on the E2-induced increase in uterine nucleolar transcription is reconfirmed as 

demonstrated in the left panel in Figure 4.4. The presence of camptotiiecin during tiie 

isolation procedure (followed by removal prior to the assay) eliminates the abiHty of 150 

mM NaCl to remove the differences in transcriptional activity between the uterine nucleoH 

isolated from control and E2 (4 hours) treated animals. No significant effect of 

camptothecin on the transcriptional activity of uterine nucleoH following salt extraction is 

observed. On the other hand, the presence of camptothecin in uterine nucleoli isolated from 

E2 (4 hour) treated animals eHminates the salt effect (decreased transcriptional activity) 

thereby resulting in maintenance of the E2-induced transcriptional activity. Removal of the 

camptothecin prior to salt extraction results in re-estabHshing the effectiveness of 150 mM 

NaCl extraction in eUminating the E2 stimulation of uterine nucleolar transcriptional 

activity. These results suggest that topoisomerase I, a subset of topoisomerase I or some 

accessory factor is required for the E2 stimulation of the uterine nucleolar RNA synthesis. 

The presence of camptothecin prevents the salt extraction of the E2-induced salt extractable 

active proteins. The factor is not inactivated by camptothecin since removal of the 

camptothecin prior to salt extraction re-establishes the abiHty of 150 mM NaCl to eliminate 

the E2 stimulation of uterine nucleolar RNA synthesis. 

Use of Spleen Nucleoli as a Substrate for the Salt Extractable 
Factors from Uterine Nucleoli 

Reconstitution experiments are required for the characterization and purification of the 

E2-induced stimulatory factor(s). Such experiments using uterine nucleoH isolated from 

control animals as templates for salt extractable factors are difficult if not impossible due to 

the small quantities obtainable and the batch to batch variation in RNA synthesis capacity. 

Reconstitution experiments using nucleoH isolated from another organ with salt extracts 

isolated from uterine nucleoli of 4 hour E2-treated animals were attempted. Spleen nucleoH 

55 



were selected as an alternative because tiiey can be isolated in a highly reproducible manner 

with low basal activity. The nucleoli are able to be frozen at -80° C maintaining tiie basal 

transcriptional activity so tiiat multiple experiments could be conducted on nucleoli from the 

same isolation. Investigation into whether the spleen nucleoli were capable of exhibiting an 

increased transcriptional activity foUowing reconstitution with salt extracts from uterine 

nucleoH isolated from 4 hour E2-treated animals and not from nucleolar salt extract from 

control animals was undertaken. Reconstitution (45 minutes at 4° C) of spleen nucleoH witii 

salt extract from uterine nucleoli isolated from control animals followed by transcriptional 

assay demonstrates that the uterine nucleolar salt exttact from control animals is without 

effect on the transcriptional capacity of the reconstituted nucleoH. Reconstitution of salt 

extracts from uterine nucleoH isolated from E2 4 hour-treated animals with spleen nucleoli 

results in a 2-fold increase in the rate of nucleolar RNA chain growth. These results in 

Figure 4.5 demonstrate that spleen nucleoli can be employed as the template for further 

characterization and purification of stimulatory factors present in the salt extract of uterine 

nucleoli isolated from 4 hour E2-treated animals. Spleen nucleoli were isolated and 

subjected to salt extraction (150mM NaCl). No effect on basal transcriptional activity of 

spleen nucleoH was seen due to salt extraction with 150mM NaCl. Spleen nucleoH are 

isolated and incubated in the presence of salt extracts from either nucleoli from the uteri of 

control or E2-treated animals for 45 minutes at 4° C. The nucleoH are then assayed for 

transcriptional activity. The salt extract from nucleoli isolated from the uteri of control 

animals has no significant effect on transcriptional activity of spleen nucleoli. However, the 

salt extract from nucleoli isolated from the uteri of E2 4 hour treated animals significantly 

increases the transcriptional activity of spleen nucleoli. This data is shown in Figure 4.6. 

Purification of the Salt Extractable Factors using Sephadex 

G-lOO Chromatography 

SDS- PAGE of the salt extracts with silver staining demonstrated a wide range of sizes 

of proteins present in the nucleolar salt extracts. No significant differences in the silver 
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staining pattems were observed between salt extracts from uterine nucleoli isolated from E2 

4 hour treated animals and salt extracts from uterine nucleoH isolated from control animals. 

If the apparent variation in the protein sized is due to the proteins themselves not due to the 

disaggregation of large molecular weight multi subunit proteins by the SDS as the gel is run 

then Sephadex G-lOO chromatography should result in some purification. The salt extract 

can be applied directly to the Sephadex column since removal of the salt wiU occur during 

the chromatographic procedure thus eliminating the need to dialyze the preparation for ion 

exchange chromatography. 

Salt extract from uterine nucleoli isolated from 10 E2 4 hour treated animals was 

appHed to a 30 ml column of Sephadex G-lOO equilibrated with TGMED. Fractions of 1 ml 

were coUected and analyzed for stimulatory activity in spleen nucleoH and for 

topoisomerase I activity by the plasmid relaxation assay. The results from this experiment 

are seen in Figure 4.6. Transcriptional stimulatory activity is observed in fractions 8-12. 

Significant topoisomerase I activity is also observed in these fractions and it appears to co-

chromatograph with the stimulatory activity. The approximate molecular weight of these 

fractions would be 75- 110 kDa. Significant topoisomerase I activity is also observed in 

fractions devoid of stimulatory activity for nucleolar transcription suggesting that other 

factors along with topoisomerase I may be required for the increased RNA synthesis 

capacity and that topoisomerase I is necessary but not sufficient for E2-induced increase in 

transcriptional activity in uterine nucleoli. 

DEAE Chromatography of the Active Fractions from the 

Sephadex Column 

DEAE cellulose chromatography was then performed with fractions containing 

transcriptional stimulatory activity. Elution was performed in a batchwise fashion using 

100, 200, 400, 600 and 800 mM NaCl. Fractions were dialyzed ovemight against 

TGMED. Reconstitution experiments were performed for assay of E2-induced 
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transcriptional stimulatory activity in spleen nucleoH and topoisomerase I activity was 

determined using the plasmid relaxation assay. Topoisomerase I and nucleolar 

transcriptional stimulatory activity were co-eluted with 200 and 400 mM NaCl. SDS-PAGE 

of the salt extracts from nucleoH isolated from control and E2 4 hour treated animals 

foUowed by stiver staining was unable to detect any significant differences between the 

stimulating and non-stimulating extracts. The results are presented in Figure 4.7. 

Discussion 

Results from Chapter III demonstrate that E2 induces the synthesis of a uterine 

protein(s) as measured by incorporation studies. The protein(s) is found associated with tiie 

nucleoli isolated from the uteri of animals treated with E2 for 4 hours. This protein, 

however, is not salt extractable and remains in tiie residual nucleoli. Cycloheximide data in 

Chapter HI also suggests that E2-induced protein synthesis is involved in the E2-induced 

increase in uterine nucleolar transcriptional activity. 

Since the E2-induced synthesized protein is not found in the salt extracted fraction but 

E2-induced protein synthesis is required for the E2 activation of the rate of elongation of 

nucleolar RNA synthesis a possible hypothesis is the E2-induced synthesized protein 

activates a pre-existing protein by some unknown modification. 

A possible candidate for the E2-induced salt extractable stimulatory factor is 

topoisomerase I. Topoisomerase I is known to (1) affect the unwinding of supercoiled 

DNA, a function that would regulate the rate of polymerase movement, (2) is concentrated 

in nucleoH and (3) associated with active genes. Experiments in this chapter present data 

on the role of topoisomerase I in the E2-induced stimulation of uterine nucleolar RNA 

synthesis. Camptothecin, an inhibitor of topoisomerase I, was effective in vitro in 

eUminating the E2-induced increase in transcriptional activity. It, however, had no 

significant effect on transcriptional activity of nucleoH from the uteri of control animals. 

The most lUcely explanation for the apparent lack of effect of the camptothecin on the 
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control nucleoH is the very low level of RNA synthesis activity in control nucleoli. 

Camptothecin acts by freezing tiie topoisomerase enzyme to the DNA just after it has 

created tiie single stranded break in the DNA [80, 86, 87, 89]. Thus genes that are active 

and have large amounts of topoisomerase I present would have many topoisomerase-

camptotiiecin groups attached to the DNA in the presence of camptothecin and these groups 

would prevent the advance of RNA polymerase I along the DNA chain (topoisomerase I is 

a fairly large protein at == 110 kDa) and greatiy reduce transcriptional activity [28, 61, 86]. 

Inactive or down regulated genes, such as rRNA genes in uteri of control animals, would 

have less topoisomerase present and a much slower elongation rate for the RNA 

polymerase. This means that the polymerase would be less likely to run into a 

topoisomerase I- camptothecin adduct and thus there would be less effect of camptothecin 

on the transcriptional activity of nucleoli from control animals. Coumermycin A2, an 

inhibitor of topoisomerase n, was not effective in vitro in eUminating the E2-induced 

increase in transcriptional activity suggesting no significant role of topoisomerase II in the 

E2 stimulation of uterine nucleolar RNA synthesis. 

