
REGULATION OF UTERINE AMINOACYL-TRANSFER RIBONUCLEIC 

ACID SYNTHETASES BY ESTRADIOL 

by 

KELLY MYERS LANDSIEDEL, B.S. 

A THESIS 

IN 

BIOCHEMISTRY 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 

MASTER OF SCIENCE 

Approved 

Accepted 

May, 1988 



ACKNOWLEDGEMENTS 

I am deeply appreciative to Professor Sandra M. 

Whelly for her guidance of this thesis, to Professor 

Kenneth L. Barker for his undying optimism, and to the 

other members of my committee. Professors Charles W. 

Garner, and Douglas M. Stocco, for their helpful criti

cism. 

11 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS iii 

LIST OF TABLES v 

LIST OF FIGURES vi 

CHAPTER 

I. INTRODUCTION 1 

Estrogen Action 1 

Translational Control of Uterine Tissue 

Metabolism by 173-Estradiol 4 

Aminoacyl-tRNA Synthetases 9 

II. INITIAL OBSERVATIONS AND OPTIMIZATION OF 

THE IN VITRO AMINOACYLATION REACTION. . . . 15 

Introduction 15 

Methods 16 

Results 19 
III. PHYSIOLOGICAL STUDIES OF THE EFFECT OF 

1713-ESTRADIOL ON UTERINE SERYL-tRNA 
SYNTHETASE 33 

Introduction 33 

Methods 34 

Results 36 

IV. EFFECT OF ESTRADIOL ON THE KINETIC 
CHARACTERISTICS OF UTERINE SERYL-tRNA 
SYNTHETASE 46 
Introduction 46 
Methods 47 

• • • 

111 



Results 

V. DISCUSSION 

LIST OF REFERENCES 

49 

57 

66 

IV 



LIST OF TABLES 

TABLE 1. 

TABLE 2. 

TABLE 3. 

Initial survey of the effect of estradiol 
on uterine aminoacyl-tRNA synthetases . . . 22 

The effect of the presence of 70 mM NaF in 
the isolation and assay buffers on the in 
vitro activity of seryl-tRNA synthetase . . 30 

Concentration of the amino acid pools in 
control and 16-hour estradiol-treated 
uteri 44 

TABLE 4. Relative affinities and total activities of 
uterine aminoacyl-tRNA synthetases from 
control and 24-hour estradiol-treated 
animals 53 



LIST OF FIGURES 

FIGURE 1. 

FIGURE 2. 

FIGURE 3. 

FIGURE 4. 

FIGURE 5. 

FIGURE 6. 

FIGURE 7. 

FIGURE 8. 

Dose response of seryl-tRNA synthetase 
activity to uterine equivalents assayed. 

Dose response of seryl-tRNA synthetase 
activity to tRNA 

KCl optimization of the aminoacylation 
reaction for seryl-tRNA synthetase . . . . 

Time course of the aminoacylation reaction 
specific for seryl-tRNA synthetase . . . . 

Dose response to estradiol of seryl-tRNA 
synthetase activity 

Steroid specificity of the induction of 
uterine seryl-tRNA synthetase activity . 

Time course of estradiol action on the 
induction of seryl-tRNA synthetase . . . 

^max ^^^ ^m determinations of seryl-
tRNA synthetase from control and 16-hour 
estradiol-treated uteri 

FIGURE 9. Effect of cycloheximide on the 16-hour 
estradiol induction of uterine seryl-tRNA 
synthetase activity 

24 

26 

28 

32 

37 

39 

42 

50 

55 

VI 



CHAPTER I 

INTRODUCTION 

Estrogen Action 

Estrogens elicit extreme physiological effects on 

certain tissues. The effects of this class of hormone are 

primarily observed in the secondary sex tissues of the 

female where an enhanced growth and mitotic activity in 

the myometrium, endometrium, and breast are promoted, 

along with an increase in the secretory activity of the 

uterus and vagina (1). 

Accepted dogma which has resulted from the study of 

the mechanisms of hormone action, is that estrogen binds 

with high affinity to a specific protein receptor, and 

then this estrogen-receptor complex acts in the cell 

nucleus to regulate gene expression thus eliciting spe

cific responses from the cells of target tissues. Jensen, 

et al. (2), using tritium-labelled estradiol, showed a 

preferential binding of estrogens in the uterus and vag

ina, but not in non-target tissue, such as the small 

intestine, to a molecule present in the cytosolic frac

tion. This selective binding was competed for by diethyl-

stilbestrol but not by the non-estrogenic steroids, tes

tosterone and corticosterone. The cytosolic molecule 



which bound estrogen molecule was sensitive to protease, 

but not nuclease treatment (3,4), thus indicating its 

protein nature. Cellular distribution at 1, 3, and 6 

hours after administration of tritium-labelled hormone 

indicated that the labelled estradiol was present in all 

cell fractions, but the greatest amounts were associated 

with the nuclear myofibrillar and soluble fractions (3,5). 

Whether or not there is a nuclear estrogen binding recep

tor which is distinct from the cytosol hormone binding 

protein is a question of controversy. Sedimentation and 

autoradiography studies (6-10) showed the spontaneous 

association of estradiol with a cytosol estrogen binding 

protein, forming a 4S hormone-receptor complex. Incuba

tion at 37°C elicited the disappearance of the 4S complex 

and the appearance of a 5S hormone-receptor complex which 

was extractable from the nucleus. These studies prompted 

the proposal for the "two step" mechanism of steroid hor

mone action. The mechanism provides for the temperature-

dependent, hormone-induced conversion or transformation of 

the receptor from its inactive, unoccupied native form 

present in the cytosol to an active or functional 5S hor

mone-receptor complex which binds in the nucleus to influ

ence gene expression. 

However, more recent autoradiographical investiga

tions (11-13) have appeared which conflict with the "two 



Translational Control of Uterine 
Tissue Metabolism by 17B-Estradiol 

Although steroid hormones are generally considered to 

regulate gene expression primarily through messenger ribo

nucleic acid (mRNA) synthesis, estrogens have also been 

shown to affect the rate of protein synthesis. The rate 

of translation may be controlled in several ways: (1) by 

changing the concentration of translatable mRNA, (2) by 

altering the rate at which ribosomes attach to mRNA and 

initiate protein synthesis, (3) by altering the rate of 

ribosome movement along the mRNA, and (4) by altering 

the functional efficiency possessed by components of the 

protein synthesis machinery. 

A comprehensive study of the regulation of protein 

synthesis in the chick oviduct by estradiol, conducted by 

Palmiter (15), showed that the administration of estradiol 

to immature chicks triggered the cytodifferentiation of 

tubular gland cells which synthesize the major egg white 

proteins (ovalbumin, conalbumin, ovomucoid, and lysozyme) ^ 

and modulated the rate at which the oviduct proteins were 

synthesized. One week old chicks were administered estra

diol (1 mg per day) for 10 days as a primary stimulation, 

followed by several weeks of withdrawal, and then up to 5 

days of secondary stimulation with estrogen (2 mg per day) 

or estrogen and progesterone (2 mg each per day). Data 



were obtained by use of 2 in vitro radiolabelling methods. 

The ratio method involved the in vitro measurement of 

synthesized protein by addition of [^H]- or [^^C]-labelled 

amino acids to tissues in culture. Approximately equal 

amounts of [-̂ H]- and [-̂ Ĉ]-labelled tissue were combined, 

homogenized, centrifuged, and fractions collected and 

counted for radioactivity. The time course method 

comprised the incubation of small pieces of oviduct tissue 

in culture (as for the ratio method) with a mixture of 

[•̂ H]-amino acids for 1 to 2 hours followed by the addition 

of [-'•̂ C]-labelled amino acids. At intervals, several 

pieces of tissue were removed, placed on ice to stop pro

tein synthesis, homogenized, and centrifuged for 5 minutes 

at 30,000 X g. The 30,000 x g supernatant was again cen

trifuged for 2 hours at 150,000 x g and aliquots from each 

step precipitated with 5% trichloroacetic acid (TCA) and 

the radioactivity counted. 

Estradiol was shown to have 3 modulatory effects: (a) 

The steroid produced a 2- to 3-fold increase in the extent 

of polypeptide initiation, as evidenced by the increase in 

polysome sizes in the absence of a significant change in 

the average molecular weight of the proteins being syn

thesized. Furthermore, the size of ovalbumin-synthesizing 

polysomes changed significantly after termination of hor

monal treatment. (b) There was approximately a 40% 



increase in the rate of polypeptide elongation in response 

to estradiol stimulation compared to withdrawal of hor

mone, (c) There was a 2- to 3-fold increase in translat

able mRNA concentration during estradiol treatment based 

on the increase in polysomal ribosomes between 0.5 and 5 

days of secondary stimulation. 

Another investigation of the regulation of protein 

synthesis by estradiol, conducted by Whelly and Barker 

(16), reported the rate of protein synthesis (the rate of 

[^^C]-leucine incorporation into hot TCA insoluble mate

rial) by uterine ribosomes from ovariectomized mature rats 

increased biphasically with time (0 to 24 hours) after 

administration of estradiol in vivo, with a guanosine 

triphosphate-dependent (GTP) maximum increase (268% of 

control protein synthesis rates) observed 1 hour after 

hormone injection. The number of growing peptides, deter

mined from measuring the amount of [-^Hl-peptidyl-puromycin 

formed, also increased after hormone treatment, parallel

ing the increased rate in protein synthesis at 0, 4, and 

12 hours after estradiol administration. This suggested 

that the increase in the rate of protein synthesis 

resulted from an increase in the proportion of active 

ribosomes. Sodium dodecyl sulfate-polyacrylamide gel 

electrophoretic analysis of the molecular weights of 

[-^Hj-peptidyl-puromycin released from ribosomes isolated 



from treated and non-treated uteri indicated that estra

diol therapy resulted in a decrease in the number of pep

tides 25,000 MW or less and an increase in those peptides 

in the molecular weight range of 30,000 to 80,000. The 

1-hour estradiol-induced increase in the rate of protein 

synthesis was not eliminated in the presence of sodium 

fluoride or aurinitricarboxylic acid, both inhibitors of 

the in vitro peptide initiation reaction. The conclusion 

drawn from these data was that the early (1-hour) uterine 

response was the result of a stimulation in the rate of 

elongation of nascent peptides on the ribosomes. 