It was demonstrated that the salt extract from nucleoli isolated from the uteri of both E2-

treated and control animals contains a DNA relaxing activity. The amount of DNA relaxing 

activity extracted was highly variable between preparations. The assay system used is 

incapable of differentiating between topoisomerase I, topoisomerase II and a weak nuclease 

activity. Any of these could result in relaxation of the plasmid used in the assay. To control 

for these potential interferences the assays were conducted in the presence of various 

inhibitors of topoisomerase I and II. Coumermycin A2 had no significant effect on the 

DNA relaxing activity, indicating Uttie or no topoisomerase II activity was present in the 

salt extract wMle camptothecin eliminated most of tiie DNA relaxing activity, indicating tiiat 

most of the DNA relaxing activity was due to topoisomerase I. The plasmid is not 

significantiy degraded over the course of the assay indicating that there was Uttie nuclease 

activity present (data not shown). These results indicate that most of the DNA relaxing 
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activity is due to the action of topoisomerase I. Significant differences in the levels of DNA 

relaxing activity in the extracts from nucleoli from the uteri of control and E2-treated rats 

were not found. This suggested that the role of topoisomerase in the E2-induced stimulation 

of transcriptional activity in the nucleoli from the rat uterus may be permissive rather than 

being an active regulated factor. 

Since these results continue to indicate that topoisomerase I does indeed play an 

important role in the early E2 stimulation of nucleolar RNA synthesis an experimental 

approach was designed to evaluate the role of topoisomerase I in this process. It was 

reasoned that since the topoisomerase engaged in regulating template activity should be 

bound to the nucleolar chromatin and in the act of relaxing the DNA at the time of nucleolar 

isolation a mechanism by which one could "freeze" the topoisomerase would facilitate 

investigations into the critical role of this enzyme in the estrogen stimulation of nucleolar 

transcription by eUminating the topoisomerase not engaged in DNA relaxation. The 

experimental approach was to employ camptothecin at a concentration which would fully 

inhibit topoisomerase during the total isolation procedure. Camptothecin has been shown to 

bind the DNA-topoisomerase complex at 4° C [91]. The 150 mM extract also has been 

shown to contain topoisomerase activity. Camptotiiecin was shown to block the DNA 

relaxing activity of the salt extracts (data not shown). If tiie active component in the salt 

extract is topoisomerase or an activator of topoisomerase then freezing the topoisomerase to 

the nucleolar chromatin should eliminate the effect of salt extraction on the nucleoli isolated 

from 4 hour E2-treated animals. 

The presence of camptothecin during the isolation procedure does not have a significant 

effect on the nucleolar transcription once the camptothecin concentration has been decreased 

by numerous washings. This validates the use of the inhibitor during the isolation 

procedure. If nucleoH are isolated and salt extracted in the presence of camptothecin and tiie 

camptothecin is tiien removed tiie salt extraction appears to be ineffective in reducing tiie 

E2-induced stimulation of nucleolar RNA syntiiesis. If these nucleoli are tiien salt extracted 
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again, tiie sak extraction wiU now result in a decrease in the E2-induced increase in 

nucleolar RNA syntiiesis. It would appear that camptotiiecin can prevent tiie removal of tiie 

factor(s) necessary for the E2-induced increase in nucleolar RNA synthesis. This may 

indicate that even if topoisomerase is not the actual factor; that the factor(s) tiiat are involved 

in the E2-induced increase in nucleolar RNA synthesis interact with topoisomerase I and are 

not removed if topoisomerase I is locked on the DNA by camptothecin. This once again 

points to some involvement of topoisomerase I in the E2-induced increase in nucleolar 

transcription even though it may not be the active salt extractable factor. 

Sephadex chromatography purifies proteins by size exclusion. Proteins larger tiian the 

pores in the Sephadex gel are not retained by the column but proteins small enough to enter 

the gel are retained in proportion to their size and ability to enter the pores of the gel. The 

stimulatory activity of the salt exttact is eluted from Sephadex G-lOO with an apparent 

molecular weight of 75- 100 kDa. The fact that the stimulatory activity survives passage 

through the column which will retain small molecular weight molecules indicates that either 

no smaU molecules are involved or that any small molecules are bound to larger molecules 

and elute with them. Active fractions from the Sephadex column were bound to DEAE 

ceUulose. The stimulatory activity then elutes from the DEAE ceUulose at 200-400 mM 

NaCl. This indicates that the active stimulatory factors are charged at pH 8.0 suggesting 

acidic proteins. Topoisomerase I and transcription stimulating factors co-elute by both 

chromatography with Sephadex and DEAE cellulose. 

Because of the camptothecin data one can conclude that topoisomerase is necessary for 

the E2-induced increase in transcriptional activity; but because no differences in 

topoisomerase activity were found, one must conclude, therefore, that topoisomerase is not 

stifficient by itself to explain the increased transcription in response to E2 treatment. Other 

possibUities include a modification of the RNA polymerase I molecule, other changes in tiie 

structure of chromatin mediated by proteins other than topoisomerase I or other unknown 

proteins involved in the elongation step of transcription that are modified to become more 
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active. A modification of RNA polymerase I could result in changes to the Km value of the 

enzyme for one or more of its substrates [45]. One possible modification that is found in 

many regulatory systems within the cell is phosphorylation. Changes in the 

phosphorylation state have been implicated in the regulation of many cellular processes[4, 

45]. If topoisomerase is not the regulated salt extractable factor then perhaps some other 

protein whose phosphorylation state changes in response to estradiol treatment is the salt 

extractable factor. 
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Figure 4.1 - The effect of topoisomerase inhibitors on the RNA synthesis activity of 
nucleoH isolated from the uteri of E2-treated animals and control animals. The E2-treated 
animals were injected 4 hours prior to sacrifice (2.5|ig E2/ animal). Uterine nucleoli were 
isolated, treated with either 150 |J.M Camptothecin or 10 ug Coumermycin Ai and assayed. 
Uterine nucleoH were salt extracted with 150mM NaCl- TGMED for 45 minutes at 4°C and 
assayed. Values shown are mean ± SEM 
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Figure 4.2 - Effect of inhibitors on DNA relaxing activity of uterine nucleolar salt extract. 
Uterine nucleoH ft-om both E2-treated and control animals were isolated and salt extracted as 
described in Materials and Methods. The relaxation activity in the extracts was determined 
using supercoiled OX 174 RF DNA. The DNA was run on a 0.8% agarose gel to separate 
the relaxed and supercoiled forms of the DNA. The gel was stained with ethidium bromide 
and visualized by UV light. A photograph was made, scanned and the intensity of the 
bands corresponding to the relaxed and supercoiled DNA was determined. Note that 
camptothecin produces a significant reduction in DNA relaxing activity while coumermycin 
produces no significant change in DNA relaxing activity. Values plotted are mean ± SEM. 
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Figure 4.3 - NucleoU from the uteri of E2-treated animals were extracted witii 150mM 
NaCl in TGMED for 45 minutes at 4° C. The isolated extract was incubated in the presence 
or absence of the catalytic subunit of cAMP dependent protein kinase and 10 inM ATP. A 
portion of the isolated salt extract was incubated in the presence of 1 unit aUcaline 
phosphatase for 30 minutes. The relaxation activity in the exttacts was determined using 
supercoUed OX 174 RF DNA. The DNA was run on a 0.8% agarose gel to separate the 
relaxed and supercoUed forms of the DNA. The gel was stained with ethidium bromide and 
visuaHzed by UV Hght. A photograph was made, scanned and tiie intensity of tiie bands 
corresponding to the relaxed and supercoiled DNA was determined. Panel A- Effect of 
protem kinase and aUcaline phosphatase on the activity of purified topoisomerase I. Panel 
B- Effect of protein kinase and aUcaUne phosphatase on relaxing activity of salt extract fi-om 

uterine nucleoH on OX 174 plasmid. 
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Figure 4.4 - The effect of camptothecin on the salt extractabiHty of uterine nucleoli. The 
nucleoli from uteri of animals treated with E2 4 hours prior to sacrifice and control animals 
were isolated either without camptothecin or with camptothecin present throughout the 
isolation process. The nucleoli were assayed by ^H-UTP incorporation into TCA insoluble 
material following the removal of camptothecin. The left panel shows the effect of salt 
extraction for 45 minutes at 4° C on the RNA synthesis activity of nucleoli isolated without 
camptothecin compared with the activity of unextracted nucleoli. The right panel shows the 
activity of nucleoH isolated in the presence of camptothecin and nucleoU isolated and salt 
extracted in the presence of camptothecin. Nucleoli were salt extracted in the presence of 
camptothecin and re-extracted following the removal of camptothecin. Values plotted are 
mean ± SEM. 
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Figure 4.5 - Effect of salt extract of uterine nucleoli isolated from E2-treated animals on 
nucleolar transcriptional activity of spleen nucleoH. Uterine nucleoli were salt extracted with 
150mM NaCl- TGMED for 45 minutes at 4°C following readjustment of the NaCl 
concentration to 50 mM the extract was reconstituted with spleen nucleoli for 45 minutes at 
4°C followed by the standard nucleolar transcriptional assay. ^Significant at P < 0.01 by 
tukeys test. 
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Figure 4.6 - Partial purification of the uterine nucleolar salt extract by Sephadex G-lOO 
column. 150mM NaCl extracts of uterine nucleoH isolated from 4 hour E2-treated animals 
were chromatographed on Sephadex G-lOO in TGMED buffer. Fractions of 1 ml were 
collected and assayed for stimulation of transcription in spleen nucleoli and topoisomerase 
activity by the standard assays. The column graph shows the effect of each fraction on the 
activity of spleen nucleoli measured by ^H-UTP incorporation. The line graph shows the 
distribution of topoisomerase I activity measured by relaxation of supercoiled OX 174 RF 
DNA in the same fractions. Void volume is at fraction 5. 
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Figure 4.7 - DEAE chromatography of uterine nucleolar salt extract containing the active 
fractions from as Sephadex G-lOO column. 150mM NaCl extracts of uterine nucleoli 
isolated fi*om 4 hour E2-treated animals previously separated by Sephadex G-lOO were 
bound to DEAE cellulose in TGMED buffer. The column was washed with TGMED and 
then eluted with the indicated salt concentrations. Fractions of 5 ml were collected and 
assayed for stimulation of transcription in spleen nucleoH. The graph shows the effect of 
each fraction on the activity of spleen nucleoH measured by ^H-UTP incorporation. 
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CHAPTER V 