Estrogens have also been suggested to affect second

arily the rate of translation of estrogen-induced mRNA's 

by altering the functional capacity of selected transfer 

RNA's (tRNA's) that are necessary to translate unique or 

high abundance codons found in the mRNA. Sharma and Borek 

(17) examined estradiol-induced ovalbumin synthesis in 

immature chick oviducts in order to explore whether the 

limiting participant in translation was a specific popula

tion of tRNA's. A tRNA-dependent cell-free protein syn

thesis system was developed from Ehrlich ascites cells for 

studying the contribution of tRNA's from different sources 

to the efficiency and fidelity of translation of specific 

mRNA's. Oviduct tRNA's isolated from estradiol-stimulated 

chicks or from laying hens were demonstrated to increase 
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the synthesis of ovalbumin from ovalbumin mRNA 2-fold over 

oviduct tRNA's taken from withdrawn chicks. The mechanism 

of stimulation of ovalbumin synthesis by oviduct tRNA was 

not elucidated from these studies; however, a stimulatory 

role of estradiol-treated tRNA's in ovalbumin synthesis 

was established. 

Lutz and Barker (18) evaluated the estradiol-induced 

increase in the rate of uterine mRNA translation by meas

uring the functional capacity of uterine tRNA purified 

from control, 1-hour estradiol-, and 14-hour estradiol-

treated ovariectomized rats to support uterine protein 

synthesis and amino acid acceptor activity. The ability 

of deacylated tRNA to accept cognate amino acids was 

determined in a tRNA-dependent rat liver aminoacyl-tRNA 

synthetase preparation using individual [-̂ H]-labelled 

amino acids and measuring the amount of cold TCA-precip-

itable radioactivity. Optimal conditions for each of 18 

amino acids were used to assay the individual tRNA accep

tor activities in the uterine tRNA preparations. The 

specific amino acid acceptor activity was the same for all 

amino acids for uterine tRNA from control and 1-hour 

estradiol-treated rats but was increased for uterine tRNA 

from 14-hour estradiol-treated rats 1.4 to 4.3 times the 

specific amino acid acceptor activity of uterine tRNA from 

control rats. When the uterine tRNA from control and 



14-hour estradiol-treated rats was incubated with purified 

tRNA nucleotidyltransferase, the enzyme which repairs the 

three prime termini of tRNA's, the specific amino acid 

acceptor activity increased an average of 1.6-fold for 

control tRNA and 0.3-fold for tRNA from 14-hour estradiol-

treated rats. Further studies revealed that the ability 

of uterine tRNA to support maximal rates of protein syn

thesis in a tRNA-dependent uterine ribosome protein syn

thesis assay was increased by either in vivo treatment of 

rats with estradiol or by in vitro repair of the three 

prime prime terminus of the tRNA by nucleotidyltransfer

ase. 

Together, the above observations demonstrate how 

estrogen has been shown to regulate the translation of 

mRNA, in part, thereby giving rise to some of the noted 

physiological effects of the hormone. 

Aminoacyl-tRNA Synthetases 

The aminoacyl-tRNA synthetases are the class of 

enzymes that catalyze the first step in protein biosynthe

sis, aminoacylation of tRNA. In this reaction, each amino 

acid is attached by way of an ester linkage to one of the 

hydroxyl groups on the three prime end of the cognate 

tRNA. The energy required for the formation of the ester 

bond is supplied by the hydrolysis of adenosine 
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triphosphate (ATP). The reaction can be written as fol

lows: 

^1 "̂  ̂ ^1 ••• ^TP '^=^ E^'aa^-AMP + PPi 

E^-aa^-AMP + tRNA^^ c ^ aa^-tRNA^^ + AMP + E^, 

where aâ -̂AMP denotes an aminoacyl adenylate, which is 

generally bound firmly to the enzyme (E^). The first 

step, known as amino acid activation, has been shown to be 

1 to 2 orders of magnitude faster than the overall rate of 

aminoacylation; therefore, the rate-limiting steps must 

occur after formation of the enzyme-bound aminoacyl adeny

late (19). 

There are often several specific tRNA species corre

sponding to each aunino acid, and in eukaryotic cells, 

different aminoacyl-tRNA synthetases exist in the cyto

plasm and mitochondria. The enzymes have 4 different 

types of subunit structures, a, a2, 34, and 32^2' 

resulting in a wide variety of molecular weights, ranging 

from approximately 90,000 to almost 300,000 daltons (20). 

High molecular weight forms (from several thousand to 

well over a million daltons) have been isolated from 

sources as diverse as rat liver (21-26), rabbit reticulo

cytes (27,28), Chinese hamster ovary cells (29-32), HeLa 

cells (33), and human placenta (34). In addition to the 
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synthetases, the high molecular weight complexes have been 

shown to contain other components: tRNA modification 

enzymes (35-37), high molecular weight RNA (38,39), poly-

amines (40,41), elongation factors (33), initiation fac

tors (42), DNA polymerase a (43), and RNAse (44). Other 

biomolecules, such as lipids (22, 45-47), tRNA (46,48), 

and carbohydrates (49,50), are not only suggested to be 

associated with aminoacyl-tRNA synthetases, but are also 

thought to have a role in the formation of the high molec

ular weight complexes. To date, the physiological impor

tance of the organization of aminoacyl-tRNA synthetases is 

only speculative. 

The activities of aminoacyl-tRNA synthetases isolated 

from a variety of tissues have been shown to be influenced 

by both the hormonal and growth state of the tissue of 

origin. Partially purified aminoacyl-tRNA synthetases 

from normal rat liver and regenerating rat liver (48 hours 

post partial hepatectomy) were analyzed for aminoacylation 

activity (picomoles of amino acid charged to liver tRNA 

per minute per milligram of protein). The enzymes iso

lated from regenerating livers showed a variable increase 

in their ability to charge tRNA (0 to 162%) compared to 

aminoacyl-tRNA synthetases purified from normal liver 

tissue (51). An enhanced charging activity (0 to 100%) of 

enzymes isolated from regenerating rat liver tissue was 
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also noted as early as 12 hours after partial hepatec

tomy when compared with enzymes from the livers of sham-

operated animals. 

Damuni and coworkers (52) demonstrated that the per

cent of rat liver aminoacyl-tRNA synthetases in a fully 

activated state was under dietary and hormonal control. 

These investigators identified the presence of a MgATP-

dependent inactivating factor(s) which copurified with 

aminoacyl-tRNA synthetases through a 35 to 50% ammonium 

sulfate fractionation step. The time-dependent inactiva-

tion of the enzymes was noted only if sodium fluoride 

(NaF), a potent inhibitor of nearly all protein phospha

tases, was included in the buffers. A reactivating fac

tor (s) also copurified with the aminoacylating enzymes, 

but reactivation of the enzymes was dependent on the 

removal of sodium fluoride. The requirement of the inac

tivating factor(s) for MgATP and the inhibition of the 

reactivating factor(s) by sodium fluoride suggested that 

the aminoacyl-tRNA synthetases were regulated by a phos

phorylation / dephosphorylation mechanism. The investiga

tors ' hypothesis was substantiated by showing a complete 

reactivation of the inactivated enzymes upon incubation 

with highly purified protein phosphatase 1 and protein 

phosphatase 2A at rates similar to those obtained with the 

crude reactivating factor(s) preparation from rat liver. 
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Damuni and coworkers continued their study by isolat

ing aminoacyl-tRNA synthetases in the presence of ethyl-

enediamine tetraacetate (EDTA), which inactivates protein 

kinases by chelating Mg"*""*", and NaF to "freeze" the phos

phorylation state of the enzymes. The enzymes were puri

fied from livers of normally fed rats or rats starved 

overnight and their in vivo state of activation determined 

by measuring enzyme activity prior to and after the addi

tion of purified reactivating factor(s). In normally fed 

rats, the aminoacyl-tRNA synthetases were largely in a 

fully active state, while overnight starvation promoted a 

state of substantial inactivation. The effect of insulin 

on the activation state of aminoacyl-tRNA synthetases in 

hepatocytes isolated from rats starved overnight was also 

determined. The incubation of hepatocytes (taken from 

rats starved overnight) for 30 minutes in the presence of 

insulin increased the percent of aminoacyl-tRNA synthe

tases in a fully active state 30 to 85%. 

Pendergast and Traugh (53) showed an alteration in 

activities of aminoacyl-tRNA synthetases highly purified 

from rabbit reticulocytes upon phosphorylation by the 

cyclic nucleotide-independent protein kinase, casein 

kinase I. A highly purified synthetase preparation, free 

from endogenous protein kinases, contained seven amino 

acid-specific enzymes. Upon incubation with casein kinase 
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I, in the presence of ATP, 4 of the 7 aminoacyl-tRNA syn

thetases present, namely, glutamyl-, isoleucyl-, methion-

yl-, and lysyl-tRNA synthetases were phosphorylated on 

serine and/or threonine residues. The activities of these 

same 4 synthetase enzymes were inhibited up to 50% after 

exposure to casein kinase I, while the other 3 non-

phosphorylated amino acid-specific enzymes showed no 

change in their aminoacylation activities in response to 

casein kinase I treatment. 

As integral components of protein synthesis, the 

major control of tissue responsiveness to hormone adminis

tration (54), aminoacyl-tRNA synthetases and the study of 

their regulation require considerable attention in examin

ing the regulation of protein synthesis through hormone 

action. 



CHAPTER II 

INITIAL OBSERVATIONS AND 
OPTIMIZATION OF THE IN VITRO 
AMINOACYLATION REACTION 

Introduction 

Estradiol induces a biphasic response in the rate of 

protein synthesis with an "early" peak stimulation 

observed approximately 1 hour and a "late" increase in 

the rate of protein synthesis occurring between 4 and 12 

hours after hormone treatment (16). The initial strategy 

for determining whether estradiol administration to 

mature, ovariectomized rats had an effect on the activity 

of uterine aminoacyl-tRNA synthetases involved the 

measurement of enzyme activities in a crude cellular 

extract prepared from control, 4-hour treated, and 

16-hour treated uteri. The in vitro charging assay was 

optimized for seryl-tRNA synthetase, as the activity of 

this amino acid-specific enzyme increased substantially 

upon estradiol treatment for 16 hours in the preliminary 

experiments. 

15 



16 

Methods 

Animals 

Mature female rats (Small Animal Co., Omaha, 

Nebraska) weighing 160 to 180 grams were ovariectomized 3 

to 4 weeks prior to experimental use and received water 

and food ad libitum. Animals were given 17p-estradiol (5 

ug) in a single tail vein injection in 0.5 ml of a vehicle 

consisting of 5% ethanol in isotonic saline for the indi

cated times (usually 16 hours). All animals were sacri

ficed by cervical dislocation, and the uteri excised 

quickly, trimmed of fat and connective tissue, and frozen 

in liquid nitrogen, if not used immediately. The frozen 

uteri were stored at -70°C until use (up to 2 months). 

Aminoacyl-tRNA synthetases extracted from frozen uteri 

were demonstrated to possess the same activity as those 

enzymes isolated from fresh uterine tissue. 