INVOLVEMENT OF PHOSPHORYLATION IN THE 

ESTRADIOL INDUCED INCREASE IN UTERINE 

NUCLEOLAR TRANSCRIPTIONAL ACTIVITY 

Introduction 

In the previous, chapter data has been presented that indicates that administration of E2 

to ovariectomized mature rats results in an increase in the rate of elongation of nucleolar 

RNA synthesis. The stimulation can be eliminated in vitro by removal of active components 

with a low salt wash of the isolated uterine nucleoli. The components are relatively stable 

and can reconstitute the stimulatory rate of elongation by their addition to nucleoli 

demonstrating low basal levels of transcriptional activity. The components or some 

associated activity appear to have a short half life, for continual protein synthesis is 

required to maintain the stimulatory activity. Attempts to identify newly synthesized 

protein(s) in the active salt extract as possible candidates for the stimulation have not been 

successful. This may be due to a number of reasons such as (1) low amounts of the 

proteins and/or (2) location of the proteins in a cellular compartment other than the 

nucleolus or the nucleus. If the E2 -induced short Hved protein resides in another cellular 

compartment then the action of the factor would be indirect and it may function to modify a 

pre-existing factor(s). One candidate tiiat is directly involved in nucleolar RNA synthesis is 

RNA polymerase I. 

An alternative explanation for tiie E2 stimulation of nucleolar RNA syntiiesis is the E2 

effect on nucleolar transcription is mediated by a post translational modification of protein 

directiy involved in nucleolar RNA synthesis. A very common posttranslational 

modification is phosphorylation. A number of enzyme systems involved in ribosomal RNA 

synthesis, including topoisomerase I and RNA polymerase I, have been shown to be 

regulated by phosphorylation resulting in elevated enzyme activity [45, 52,70, 92, 93]. An 
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alteration such as phosphorylation could alter the apparent Km of tiie RNA polymerase 

molecules for tiiek nucleotide substrates, the ribonucleotide triphosphates, resulting in an 

increased rate of elongation in RNA synthesis. 

Chromatin structural alteration due to post-translational modification of associated 

proteins such as histones and non-histone proteins has been reported [37, 75, 92, 94] . 

Chromatin structure change could allow faster rate of movements of the RNA polymerase I 

resulting in increased rates of synthesis. Modification of chromatin and associated proteins 

is therefore a potential site of E2 action. An experimental approach to investigate the role of 

phosphorylation as the mechanism of E2 action on the rate of nucleolar RNA synthesis is 

the alteration of the phosphorylation state in vitro. Treatment of either nucleoH or salt 

extract with alkaHne phosphatase to remove phosphate groups from the proteins should 

reduce or eliininate the E2 -induced increase in transcriptional activity and possibly eliminate 

the abUity of the salt extract from nucleoli isolated from the uteri of E2-treated animals to 

increase transcription in control nucleoH if phosphorylation was directly involved in the 

increased rate of nucleolar RNA synthesis. It is also possible that the salt extracts or 

nucleoli could contain protein kinase activity which was exerting effects during 

reconstitution procedure or during the in vitro assay for RNA synthesis. This would 

suggest that the estradiol effect could in fact be due to an alteration in the activity of a 

protein kinase with the resulting change in the phosphorylation state of some other protein 

which then is the actual mediator of the estradiol effect by altering the structure of the 

chromatin of the genes or by altering the activity of RNA polymerase I. 

The experiments described in tiiis chapter are also designed to determine if estradiol 

alters the in vivo phosphorylation state of any uterine nucleolar salt extractable proteins. 

The in vivo phosphorylation state will be determined directiy and indirectly. Direct 

measurement of phosphorylation of nucleolar salt extractable proteins wUl be investigated 

by pulse labeling control and E2-treated animals with 32p orthophosphate. Isolation of the 

uterine nucleoH, salt extraction and analysis by gel electrophoresis and autoradiography wiU 
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be performed. Indirect measurement of the in vivo phosphorylation state will be addressed 

by an in vitro assessment. The phosphorylation state of the proteins present in the uterine 

nucleoH is fixed at the time of isolation. Incorporation of labeled phosphate can only take 

place at phosphorylation sites which are devoid of the phosphate molecule. It is reasoned 

that nucleoH isolated from control animals may demonstrate a higher rate of phosphate 

incorporation in vitro than nucleoli isolated from 4 hour E2-treated animals. Alkaline 

phosphatase treatment of isolated uterine nucleoli prior to phosphorylation in vitro will 

aUow assessment of the total phosphorylatable sites in uterine nucleoli. A comparison of 

the phosphorylation states of uterine nucleolar salt extractable proteins with and without 

aUcaline phosphatase treatment should allow for identification of those proteins that are 

phosphorylated in vivo, i.e., only are phosphorylated foUowing alkaline phosphatase 

treatment. The general concept of this assay is iUustrated in Figure 5.1. 

Phosphorylation may be involved indirectiy through the actions of some 

phosphoproteins. A protein caUed nucleolin is known to exist within the nucleolus and 

nucleoUn has previously been shown to have an effect on transcription of ribosomal DNA 

[95,96]. Nucleolin in most species has a molecular weight of about 110 kDa. Nucleolin 

has been shown to be phosphorylated by casein kinase II and is broken down shortly after 

phosphorylation due to an auto-proteolytic activity into a protein of approximately 60 kDa 

[95-98]. This breakdown provides a means to regulate the activity of nucleolin. NucleoUn 

has been shown to be extractable with low concentration of salt. Therefore, we attempted to 

determine if nucleolin could possibly be involved in the E2 -induced increase in 

transcriptional activity of uterine nucleoli. Leupeptin, a protease inhibitor, is capable of 

blocking the proteolytic cleavage of nucleolin and this inhibition of nucleolin processing 

has been shown to block the activity of nucleolin in the stimulation of nucleolar RNA 

synthesis [95-97] . 
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Materials and Methods 

Determination of the Effect of the Salt Extract on the Km of 
Ribonucleotides for RNA Polymerase I 

Uterine nucleoli were isolated from control and E2-treated animals (2.5 |ig / animal), 

treated witii TGMED containing 150 mM NaCl at 4 °C for 45 minutes. The nucleoH were 

tiien removed by centrifugation with the supernatant used as the salt extract. The extract 

was dUuted to 50mM NaCl and applied to spleen nucleoli. The spleen nucleoli were 

assayed for the incorporation of the 32p labeled nucleotide in the presence of the unlabeled 

nucleotide for which the Km was being determined in the presence of increasing 

concentrations of unlabeled nucleotides at various time points. The time points typically 

used were 1.5, 2.5, 4.5, 7.5 and 10 minutes. The reaction velocities for each nucleotide 

were determined by calculating the slope of the incorporation line and the Km was 

calculated using an Excel spreadsheet for Lineweaver-Burk plots. 

Determination of the In vivo Phosphorylation State of Salt 
Extractable Uterine Nucleolar Proteins 

Uterine nuclei were isolated from control and E2-treated animals (2.5 |Ltg E2/ animal) 

and a portion of each group was treated for 24 hours at 16° C with 10 units / uterus of 

alkaline phosphatase in alkaline phosphatase buffer (50mM NaCl, 25mM KCl, 0.2 mM 

ZnCl, 5 \x.glm\. Leupeptin) while the other group was mock treated in aUcaline phosphatase 

buffer. Alkaline phosphatase was removed by subsequent washing and centrifugation. 

Nuclei were then incubated in phosphorylation media (TGMED + 5 mM MgCl2, 50 mM 

NaCl, 25 mM KCl, 10 |LiM Na Orthovanadate, 5 |ig/nil Leupeptin) containing 10 |iCi y 

32p - ATP/ uterus at 37°C for 20 minutes. Free y ̂ ^P - ATP was removed by washing and 

centrifugation. NucleoH were isolated, salt extracted and the salt extracted proteins 

precipitated with acetone followed by separation on a 12-18 % polyacrylamide gel. The gel 

was autoradiographed and the resulting pattems analyzed with the Bioimage Visage 2000 

system. Comparison of the relative amounts of radioactive phosphate incorporated in vitro 
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at a given molecular weight between the groups pre-treated with alkaline phosphatase and 

the mock treated groups allows the quantitation of the in vivo phosphorylation states of the 

proteins. The foUowing metiiod is used: It is assumed that the proteins exist in vivo with 

various levels of phosphorylation. The in vitro phosphorylation assay is only capable of 

incorporating radioactive phosphate into sites that are not occupied in vivo; however, prior 

tteatment with alkaline phosphatase removes the existing in vivo phosphorylation and 

aUows the in vitro assay to incorporate radioactive phosphate into aU available sites. 

Therefore the difference in radioactive phosphate incorporation with and without alkaline 

phosphatase treatment represents the in vivo phosphorylation of the proteins. 

In vivo Treatment with MetaboHc Inhibitors 

The E2-treated animals were injected 4 hours prior to sacrifice (2.5|ig E2/ animal). For 

Actinomycin D and cycloheximide treatments the animals were administered 10 jig of 

Actinomycin D or 400 jig of cycloheximide by the transcervical intrauterine route 15 

minutes prior to the time of E2 injection. Uterine nuclei were isolated and a portion of each 

group was treated for 24 hours at 16° C with 10 units / uterus of alkaHne phosphatase in 

aUcaline phosphatase buffer (50mM NaCl, 25mM KCl, 0.2 mM ZnCl, 5 |ig/ml 

Leupeptin). AlkaHne phosphatase was removed by subsequent washing and centrifugation. 

Nuclei were incubated in phosphorylation media (TGMED + 5 mM MgCl2, 50 mM NaCl, 

25 mM KCl, 10 |iM Na Orthovanadate, 5 |ig/ml Leupeptin) containing 10 jiCi y 32p -

ATP/ uterus at 37°C for 20 minutes. Free y ̂ ^P - ATP was removed washing and 

centrifugation. NucleoU were isolated, salt extracted and the salt extracted proteins 

precipitated with acetone foUowed by separation on a 12-18 % polyacrylamide gel. The gel 

was autoradiographed and the protein banding pattems analyzed with the Bioimage Visage 

2000 system using the assay described in the previous section. 
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Phosphorylation using GTP as a Substrate 

Uterine nuclei were isolated from control or 4 hour E2-treated animals (2.5[ig E2/ 

animal). A portion of each group was treated for 24 hours at 16° C with 10 units / uterus of 

aUcaUne phosphatase in aUcaUne phosphatase media (50mM NaCl, 25mM KCl, 0.2 mM 

ZnCl, 5 jig/ml Leupeptin). Alkaline phosphatase was removed by subsequent washing and 

centrifugation. Nuclei were then incubated in phosphorylation media (TGMED -f- 5 mM 

MgCl2, 50 mM NaCl, 25 mM KCl, 10 |iM Na Orthovanadate, 5 |ig/ml Leupeptin) 

containing 10 jiCi y 32p. G T P / uterus at 37°C for 20 minutes. Free y 32? - GTP was 

removed by washing and centrifugation. Nucleoli were isolated, salt extracted and the salt 

extracted proteins precipitated with acetone foUowed by separation on a 12-18 % 

polyacrylamide gel. The gel was autoradiographed and the resulting pattems analyzed witii 

the Bioimage Visage 2000 system. 

Effect of Leupeptin Treatment in vitro on Uterine Nucleolar 

Transcriptional Activity 

Uterine nucleoli were isolated from control and 4 hour E2-treated animals (2.5 jig E2 / 

animal), and incubated with or without 10 jig leupeptin (45 minutes at 4° C) and assayed 

by 3H-UTP incorporation for transcriptional activity. 

Results 

Determination of the Effect of the Salt Extract on the Km of 

RNA Polymerase I 

Experiments were designed to determine if tiie salt extract might be working by 

altering the affinity of the RNA polymerase I molecule for its substrates (nucleotides). This 

change would be manifested as a change in the Km value for the enzyme. The results of 

this experiment are shown in Figure 5.2. The presence of salt extract isolated from uterine 

nucleoli of either 4 hour E2-treated animals or control animals is without effect on the Km 

values for CTP and GTP. The presence of extracts from nucleoli isolated from control 
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animals also has no significant effect on the Km values for either UTP or ATP. A decrease 

in the Km values of (70 %) and (54 %) was observed for ATP and UTP, respectively, 

when salt extracts isolated from 4 hour E2-treated animals was present. A lower Km value 

indicates a higher affinity for tiie substrate of the enzyme. This would aUow the enzyme to 

function even under conditions of limited substrate. This increased affinity could explain 

part of tiie increase in RNA synthesis observed in response to E2. Salt extract (150 mM) 

does not contain RNA polymerase I activity (data not shown); therefore, the salt extract 

appears to contain a factor that regulates the affinity of RNA polymerase I for the 

nucleotides (ATP and UTP). It is possible that the observed change in the Km value is not 

physiologicaUy significant. If the substrates are not at levels near or below the Km values, 

then changes in the Km value could not explain the increased transcriptional activity that is 

induced by E2 treatment. The concentration of free nucleotides present in uteri of control 

and 4 hour E2-treated animals has previously been determined but no elevation of the 

nucleotide concentration within nucleoli has been reported. This observation would be 

more critical to assess the physiological significance of the change in the Km for ATP and 

UTP that has been observed in this study. 

Determination of the Effect of E2 on the Phosphorylation 
State of the Salt Extract 

Regulation of ribosomal RNA synthesis by phosphorylation has been suggested by a 

number of studies [45, 52, 57]. Experiments were designed to determine if stimulation of 

uterine nucleolar RNA synthesis by E2 was via a phosphorylation event. Treatment of 

nucleoH or salt extracts with alkaline phosphatase to remove phosphate groups from 

proteins should reduce or eHminate the E2-induced increase in nucleolar transcription and 

eHminate tiie abiHty of salt extracts isolated ft-om nucleoli of E2-treated animals to stimulate 

transcription in the in vitro assay if phosphorylation is directiy involved. The results of 

such an experiment are presented in Figure 5.3. Alkaline phosphatase treatment of nucleoli 

or salt extracts results in the eUmination of the E2 stimulation of nucleolar transcription by 
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decreasing tiie rate of nucleolar RNA synthesis in nucleoli isolated from the uteri of E2-

treated animals to a much greater extent than the transcriptional rate in nucleoH isolated firom 

control animals. There is an inhibitory effect of alkaHne phosphatase treatment on control 

nucleoli suggesting tiiat tiiere are critical phosphate groups essential for basal nucleolar 

activity. Treatment of nucleolar salt exfracts isolated from E2-treated animals eliminates the 

abUity of the extracts to stimulate the transcriptional rate in the nucleolar reconstitution 

assay. These results suggest that phosphorylation of protein(s) are playing a critical role in 

the basal activity and also in the E2 stimulation of nucleolar transcription. 

Investigation into the presence of E2-induced phosphorylation in nucleolar salt extracts 

was undertaken since alkaline phosphatase treatment of nucleolar salt extracts isolated from 

E2-treated animals eHminates the ability of the salt extract to stimulate RNA synthesis in 

nucleoH isolated from control animals. Administration of E2 for 4 hours resulted in 

increased phosphorylation of nucleolar proteins with molecular weight around 105 kDa and 

a smaUer increase in the range of 30 kDa as reflected in an increase in the ratio of [̂ ^P] 

incorporated into proteins present in nucleoli isolated from the uteri of 4 hour E2-treated 

animals compared to [̂ ^P] incorporated into nucleolar proteins from the uteri of controls 

(Figures 5.4 and 5.5). Uterine nucleoH isolated from control or 4 hour E2-treated animals 

labeled in vivo with [32p] orthophosphate were extracted with 150 mM NaCl. Salt 

extracted nucleolar proteins and residual nucleolar proteins (not extracted witii 150 mM 

NaCl) were subjected to SDS-PAGE. As seen in Figures 5.4 and 5.5, E2-stimulated 

phosphorylated nucleolar proteins are extracted under conditions that remove the E2-

stimulated factor(s) regulating tiie rate of elongation of nucleolar RNA synthesis. 

Measurement of the in vivo Phosphorylation State of Salt 
Extractable Uterine Nucleolar Proteins 

An experiment was designed to examine more precisely the phosphorylation of 

nucleolar salt extractable proteins in nucleoli isolated from control and 4 hour E2-treated 

animals. In order to assess the in vivo phosphorylation pattern and to determine whether 
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tiiere existed a nucleolar protein kinase(s) and if E2-treatment affected the activit\', uterine 

nuclei were isolated from control and E2-treated animals. The nuclei from both treatment 

groups were split into two equal fractions and resuspended in phosphatase buffer and 

incubated with or without alkaline phosphatase at 16° C for 24 hours. AUcaline 

phosphatase was removed washing and centrifugation. The nuclei were then incubated at 

37° C in phosphorylation buffer with y 32p . ATP for 20 minutes to allow phosphorylation 

of proteins by the endogenous protein kinase(s). Unincorporated y ̂ 2?. ATP was removed 

by washing and centrifugation. Nucleoli were then isolated from the samples and salt 

extracts obtained as discussed in Materials and Methods. Salt extracts were then run on 

SDS-PAGE, autoradiographed and analyzed with a Bioimage Visage 2000 as seen in 

Figure 5.6. 

Four predominant nucleolar salt extractable proteins were found to be phosphorylated 

by endogenous protein kinase(s), both from control and E2-treated animals. The molecular 

weights of the proteins were 105,95, 34 and 33 kDa. Salt extracts from uterine nucleoli 

isolated from control animals showed no significant differences in phosphorylation 

between untreated and alkaline phosphatase treated nuclei. These proteins were apparently 

unphosphorylated in vivo. On the other hand, a significant increase in phosphorylation of 

the 105 kDa uterine nucleolar salt extractable protein isolated from 4 hour Ei-treated 

animals was observed upon alkaline phosphatase treatment strongly suggesting that E2-

treatment in vivo results in phosphorylation of this protein. 