Isolation of Heterologous Liver tRNA 

Heterologous rat liver tRNA was prepared utilizing a 

modified methodology taken from Yang and Novelli (55). 

All procedures were carried out at 4°C unless otherwise 

noted. Frozen livers taken from ovariectomized mature 

rats were thawed, weighed, and washed in Medium A (20 mM 

KH2PO4, 25 mM KCl, 4 mM MgCl2, 0.35 M sucrose, pH 7.4). 

The livers were homogenized in Medium A (2.5 ml/gm tissue) 
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by use of a Brinkman polytron with 3 x 15 second bursts 

intermittant with IS second coolings, and the homogenate 

centrifuged at 23,300 x g for 30 minutes. The supernatant 

was filtered through 2 layers of cheesecloth and further 

centrifuged at 100,000 x g for 1.5 hours. The supernatant 

was diluted 6-fold with Medium B (0.35 M sucrose, 25 mM 

KCl, and 4 mM MgCl2), and the pH brought to 5.2 by adding 

cold 1 M acetic acid while stirring on ice. After stir

ring for 30 minutes, the precipitate was collected by 

centrifugation at 23,300 x g for 30 minutes. The superna

tant was discarded, and the pellet resuspended with dis

tilled water-saturated phenol for 30 minutes on ice. After 

centrifugation for 30 minutes at 23,300 x g, the aqueous 

layer was removed and retained. A second aqueous extrac

tion was conducted, after which, the aqueous layers were 

combined and precipitated upon addition of cold 95% etha

nol and one tenth of the extract volume of 20% potassium 

acetate overnight at -20°C. After a second precipitation, 

the tRNA was resuspended in buffer (50 mM Tris HCl, pH 

7.6, 1 mM MgCl2, 50 mM KCl, 5 mM p-mercapto-ethanol) and 

deacylated by incubation in a 90°C water bath for 10 min

utes. The deacylated tRNA was reprecipitated, resuspended 

in water, the concentration determined from the absorbance 

measured at 260 nm, and stored at -70°C. 
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make up any volume differences in order for the final 

assay volume to equal 0.5 ml. The assay cocktail, exclud

ing the uterine enzyme extract, was placed at 30°C for 3 

minutes. The charging reaction was initiated by addition 

of enzyme to the cocktail and allowed to proceed for 7 

minutes. Aminoacylation was stopped by the addition of 5 

ml cold 10% TCA and placement on ice. The TCA precipit-

able material was collected and washed with 5 x 5 ml cold 

5% TCA and 1 x 3 ml 95% ethanol on Whatman GF-C glass 

fiber filters using a Millipore manifold apparatus. 

Radioactivity was counted in a Beckman LS7800 liquid scin

tillation counter. Background counts (assays conducted in 

the presence of TCA precipitated uterine enzyme extract) 

were subtracted and activity was expressed as either dpms 

per uterus per 7 minute assay or picomoles of amino acid 

incorporated into liver tRNA per uterus per minute under 

the defined assay conditions. 

Results 

The specificity of the effect of estradiol with 

regard to the aminoacylation of specific amino acids onto 

their cognate tRNA's was determined by performing the 

charging assay utilizing 17 different [^H]-amino acids 

(all of low specific activity), each in the presence of 

equal aliquots of crude, post-mitochondrial uterine 
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extracts (not subjected to dialysis) from control, 4-hour 

estradiol-treated, and 16-hour estradiol-treated animals. 

The incorporation of [^H]-amino acid per uterus into liver 

tRNA per 7 minute assay is given in Table 1. The amino 

acids are listed in essentially 3 groups based on the 

measured activities of the uterine aminoacyl-tRNA synthe

tases isolated from the different treatment groups. The 

first group of amino acid-specific enzymes demonstrated no 

significant changes in charging activity between control 

and 4-hour estradiol-treatment of uteri, but a stimulation 

in charging activity (ranging from 40% to 135% above con

trol) was shown as a result of uterine exposure to estra

diol for 16 hours. The next group of specific aminoacyl-

tRNA synthetases was characterized by a significant 

decrease (60 to 80% of measured control activities) with 4 

hours of estradiol treatment, while the enzyme activities 

returned to at least control levels after exposure to 

estradiol for 16 hours. The 3 remaining uterine amino 

acid-specific enzymes (lysine, histidine, and glycine) 

demonstrated no significant changes in their activities in 

response to estradiol exposure to the animals for either 4 

or 16 hours. The conclusion drawn from this initial 

observation was that estradiol was eliciting an increase 

in the charging ability of specific uterine aminoacyl-tRNA 

evident relationship existed between the amino acids 
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within these groups. The response to estradiol did not 

seem to be a general phenomenon. Initially, 3 aminoacyl-

tRNA synthetases, one from each group, were selected for 

further study; however, as the 16-hour estradiol effect, 

demonstrating a more consistent and substantial increase 

in enzyme activity in comparison with earlier time points, 

became the focal point of the study, the serine-specific 

(the aminoacyl-tRNA synthetase chosen as an example from 

the first group) became the specific enzyme of interest. 