The results in Figure 5.6 are derived from the difference between the level of 

phosphorylation in uterine nucleolar salt extracted proteins that have been isolated from 

nucleoH treated with or without alkaline phosphatase prior to the in vitro phosphorylation 

procediu-e. This therefore represents the level of phosphorylation that had occurred in vivo. 

No significant change in phosphorylation in the 33 and 34 kDa salt extracted proteins from 

nucleoH isolated from control and E2-treated animals was seen suggesting that no 

significant phosphorylation had occurred in vivo. An 82 % increase was seen in the 
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phosphorylation of the 105 kDa salt extracted uterine nucleolar protein isolated from E2-

treated animals due to aUcaline phosphatase, while no significant increase was seen in a salt 

extracted protein(s) of similar molecular weight isolated from control animals due to 

alkaHne phosphatase treatment in vitro. It should be noted that the level of overaU 

phosphorylation in aUcaline phosphatase treated samples was the same for uterine nucleolar 

salt extracted proteins isolated from control and E2-treated animals. 

Nuclei were chosen as the organelle for the phosphorylation since removal of free ATP 

by repeated washings and centrifugation were less harmful to nuclei than to nucleoli and 

minimized the exposure to levels of free radiolabeled ATP during the sonication step of the 

nucleolar isolation procedure. Experiments not presented here were performed that 

demonstrated the same phosphorylation pattern of uterine salt extracted nucleolar proteins 

were observed when the phosphorylation was performed in isolated nuclei or in the salt 

extract. Therefore, it appears that a kinase capable of phosphorylating nucleolar proteins 

from control and E2-treated animals is present in the nucleolar compartment of the nucleus 

and is salt extractable. 

Measurement of the in vivo Phosphorylation State of Salt 
Extractable Uterine Nucleolar Protein in Response to 

Treatment with Metabolic Inhibitors 

It appears that phosphorylation of uterine nucleolar salt extracted proteins due to E2 4 

hour treatment is involved in the stimulation of the elongation rate of nucleolar RNA 

transcription since alkaHne phosphatase treatment of salt extracts isolated from uterine 

nucleoH of both control and E2-treated animals eliminates the stimulatory activity of tiie 

extract in the reconstitution assay using control nucleoH as shown in Figure 5.3. The only 

apparent in vivo phosphorylated uterine nucleolar salt extracted protein is a 105 kDa protein 

present in E2 4 hour treated animals (Figure 5.6). Previous results have also shown that 

E2-induced newly synthesized protein is involved in the E2 regulation of the elongation rate 

of nucleolar RNA synthesis. A newly synthesized nucleolar protein was observed 
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foUowmg 4 hour E2 treatment but the proteins are not present in the salt extract [ 17]. The 

foUowing experiments were designed to determine the role of E2-induced RNA and protein 

synthesis in regulating the elongation rate of nucleolar RNA synthesis and the 

phosphorylation of nucleolar salt extracted proteins. 

The effect of aUcaUne phosphatase treatment in vitro and the effect of metabolic 

inhibitors, actinomycin D and cycloheximide, in vivo on the stimulatory activity of salt 

extracts isolated from uterine nucleoli of 4 hour E2-treated animals can be seen in Figure 

5.7. The first panel reproduces the results previously shown that salt extracts isolated from 

uterine nucleoH of 4 hour E2-treated animals reconstitute with nucleoli isolated from the 

uteri of control animals resulting in increased nucleolar transcription previously shown to 

be due to increased rate of elongation [17]. No stimulation was observed if the extracts 

were isolated from uterine nucleoli of control animals. The effect of alkaline phosphatase 

was observed under the same conditions employed in the experiments measuring the 

phosphorylation of uterine nucleolar salt extracted proteins (Figure 5.6). Briefly, nuclei 

were treated with alkaline phosphatase prior to the isolation of nucleoli and salt extraction 

of the nucleoH. The salt extracts from uterine nucleoli isolated from control and 4 hour E2-

treated animals were reconstituted with nucleoli from control animals and transcription rates 

were determined. As the second panel in Figure 5.7 demonstrates, alkaline phosphatase 

eliminates the stimulatory activity of salt extract of nucleoH isolated from the E2-treated 

animals. The alkaline phosphatase treatment of extract from nucleoH of control animals 

sUghtiy but not statistically significant decreased the activity of nucleoli isolated from 

control animals reconstituted with this extract. 

The abiHty to determine the requirement of non ribosomal RNA synthesis on the 

transcriptional activity of nucleoli is Umited. The metabolic inhibitor actinomycin D 

intercalates with DNA and preferentially into nucleolar DNA and transcribing ribosomal 

RNA and remains with tiie template after isolation and thereby inhibits the in vitro 

measurement of nucleolar RNA synthesis. The fact that salt extracts isolated from nucleoli 
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from 4 hour E2-treated animals reconstituted with nucleoli isolated from control animals 

permits the evaluation of the effect of in vivo E2 treatment on nucleolar transcription allows 

tiie requirement for actinomycin D sensitive RNA synthesis in the E2 stimulation of 

nucleolar RNA synthesis to be determined. As shown in Figure 5.7, in vivo treatment of 

animals with actinomycin D eliminates the stimulation in nucleolar transcription due to salt 

extracts from uterine nucleoli isolated from 4 hour E2-treated animals in the reconstitution 

assay employing uterine nucleoU isolated from control animals. The requirement for E2-

induced protein synthesis previously shown to be required for the increased transcription of 

uterine nucleoli compared to the transcription of uterine nucleoli isolated from control 

animals is also necessary for the stimulatory activity of salt extracts isolated from 4 hour 

E2-treated aitimals [17]. 

The previous results suggest that (1) E2-induced phosphorylation of nucleolar 

protein(s), (2) E2-induced synthesis of protein(s) and (3) E2-induced synthesis of 

actinomycin D sensitive RNA is required for the stimulatory activity of salt extracts isolated 

from uterine nucleoli of 4 hour E2-treated animals in the reconstitutive procedure employing 

uterine nucleoH isolated from control animals. Experiments were therefore designed to 

measure the effect of treatment in vivo with actinomycin D or cycloheximide on the in vivo 

phosphorylation of salt extract proteins isolated from uterine nucleoli. The experimental 

design and expression of data is as previously described for the measurement of the 

phosphorylation state of uterine nucleolar proteins. Cycloheximide and actinomycin D 

treatments had pronounced effects on the level of phosphorylation both in vivo and in vitro 

on a number of uterine nucleolar salt extracted proteins from both control and E2-treated 

animals (Figure 5.8). 

The most dramatic effect from in vivo treatment with both metabolic inhibitors was a 

total loss of phosphorylation in uterine nucleolar salt extracted 95 kDa protein isolated from 

both control and E2-treated animals. Treatment in vitro with aUcaline phosphatase was 

without effect on this loss. Whether the synthesis of a specific kinase was involved in the 
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in vivo treatment cannot be determined by the in vitro assay. From previous experiments 

newly synthesized saU extracted proteins were not present in nucleoli isolated from control 

or E2-treated animals [12, 17]. A similar effect of cycloheximide and actinomycin D was 

seen on tiie 33 kDa and 34 kDa nucleolar salt extracted proteins. The in vivo 

phosphorylation of tiie 105 kDa salt extracted nucleolar protein due to in vivo E2 treatment 

was inhibited by in vivo cycloheximide treatment as demonstrated by the similar 

phosphorylation states with or without alkaline phosphatase treatment in salt extracts from 

nucleoH isolated from control and E2-treated animals. Actinomycin D treatment also 

eliminated the differences between in vivo phosphorylation pattern of the salt extracted 

nucleolar protein from control and 4 hour E2-treated animals by decreasing the in vivo 

phosphorylation of the 105 kDa protein from E2-treated animals while increasing the 

phosphorylation of the simUar molecular weight protein from control animals. It is apparent 

that both basal and E2-stimulated protein and RNA synthesis affects the phosphorylation 

state of uterine nucleolar salt extracted proteins which appears to play some role in the level 

of uterine nucleolar RNA synthesis. 

Casein kinase II is a ubiquitous serine/threonine protein kinase. It is located in both the 

nuclear and cytoplasmic compartments of the ceU [99,100]. It has also been shown to 

phosphorylate a wide spectrum of nuclear proteins including RNA polymerase I and II [45, 

56], DNA topoisomerase I and II [33, 34, 101], protein phosphatase I, nucleolin [95-97] 

and the type II regulatory subunit of cAMP dependent protein kinase. Casein kinase II is 

cycHc nucleotide independent and it has the unique property of using either ATP or GTP as 

a substrate. Studies were performed to determine whether the endogenous uterine nucleolar 

protein kinase involved in the phosphorylation of the uterine salt extracted protein was able 

to use GTP as a substrate. 

In vitro phosphorylation experiments as previously described were performed. In the 

experiments described below y [̂ ^p] GTP was used as the substrate to assess the possible 

role of casein kinase II in the E2-induced phosphorylation of uterine nucleolar proteins. 
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Briefly, uterine nuclei were isolated from actinomycin D treated or untreated control and E2 

injected animals. The nuclei were split into equal fractions and incubated with or witiiout 

aUcaline phosphatase. Following removal of the alkaline phosphatase, the nuclei were then 

incubated in the phosphorylation medium containing y [32p] GTP. Nucleoli were tiien 

isolated, salt extracted and SDS PAGE performed. The results of this experiment are 

shown in Figure 5.9. 

Uterine nucleolar salt extracted proteins demonstrated phosphorylation in vitro with or 

without aUcaUne phosphatase treatment when GTP instead of ATP was used as tiie 

substrate. One protein with a molecular of 22 kDa did not show any variation in 

phosphorylation due to E2 treatment in vivo and was used for normaUzation of protein 

recovery and gel loading. Protein in the molecular weight range of 105 kDa showed 

differences due to E2 treatment in vivo. A 300 % increase in the phosphorylation of the 105 

kDa protein occurred in vitro when the nuclei were isolated from the uteri of animals treated 

with E2 in vivo. Prior treatment of the animals with actinomycin D eliminates the effect of 

E2 treatment. The 105 kDa protein did not appear to be phosphorylated in vivo since 

treatment of the nuclei with alkaline phosphatase prior to the in vitro phosphorylation did 

not increase the ^^P incorporation in vitro. A significant inhibition of incorporation was 

observed due to aUcaUne phosphatase treatment. The p subunit of casein kinase II 

undergoes phosphorylation and treatment of purified casein kinase II with alkaline 

phosphatase results in a partial inactivation of the kinase. Whether the uterine nuclear 

kinase using GTP as a substrate was responsible for the phosphorylation in vivo of the 105 

kDa protein due to E2 treatment that was observed when ATP was the substrate is difficult 

to ascertain since the in vivo phosphorylation state is only able to be assessed by treatment 

in vitro with alkaline phosphatase followed by phosphorylation. These results suggest that 

in vivo E2 treatment increases the kinase activity and the phosphorylation of the 105 kDa 

protein and this activity is dependent on E2-induced actinomycin D sensitive RNA. 
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Effect of Leupeptin on Transcription Activity of 
Uterine Nucleoli 

The previous results have shown that E2 treatment in vivo results in an increased rate of 

nucleolar RNA synthesis. The E2 effect can be ablated in vivo by the treatment of animals 

with cycloheximide or actinomycin D. In vitro the E2 stimulation can be eliminated by (1) 

removal of nucleolar proteins soluble in 150mM NaCl, (2) treatment of isolated nucleoli 

with camptothecin, an inhibitor of topoisomerase I and (3) treatment of nucleoli witii 

aUcaUne phosphatase. A uterine nucleolar salt extracted protein with a molecular weight of 

105 kDa is phosphorylated in vivo following E2 treatment. Topoisomerase I is a nucleolar 

protein that is salt extractable, has a molecular weight of 100-110 kDa and the activity of 

topoisomerase is increased by serine phosphorylation. The role of topoisomerase in the E2 

regulation of uterine nucleolar RNA synthesis has been examined and was shown in 

Chapter IV to be necessary but not sufficient for the E2 effect. Another major nuclear 

protein is nucleolin, also called C23. Nucleolin has been shown to have multiple 

phosphorylation sites. The amount and phosphorylation state has been correlated directiy 

with nucleolar transcription activity [95, 96, 102]. Nucleolin is thought to play a key role in 

ribosomal RNA transcription and processing. Phosphorylated nucleolin has been shown to 

undergo specific proteolytic cleavage. The presence of leupeptin in vivo or in vitro has been 

shown to block the proteolytic processing of nucleolin and this inhibition has been shown 

to decrease ribosomal RNA transcription. The experiment described below examines the in 

vitro effect of leupeptin on the E2 stimulation of uterine nucleolar RNA synthesis. 

The data presented in Figure 5.10 demonstrate that the presence of leupeptin during the 

in vitro transcription of uterine nucleoli results in a decreased transcription rate in uterine 

nucleoH isolated from control or E2 4 hour-treated animals. The effect of leupeptin on 

nucleoli isolated from 4 hour E2-treated animals is of a greater magnitude and results in the 

elimmation of the stimulation in the rate of elongation of nucleolar RNA chains due to the in 

vivo E2 treatment. The decrease in the transcriptional activity of nucleoli isolated from 
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control animals would be expected if leupeptin were blocking tiie processing of nucleolin 

which is required for basal nucleolar activity. These results suggest a possible role of 

nucleolin in the E2 stimulation of nucleolar transcription but further evidence is required 

before the site or sites of E2 action in the stimulation of nucleolar RNA synthesis is 

defined. 

Discussion 

Phosphorylation and dephosphorylation of proteins is one of the major regulatory 

processes in eukaryotic cells. In this chapter examination of the role of phosphorylation in 

the E2 regulation of nucleolar transcription was undertaken. The data presented support the 

hypotiiesis that E2 stimulation of the elongation rate of nucleolar transcription is controlled 

in part by the phosphorylation of loosely associated nucleolar proteins. The molecular 

mechanism controlHng the rate of elongation is not known. Structural changes in 

chromatin, the template for RNA synthesis have been cortelated with changes in 

transcription [20, 53, 75, 103]. Phosphorylation of proteins results in changes in protein-

protein and or nucleic acid-protein interactions which could have pronounced effects on 

chromatin. Further experiments are required to determine whether the increased 

phosphorylation of nucleolar proteins due to in vivo E2 treatment results in alterations in the 

chromatin structure. Alterations in chromatin structure could account for tiie observed 

changes in the Km for ATP and UTP due to in vivo E2 treatment. 

E2 regulation of nucleolar RNA synthesis is a complex process requiring the 

interaction of a number of components. E2 administration in vivo results in the 

phosphorylation of a nucleolar protein with a molecular weight of 105 kDa. The protein 

appears to be pre-existing and the synthesis is not regulated by E2 . Possible candidates for 

this protein are topoisomerase I and/or nucleolin. Both proteins are concentrated within the 

nucleus, salt extracted, molecular weights of 100-110 kDa, involved in ribosomal RNA 

synthesis and/or processing and activities regulated by the state of phosphorylation. 
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Experiments performed with camptothecin, an inhibitor of topoisomerase I, demonstrated 

the requu-ement for this protein in the E2 stimulation of nucleolar RNA synthesis. Otiier 

experiments demonstrated tiiat topoisomerase I was only one of the components tiiat were 

required. Leupeptin, a peptide that specifically blocks the proteolytic cleavage of nucleolin 

also blocked the E2 stimulation of nucleolar RNA syntiiesis suggesting that nucleolin was 

required. Definitive proof of the involvement of nucleolin awaits further experiments. 

Protein kinases are enzymes catalyzing the phosphorylation of cellular proteins and are 

therefore subject to regulation at the synthesis, degradation and modification levels. From 

the resuUs presented in this chapter endogenous protein kinases are present in uterine 

nucleoU isolated from both control and E2-treated animals. Some of these protein kinases 

are loosely associated with the nucleolus and are extracted by a low salt wash. It appears 

that at least two classes of protein kinases are present in uterine nucleoU, one uses ATP as a 

substrate, the activity is not affected by the in vitro aUcaUne phosphatase treatment or by the 

in vivo treatment with actinomycin D or cycloheximide. The substrates phosphorylated by 

this kinase are affected by cycloheximide and actinomycin D both in control and E2-treated 

animals. The absence of any significant decrease in kinase activity with alkaline 

phosphatase treatment suggests that the kinase does not require phosphorylation for activity 

or that present within the uterine nucleoli are lcinase(s) capable of phosphorylating this 

kinase following the removal of the aUcaline phosphatase. The other kinase(s) is capable of 

using ATP or GTP as substrate implicating the casein kinase II. Casein kinase II has been 

localized to both cytoplasmic and nuclear compartments and is capable of using ATP or 

GTP. In vitro treatment with alkaline phosphatase inhibits the kinase activity when GTP is 

used as the substrate. The results suggest that the kinase must be phosphorylated for full 

activity. It also suggests that the kinase responsible for this phosphorylation is not present 

and/or active in the isolated uterine nuclei. Treatment of animals with actinomycin D 

significantiy decreases the activity of the kinase. These results suggest that (1) the kinase 

must be synthesized in both control and E2-treated animals, or (2) the kinase responsible 
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for the phosphorylation of the GTP-Kinase requires synthesis. Further experiments are 

required to resolve this question. The activity of the kinase using GTP as a subsQ-ate 

appears to be activated by E2 treatment in vivo. Phosphorylation of the 105 kDa protein is 

increased 300 % in uterine nucleoli isolated from 4 hour E2-treated animals. An alternative 

explanation for the mcreased phosphorylation of the 105 kDa protein is an increased 

amount of the 105 kDa protein due to E2 treatment. Results do not support the E2-induced 

synthesis of the 105 kDa protein since no newly synthesized proteins are observed in salt 

extracts from uterine nucleoH isolated from control and 4 hour E2-treated animals. It is 

possible that E2 treatment has caused a redistribution of protein from cytoplasm or nuclei to 

the nucleolus. This would result in an increased concentration of the 105 kDa protein in 

uterine nucleoli from 4 hour E2-treated animals. Whether the 105 kDa protein and/or the 

phosphorylation of the 105 kDa protein is responsible for the E2-induced increased rate of 

elongation of nucleolar RNA synthesis is not known, but increased phosphorylation does 

cortelate with activation of transcriptional activity. Isolation and purification of the 105 kDa 

nucleolar protein and the protein kinase responsible for the phosphorylation may help 