Optimization of the charging assay for uterine seryl-

tRNA synthetase involved determining the amount of enzyme 

extract which could be assayed without endogenous compo

nents causing inhibition of the in vitro aminoacylation 

reaction. Crude uterine extracts were prepared from uteri 

of control and 16-hour estradiol-treated animals as 

described in the Methods section of this chapter, and 

0.005 to 0.020 uterine equivalents were assayed for charg

ing activity. Results are shown in Figure 1. With 

increasing amounts of the uterine extract from both con

trol and 16-hour estradiol-treated uteri, no inhibition of 

the incorporation of serine into liver serine-specific 

tRNA (tRNA^®^) was noted. Seryl-tRNA synthetase activity 

was elevated at least 150% as a result of estradiol treat

ment at all concentrations of enzyme, and the activities 

measured in uterine extracts from both control and 
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10.0-, 

8.0-

6.0-

4.0 

2.0 Control 

0.0 0.005 0.010 0.015 0.020 

Uterine Equivalents/Assay 

FIGURE 1. Dose response of seryl-tRNA synthe
tase activity to uterine equivalents 
assayed. A group of 2 animals was given a 
single intravenous dose of 5 ug 17p-
estradiol in saline ethanol and sacrificed 
16 hours later. Control animals received 
no treatment. Seryl-tRNA synthetase was 
prepared, and the indicated uterine equiva
lents of enzyme were assayed in the pres
ence of a mixed population of rat liver 
tRNA (25 ug per assay) and [-^H]-serine as 
described previously in the Methods section 
of this chapter. Enzyme activity is 
expressed as incorporation of [-^H]-serine 
into cold TCA insoluble material per uterus 
per 7 minute assay. Error bars indicate 
the standard deviation of duplicate assays. 
Significance level = (p < 0.01) between 
treatment groups. 
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estradiol-treated animals rose in a linear fashion with 

increasing amounts of uterine extract. A dose equal to 

0.015 uterine equivalents was chosen as the amount of 

uterine extract containing seryl-tRNA synthetase to be 

assayed in further experiments. 

In order to evaluate differences between treatment 

groups, the charging assay had to contain saturable con

centrations of substrate, i.e., tRNA; therefore, the opti

mum dose of a heterologous liver tRNA population for 0.015 

uterine equivalents of seryl-tRNA synthetase was deter

mined. An experiment was conducted to measure the dose 

response to tRNA of seryl-tRNA synthetase isolated from 

control and 16-hour estradiol-treated uteri as described 

in the Methods section of this chapter. Results shown in 

Figure 2 indicate that 25 ug to 50 uq of heterologous 

liver tRNA saturated the aminoacylation reaction in the 

presence of uterine seryl-tRNA synthetase from both treat

ment groups, and the enzyme isolated from uteri treated 

with estradiol for 16 hours was able to charge approxi

mately 100% more tRNA^®^ than enzyme from control uteri 

for any given concentration of tRNA. 

The concentration of salt is an important factor 

which affects the activity of all enzymes. An experiment 

was designed to determine at which concentration of KCl 

uterine seryl-tRNA synthetase was optimally active. The 
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FIGURE 2. Dose response of seryl-tRNA 
synthetase activity to tRNA. A 
group of 5 animals was given a 
single intravenous injection of 
17p-estradiol (5 uq) in saline etha
nol and sacrificed after 16 hours. 
The control group received no hor
mone. Uterine seryl-tRNA synthetase 
was prepared and assayed in the 
presence of [^H]-serine and 1, 25, 
or 50 ug of heterologous rat liver 
tRNA as previously described in the 
Methods section. Enzyme activity is 
reported as the incorporation of 
[^H]-serine into cold TCA insoluble 
material per uterus per 7 minute 
assay. Error bars represent the 
standard deviation of duplicate 
assays. Significance level = (p < 
0.01) between treatments. 
* Not significantly different from 
datam point of the 16-hour estradiol 
with 25 ug tRNA. 
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presence of 25 mM KCl in the aminoacylation assay allowed 

for satisfactory measurement of enzyme activity; however, 

50 mM KCl was the salt concentration at which the most 

efficient charging activity was determined. Concentra

tions of KCl present in the iji vitro assay in excess of 50 

mM were inhibitory of enzyme activity. Figure 3. 

The percent increase in the activity of uterine ser

yl-tRNA synthetase isolated from 16-hour estradiol-treated 

animals over activity measured in the uterine extracts 

from control animals fluctuated between experiments, and 

the noted fluctuation seemed usually to be due to an 

increase of the measureable control activity. Since there 

is evidence that the aminoacyl-tRNA synthetase enzymes may 

be altered by action of phosphatases (52), an experiment 

was performed to determine the affect the presence of 

sodium fluoride (NaF), a phosphatase inhibitor (56), in 

the isolation and assay buffers would have on stabilizing 

the assayable aminoacylation activity of uterine seryl-

tRNA synthetase from both control and 16-hour estradiol-

treated uteri. The crude seryl-tRNA synthetase extract 

was prepared and assayed as described in the Methods sec

tion of this chapter either in the presence or absence of 

70 mM NaF. Because fluoride binds Mg"'"'" to produce MgF2 

(56), excess MgCl2 (35 mM) was also added to an aliquot of 

the synthetase extract, which had been isolated in the 
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FIGURE 3. KCl optimization of the 
aminoacylation reaction for seryl-
tRNA synthetase. Animals (2 per 
group) were given 17(3-estradiol (5 
ug) in saline ethanol as a single 
intravenous dose and sacrificed 16 
hours later. Controls received no 
treatment. Uterine seryl-tRNA 
synthetase was isolated and charg
ing activity (the incorporation of 
[•^H]-serine into cold TCA insol
uble material) evaluated in the 
presence of a mixed population of 
rat liver tRNA (50 ug per assay), 
and either 25 mM, 50 mM, 100 mM, 
200 mM, 300 mM, or 400 mM KCl as 
described in the Methods section 
of this chapter. The data are 
reported as the dpms of [-̂ H]-
serine incorporated into tRNA per 
uterus per 7 minute assay. Error 
bars represent the standard devia
tion of duplicate assays. Signif
icance level = (p < 0.01) between 
treatment groups at 25 mM, 50 mM, 
100 mM, and 200 mM KCl. 