resolve the question of how E2 mediates increased nucleolar RNA synthesis. 
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Figure 5.1 - Chart describing the assay used to determine the in vivo phosphorylation 
levels of the proteins by using alkaHne phosphatase and the protein kinase present in the 
salt extract. Some nuclei were treated with alkaline phosphatase and others were mock 
treated. NucleoH were isolated, y^^P - ATP was added and the nucleoU were incubated then 
salt extracted. The proteins were separated by SDS-PAGE and examined by 
autoradiography. A protein that was heavily phosphorylated in vivo would show greatiy 
increased ability to be phosphorylated after aUcaUne phosphatase treatment whUe a protein 
with Httle in vivo phosphorylation would show little change in ability to be phosphorylated 
after alkaline phosphatase treatment. The ratio of the alkaline phosphatase treated to the 
group not treated allows the determination of the percent in vivo phosphorylation. 
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Figure 5.2 - The effect of a salt extract from control E2-treated animals on the Km value of 
spleen nucleoH was measured. The E2-treated animals were injected 4 hours prior to 
sacrifice (2.5fig E2/ animal). Uterine nucleoH were isolated, treated with 150 mM NaCl 
TGMED at 4 °C for 45 minutes and the extract isolated. The extract was dUuted to 50mM 
NaCl and appHed to spleen nucleoH. The spleen nucleoli were assayed for the incorporation 
of the 32p labeled nucleotide in the presence of unlabeled for which the Km was being 
determined in the presence of increasing concentrations of unlabeled nucleotides. The 
reaction velocities were determined and the Km was calculated using an Excel spreadsheet 
for Lineweaver-Burk plots. 
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Figure 5.3 - The effect of alkaline phosphatase treatment in vitro on tiie RNA synthesis 
activity of nucleoH isolated from the uteri of E2-treated animals and control animals. 
NucleoH isolated from the uteri of control and E2-treated animals were incubated in the 
presence or absence of alkaHne phosphatase (1 unit for 0.5 hour at 37°C) followed by 
subsequent washing and centrifugation step to remove the residual alkaline phosphatase. 
The nucleoH were then resuspended in TGMED buffer and assayed for RNA synthesis 
according to procedures in Materials and Methods, Uterine nucleoH were isolated, 
resuspended in TGMED and assayed for RNA synthesis as described in Materials and 
Methods. *Significant at p < 0.05 using tukeys test. 
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Figure 5.4 - Sodium dodecyl sulfate polyacrylamide gel electrophoresis of uterine nucleolar 
proteins phosphorylated in vivo in control and 4 h E2-treated animals. Groups of 10 
identically treated animals were administrated E2 (2.5 îg) or hormone carrier by 
intravenous route for 4 h. One hour prior to sacrifice tiie animals were administrated 75 |iCi 
32p orthophosphate /animal by the transcervical intrauterine route. Animals were sacrificed 
4 h after treatment witii hormone or hormone carrier. Uterine nucleoli were isolated and 
nucleoH equivalent to 100 |ig DNA was salt extracted (150 niM NaCl). Salt extracts and 
residual nucleoH were separated by centrifugation, solubiHzed and subjected to sodium 
dodecyl sulfate polyacrylamide gel electrophoresis [65]. The radioactivity present in 1.5 
mm slices was determined and corrected for background incorporation. The results are 
expressed as a ratio of 32p incorporated in nucleolar proteins from E2-treated animals/ 32p 
incorporated in nucleolar proteins from control animals. 
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Figure 5.5 - The effect of E2 treatment on the in vivo phosphorylation of the 
105, 95, 34, 33 kDa salt extractable proteins in nucleoli isolated from either 
control or E2 treated animals. The E2 treated animals were injected 4 hours 
prior to sacrifice (2.5|ig E2/ animal). Uterine nuclei were isolated and a 
portion of each group was treated for 24 hours at 16° with 10 units / utems of 
alkaline phosphatase. Alkaline phosphatase was removed by subsequent 
washing and centrifugation. Nuclei were then incubated in phosphorylation 
media containing 10 |j.Ci y ̂ ^P - ATP/ uterus at 37°C for 20 minutes. Free y 
^2p - ATP was removed washing and centrifugation. Nucleoli were isolated, 
salt extracted and the salt extracted proteins precipitated with acetone 
followed by separation on a 12-18 % polyacrylamide gel. The gel was 
autoradiographed and the resulting pattems analyzed with the Bioimage 
Visage 2000 system. The percent phosphorylation was calculated as 
described in Figure 5.1. 
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Figure 5.6 -In vivo Phosphorylation of a 105 kDa nucleolar salt 
extractable protein in E2 treated anirnals. Control and E2 treated 
animals at time 0 were adnunistered P-orthophosphate (100 jiCi/ 
animal) by the transcervical intraluminal route. At 4 hours after the 
injections the animals were sacrificed. Uterine nucleoli were isolated, 
salt extracted and the proteins precipitated with acetone, washed and 
separated by SDS - PAGE on a 12-18 % polyacrylamide gel. The gel 
was autoradiographed and the resulting pattems analyzed with the 
Bioimage Visage 2000 system. 
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Figure 5.7 - The effect of alkaHne phosphatase treatment in vitro and the effect of treatment 
with metaboHc inhibitors in vivo on the RNA synthesis activity of nucleoli isolated from the 
uteri of E2-treated animals and control animals. Nucleoli isolated from the uteri of control 
and E2-treated animals were incubated in the presence or absence of alkaline phosphatase (1 
unit for 0.5 hour at 37°C) foUowed by subsequent washing and centrifugation step to 
remove the residual alkaline phosphatase. The nucleoli were then resuspended in TGMED 
buffer and assayed for RNA synthesis according to procedures in Materials and Methods. 
The effect of metabolic inhibitors was investigated by the transcervical intraluminal 
administration of actinomycin D (10 jig/ utems) or cycloheximide (400 jig/ utems) or 
vehicle 15 minutes prior to hormone administration. Uterine nucleoH were isolated, 
resuspended in TGMED and assayed for RNA synthesis as described in Materials and 
Methods. ^Significant at p < 0.05 using tukeys test. 
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Figure 5.8-The effect of metabolic inhibitors on the E2-induced in vivo phosphorylation of 
the 105, 95, 34, 33 kDa salt extractable proteins in nucleoli isolated from either control or 
E2-treated animals. The E2-treated animals were injected 4 hours prior to sacrifice (2.5|J.g 
E2/ animal). For actinomycin D and cycloheximide treatments the animals were 
administered 10 \ig of actinomycin D or 400 |J.g of cycloheximide by the transcervical 
intrauterine route at the time of E2 injection. Uterine nuclei were isolated and a portion of 
each group was treated for 24 hours at 16° C with 10 units / uterus of alkaline 
phosphatase. AlkaHne phosphatase was removed by subsequent washing and 
centrifugation. Nuclei were then incubated in phosphorylation media containing 10 |iCi y 

32p - ATP/ utems at 37°C for 20 minutes. Free y ^•^P - ATP was removed washing and 
centrifugation. NucleoH were isolated, salt extracted and the salt extracted proteins 
precipitated with acetone followed by separation on a 12-18 % polyacrylamide gel. The gel 
was autoradiographed and the resulting pattems analyzed with the Bioimage Visage 2000 
system. 
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Figure 5.9-The effect of E2 and actinomycin D on phosphorylation of salt extracted uterine 
nucleolar proteins using GTP as the substrate. The E2-treated animals were injected 4 hours 
prior to sacrifice (2.5|ag E2/ animal). For actinomycin D treatments the animals were 
administered 10 \xg of actinomycin D by the transcervical intrauterine route at the time of E2 
injection. Uterine nuclei were isolated and a portion of each group was treated for 24 hours 
at 16° C with 10 units / uterus of alkaline phosphatase. Alkaline phosphatase was removed 
by subsequent washing and centrifugation. Nuclei were then incubated in phosphorylation 
media containing 10 |LiCi y 32p - GTP/ uterus at 37°C for 20 minutes. Free y 32p - GTP was 
removed washing and centrifugation. Nucleoli were isolated, salt extracted and the salt 
extracted proteins precipitated with acetone followed by separation on a 12-18 % 
polyacrylamide gel. The gel was autoradiographed and the resulting patterns analyzed with 
the Bioimage Visage 2000 system. A 22 kDa protein that showed no change in 
phosphorylation was used for normalization. The graph depicts the ratio of phosphate 
incorporated by proteins from nucleoli from E2-treated animals to phosphate incorporated 
by proteins from nucleoli from control animals. The same ratio was taken for proteins from 
actinomycin D treated animals. 

96 



< 

Q 
GO 

r l 

OH 

U 

4 h r Con 

*'^'<f-^ , ^ 

4 hr-h Con + 
Leupeptin Leupeptin 

Figure 5.10 -The effect of a leupeptin (a protease inhibitor) on the RNA synthesis activity 
of nucleoH isolated from the uteri of E2-treated and control animals. The E2-treated animals 
were injected 4 hours prior to sacrifice (2.5|ig E2/ animal). Uterine nucleoH were isolated, 
and incubated with or without 10 p-g leupeptin (45 minutes at 4° C) and assayed by ^H-
UTP incorporation. 
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CHAPTER VI 

SUMMARY AND GENERAL DISCUSSION 

Ribosomal RNAs are transcribed within the nucleolus by RNA Polymerase I. These 

RNAs are synthesized in greater quantities than any other RNA type within the cell. The 

requirement for large quantity of ribosomal RNA is required for the assembly of the 

ribosomes which are composed of 50% protein and 50% ribosomal RNA. Active 

ribosomes, in the millions per cell, are required for support of protein synthesis in growth 

and maintenance of cellular metabolism [4, 51]. Ribosomal genes are found in multiple 

copies, each copy containing the information for the synthesis of the 28S, 18S and 5.8S 

RNAs that compose the RNA component of the ribosome. The three coding sequences 

for these RNAs are separated by intragenic spacers that are transcribed followed by 

excision during processing. The process of transcription is divided into three parts: 

Initiation, the process of recognition by RNA Polymerase I and associated transcription 

factors resulting in the formation of the first nucleotide addition. Elongation, the second 

step, which is the sequential addition of nucleotides dictated by the nucleotide sequence 

of the template DNA. Termination, the third and last step in the process of RNA 

synthesis which consist of the release of the newly synthesized RNA from the template 

DNA. The elongation step, in essence, comprises tiie actual synthesis of the RNA, and 

data presented in this thesis demonstrate that the elongation step in the synthesis of 

uterine ribosomal RNA is stimulated by estradiol treatment of ovariectomized rats. 