29 

presence of NaF, immediately prior to the assay. Results 

are shown in Table 2. Low activity for seryl-tRNA synthe

tase from both control and 16-hour estradiol-treated uteri 

was observed in the absence of NaF with no significant 

difference in activities between the control and the 

estradiol-treated group. In the presence of 70 mM NaF, 

even less activity for the uterine enzyme preparations 

from both treated and non-treated animals was detected. 

However, when excess MgCl2 was added immediately prior to 

the assay to the extracts isolated in the presence of 70 

mM NaF, significantly greater charging activity was meas

ured for both for both control and estradiol-treated 

groups. The percent increase in the activity of seryl-

tRNA synthetase present in uteri taken from 16-hour estra

diol-treated animals over the activity of enzyme present 

in control uteri (127%) when the enzymes were isolated in 

the presence of 70 mM NaF became consistent from one 

experiment to the next. Therefore, 70 mM NaF was assumed 

to aide in the stabilization of the aminoacyl-tRNA synthe

tase activity by inhibiting endogenous phosphatases. In 

order to compensate for the Mg"*"*" bound by the F", the 

addition of excess MgCl2 to the aminoacylation reaction 

was necessary for measurement of enzyme activity. 

Study of estradiol regulation of the rate at which 

uterine seryl-tRNA synthetases charged cognate liver 
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TABLE 2. The effect of the presence of 70 mM 
NaF in the isolation and assay buffers on 
the in vitro activity of seryl-tRNA 
synthetase. 17p-estradiol (5 ug) in saline 
ethanol was given to animals (2 animals per 
treatment) as a single intravenous dose 16 
hours prior to sacrifice. Uterine seryl-
tRNA synthetase was isolated in the presence 
or absence of 70 mM NaF. An aliquot of 
enzyme isolated in the presence of 70 mM NaF 
was removed, and 35 mM MgCl2 was added to 
the aliquot immediately prior to assay. 
Preparation of seryl-tRNA synthetase and 
determination of charging activity (the 
incorporation of [^H]-serine into cold TCA 
insoluble material) in the presence of het
erologous rat liver tRNA (25 ug per assay) 
was as described in the Methods section. 
Enzyme activity is expressed as the dpms of 
[-̂ H]-serine incorporated into tRNA per 
uterus per 7 minute assay. 
± Standard deviation of duplicate assays. 
* Significance level = (p < 0.01) above 
respective control. 

NaF 

+ 
+ 

MgCl2 

Seryl-tRNA Synthetase 
Activity 

(dpm/ut) X 10" ^ 

Control 

3.2 + 0.6 
2.0 + 0.1 
7.0 t 0.2 

16hr-E2 

3 . 5 1 0.2 
2 . 6 1 0.4 

15 .91 0.2* 
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tRNA's required analysis of the enzyme-catalyzed reaction 

under initial velocity conditions, i.e., a time at which 

charging of tRNA's was linear. A time course of the in 

vitro rate of aminoacylation of the uterine extract, in 

the presence of saturating concentrations of liver tRNA, 

was conducted at 30°C. The results shown in Figure 4 

depict that the rate at which uterine seryl-tRNA synthe

tases in extracts from both control and 16-hour estradiol-

treated animals charged tRNA^®^ remained linear for ten 

minutes at 30°C and that the reaction rate plateaued after 

25 to 30 minutes. All further aminoacylation reactions 

were allowed to proceed for 7 minutes. 
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FIGURE 4. Time course of the aminoacy
lation reaction specific for seryl-
tRNA synthetase. A group of 3 ani
mals were administered 173-estradiol 
(5 ug) in saline ethanol as a single 
intravenous dose and sacrificed 16 
hours later. Controls received no 
treatment. Seryl-tRNA synthetase was 
isolated from the uteri and charging 
activity (the incorporation of 
[^H]-serine into cold TCA precipit-
able material) measured in the pres
ence of heterologous rat liver tRNA 
(25 ug per assay) for 1, 2, 4, 10, 
20, and 40 minutes as described in 
the Methods section. The data are 
expressed as dpms of [-^H]-serine 
incorporated per uterus per 7 minute 
assay. Error bars represent the 
standard deviation of triplicate 
assays. Significance level = (p < 
0.01) between treatment groups. 



CHAPTER III 

PHYSIOLOGICAL STUDIES OF 
THE EFFECT OF 17|3-ESTRADIOL ON 
UTERINE SERYL-tRNA SYNTHETASE 

Introduction 

After 16 hours of exposure to mature, ovariectomized 

rats, estradiol was initially observed to elicit an 

increase in the activity of uterine seryl-tRNA synthe

tases. Following this initial observation, it was neces

sary to conduct experiments aimed at describing this 

effect of estradiol further. Among the various questions 

considered were the following: (1) Does the activity of 

uterine seryl-tRNA synthetase increase in an estradiol 

dose-dependent manner? (2) Do other estrogens or steroid 

hormones induce an elevation in uterine seryl-tRNA synthe

tase enzyme activity similar to the increase observed as a 

result of the administration of 17p-estradiol? (3) What 

is the time course of estradiol action influencing the 

level of seryl-tRNA synthetase activity in the ovariectom

ized rat uterus? and (4) Is the concentration of amino 

acids in the uterus a possible point of regulation for 

aminoacyl-tRNA synthetases? Results from experiments 

designed to answer the preceding questions provided 

33 
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further insight into the characterization of the 16-hour 

estradiol-induced activation of uterine seryl-tRNA synthe

tase. 