Early studies on transcriptional control in general and specifically ribosomal RNA 

transcription have centered on the mechanisms that control the initiation step of 

transcription. Due to these eariy studies the dogma that had been presented was that 

stimuH, such as estrogen treatment of ovariectomized rats, exerted their effects at the 

initiation stage of RNA synthesis and that elongation rates were unaffected and/or less 
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important [10-12]. Recent experiments on the regulation of RNA Polymerase II has 

required re-evaluation of this dogma. Experiments have been conducted presenting 

evidence that the process of RNA chain elongation is more complex than previously 

thought and that the elongation stage of RNA synthesis serves as a control point in the 

synthesis of specific mRNAs. Data presented in this thesis demonstrate that estradiol 

treatment of ovariectomized rats stimulates the elongation rates of uterine ribosomal 

RNA synthesis in the early phase of estrogen action presenting the first evidence that the 

rate of RNA Polymerase I movement along the nucleolar DNA template can be regulated 

in a similar manner as RNA Polymerase II. 

Regulation of transcriptional elongation has recendy been shown to be an important 

mechanism controlling gene expression. Transcription by RNA Polymerase I and II 

requires the movement of the polymerases along very long stretches of template. During 

the process of transcription, the polymerase may encounter pause sites in the template due 

to specific sequences and/or conformation of the template. These pause sites may result in 

arrest of the polymerase for periods of time. Alterations in the rate of polymerase 

movement through these pause sites have been suggested as regulating the expression of 

specific genes involved in the control of proliferation. Genes regulated in this manner are 

the oncogenes c-myc, c-fos and c-myb [104], early T antigen of SV40 virus and the first 

intron of the human histone H3.3 gene [105J. Regulation of the transcriptional elongation 

properties of RNA Polymerase II of the human immunodeficiency virus (HIV) has also 

been suggested. The possible regulator of this activity is the HIV tat protein [104, 106]. 

Modification of the elongation rate of transcription is thought to result from the 

action of accessory proteins of transcription. S II is an RNA Polymerase II accessory 

protein that stimulates the elongation rate of transcription. S II is a ubiquitous 35-38 kDa 

protein that has been purified from cultured mouse cells [107], yeast [108], Drosophilia 

[109], HeLa ceUs [110], calf thymus [111], and bovine brain [112]. The activity of S II is 

specific for RNA Polymerase II, has no effect on the initiation phase of transcription and 
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only effects the elongation step of transcription. S II is an RNA Polymerase II binding 

protein that associates with polymerase in the absence of transcription [113]. S II binds 

specifically to the phosphorylated form of the C-terminal domain of the largest subunit of 

RNA Polymerase II [108]. Two functional domains in the S II protein ( 280 amino acids) 

have been identified. Residues within the 100-230 amino acids are required for binding to 

the polymerase, and residues 230-280, which form a zinc finger, are required for 

stimulation of the elongation rate [114]. S II has been shown to be present within ceUs in 

the phosphorylated and dephosphorylated state, the requirement of phosphorylation of S 

II for the stimulation of the elongation rate of transcription is unknown [115-116]. An 

inhibitor of casein kinase II, 5, 6-dichloro-l-p-D-ribofuranosylbenzimidazole, has been 

shown to inhibit the stimulatory activity of S II on transcriptional elongation at the same 

concentration required for kinase inactivation. It has been suggested that casein kinase II 

may regulate transcription through effects on transcriptional accessory proteins such as S 

II [117]. 

Accessory transcriptional proteins that regulate the elongation rate of RNA 

Polymerase I have not been identified as yet, but it seems likely that factors similar to S II 

that modulate the rate of synthesis of ribosomal RNA exist. The data presented in this 

thesis support the hypothesis that the elongation rate of ribosomal RNA synthesis is 

affected by accessory transcriptional proteins and the activity of the protein(s) is 

regulated by stimuli, such as estrogen, that regulate the proliferative state of their target 

tissue. 

In summary, the data presented in this thesis demonstrate that a single injection of 

estradiol to ovariectomized rats induces an increase in the level of RNA synthesis in 

uterine nucleoli isolated from the uteri of the estradiol treated animals compared to 

nucleoH isolated from the uteri of control ovariectomized animals. The early ( 4 hours ) 

estradiol induced stimulation is totally due to an increase in the rate of elongation of the 

nascent RNA chains in the act of synthesis at the time of isolation. Longer-termed 
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treatment of animals ( 24 hours ) resulted in stimulation of nucleolar transcription which 

was due to both increased rate of elongation and increased initiation of new RNA chains. 

The early 4 hour estradiol induced stimulation in the elongation rate could be eliminated 

by a low salt wash of the isolated nucleoli. The salt wash of nucleoli isolated from 

estradiol treated animals could be reconstituted with nucleoli isolated from the utems of 

control animals resulting in a stimulation of nucleolar transcription which was due to an 

increased elongation rate of the nascent RNA chains in a manner similar to that seen in 

vivo due to estradiol treatment. Requirements for both RNA and continued protein 

synthesis was demonstrated for the in vivo estradiol induced stimulation of nucleolar 

RNA synthesis. Mechanistic studies on the estradiol induced increase in the elongation 

rate of nucleolar RNA synthesis have demonstrated that: (1) Topoisomerase I, a DNA 

unwinding protein is necessary but not sufficient for the stimulation, since camptothecin, 

a specific inhibitor of topoisomerase I, eliminates the stimulation but purified active 

topoisomerase I does not reconstitute the activity. (2) Leupeptin, a protease inhibitor, 

decreases the rate of elongation of RNA synthesis in nucleoli isolated from the uterus of 

estradiol treated animals to the level of nucleoli isolated from control animals, and blocks 

the activity of the salt extract from nucleoli isolated from estradiol treated animals in the 

reconstitution assay. Leupeptin has been shown to block the specific processing of 

nucleolin, a 105 kDa nucleolar phosphoprotein involved in synthesis and processing of 

ribosomal RNA, suggesting that nucleolin may be a substrate for estradiol action. (3) 

Uterine nucleoli contain protein kinase(s) which are capable of using ATP and/or GTP as 

substrates when assayed in vitro. Estradiol treatment stimulated the activity of a nuclear 

protein kinase using GTP and nucleolar salt extracted proteins as substrates. The estradiol 

stimulation in the GTP-kinase activity was eliminated by treatment of nucleoH with 

alkaline phosphatase or treatment of animals with actinomycin D. Casein kinase II uses 

GTP and/ or ATP as substrates and requires phosphorylation for activity and may be a 

substrate for estradiol stimulation. (4) Estradiol treatment results in the in vivo 
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phosphorylation of a 105 kDa nucleolar salt extracted protein. Alkaline phosphatase 

treatment of isolated nucleoH or the nucleolar salt extract eliminates the estradiol induced 

increase in the rate of elongation in nucleolar RNA synthesis. Phosphorylation of 

nucleolar salt extracted proteins is required for the estradiol stimulation in nucleolar RNA 

synthesis. (5) The nucleolar kinase(s) and protein substrates are present in nucleoli 

isolated from both control and estradiol treated animals and are not the short-lived protein 

requu-ed for the estradiol stimulation of nucleolar RNA synthesis. The short-lived 

estradiol induced protein may be a modulator of the kinase(s) and/or protein substrate(s) 

of the kinase. 

Data in the literature and presented in this thesis have demonstrated that the synthesis of 

ribosomal RNA is a very complex process that is regulated at numerous steps which all 

have potential for modulation by stimuli such as estradiol. This thesis has centered on the 

estradiol regulation of the elongation step in nucleolar RNA synthesis. Estradiol 

stimulation of the ribosomal genes is not due to the transactivation of these genes by the 

estradiol receptor. Stimulation requires estradiol-induced RNA and protein synthesis. The 

estradiol induced protein is short-lived and requires continued synthesis for maintenance 

of the increased rate of elongation of uterine nucleolar RNA synthesis. The identity of the 

protein has not been ascertained. A possible candidate for future investigations is omthine 

decarboxylase (ODC). ODC, the rate limiting enzyme in polyamines synthesis, is induced 

in the uterus within 15 minutes of estradiol treatment. The half life for ODC is between 

15-45 minutes. Polyamines have long been known to play a critical role in ribosomal 

RNA synthesis. Data from this laboratory has demonstrated that preincubation of nucleoli 

isolated from the uterus of control animals with polyamines in the presence but not in the 

absence of ATP, resulted in increased nucleolar RNA synthesis which was correlated 

with a polyamine activated phosphorylation of nucleolar proteins [118]. The mechanism 

by which the elongation rate of nucleolar RNA synthesis is regulated and the 

identification of the specific proteins involved and the possible relationship of these 
102 



proteins to the transcriptional accessory factors of polymerase II, such as S II, await 

future experiments. 
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