Methods 

Animals 

Animal care, estradiol injection, and sacrifice procedures 

were conducted as described in the Methods section of 

Chapter II. 

Isolation of Heterologous Liver tRNA 

Isolation of heterologous liver tRNA was as described 

in the Methods section of Chapter II. 

Uterine Seryl-tRNA Synthetase Preparation 

Preparation of uterine seryl-tRNA synthetase from 

ovariectomized rats was as described in the Methods sec

tion of Chapter II, except 70 mM NaF was included in the 

SIB buffer. 

Administration of Steroids 

All steroids, with the exception of progesterone, 

were administered as a single, intravenous dose (5 ug) in 

saline ethanol. Progesterone was given in a single subcu

taneous injection at a dose of 2 mg in corn oil. 
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Aminoacylation Reaction 

The _in vitro aminoacylation reaction was conducted as 

previously described in the Methods section of Chapter II. 

In some experiments, enzyme charging activities were meas

ured in the presence of either a saturating concentration 

(50 uM) or a concentration of serine below that which is 

measured at one-half the maximum velocity (sub-Kj„), (57). 

Kinetic characteristics of the enzymes present in the 

uterine extracts from control and estradiol-treated ani

mals were evaluated by measuring seryl-tRNA synthetase 

activity at the differing concentrations of serine. 

Concentration of Amino Acids in the 
Rat Uterus 

Mature, ovariectomized rats were administered 

17p-estradiol (5 ug) in a single, intravenous dose for 16 

hours. Control animals received no hormone. After 

homogenization of uteri as described in the Methods sec

tion of Chapter II, a sample of the homogenate was taken 

and analyzed for the concentration of free amino acids by 

use of a Beckman (Model 121) Automatic Amino Acid 

Analyzer. The levels of specific amino acids were calcu

lated from the area under the specific amino acid peaks 

defined by the analyzer. 
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Results 

In order to demonstrate that the response of 

increased seryl-tRNA synthetase activity in uteri taken 

from animals exposed to estradiol for 16 hours was depen

dent on the concentration of estradiol administered to the 

animal, doses of 17p-estradiol, ranging from 0.001 ug to 

10 ug were given in a single injection, and the animals 

were sacrificed 16 hours later. Control animals received 

no hormone. Results in Figure 5 show that the activity of 

seryl-tRNA synthetase present in the extracts from 16-hour 

estradiol-treated uteri was not induced significantly 

above control activity unless the animal received at least 

0.5 ug of the steroid. An optimum response occurred with 

1.0 ug of estradiol per animal and remained with doses up 

to 10 ug per animal. The dose of estradiol chosen to 

elicit a response of 100 to 125% enzyme activation in 

subsequent studies was 5 ug-

Various hormones (estrone, 17a-estradiol, estriol, 

diethylstilbestrol, progesterone, testosterone, dihydro-

testosterone, and hydrocortisone) were also given to ani

mals at a dose of 5 ug, (with the exception of progester

one, which was administered at a dose of 2 mg), in a 

single injection 4 or 16 hours prior to sacrifice to 

determine whether the activation of seryl-tRNA synthetase 

in the uterus was steroid specific. Figure 6. After 4 
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FIGURE 5. Dose response to estradiol 
of seryl-tRNA synthetase activity. 
Groups of 3 animals were intrave
nously administered 17p-estradiol 
in a single dose containing the 
indicated concentrations of hormone 
for 16 hours. Controls received no 
treatment. Uterine seryl-tRNA 
synthetase was isolated and assayed 
for charging activity (the incorpo
ration of [-̂ H]-serine into cold TCA 
insoluble material) in the presence 
of heterologous liver tRNA (50 ug 
per assay) as previously described 
in the Methods section of Chapter 
II. All assays were done in tri
plicate, and the data are expressed 
as pmoles of serine incorporated 
into tRNA per minute per uterus. 
± Standard error of triplicate 
assays. 
* Significance level = (p < 0.01) 
at doses of 0.5 ug or greater. 
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hours, no significant increase in seryl-tRNA synthetase 

activity was observed with any of the hormone treatments, 

except estriol. This significant stimulation in enzyme 

activity may be explained by the fact that estriol is 

considered a "fast-acting" estrogen. Many typical uterine 

responses to 17p-estradiol are noted much earlier when 

estriol is given in place of 17{3-estradiol, (58-60) and 

yet, estriol is cleared from an animal's system much 

quicker than the other estrogens (61). The maximum acti

vation of seryl-tRNA synthetase occurred in response to a 

16-hour exposure of the animals to diethylstilbestrol 

(166%), followed by estrone (137%) and 17p-estradiol 

(118%). The remaining estrogenic hormones, 17a-estradiol 

and estriol, also elicited an increase in seryl-tRNA syn

thetase activity in uteri after 16 hours, although to a 

somewhat lesser extent (39% and 80%, respectively). Non-

estrogenic steroid treatment caused a variable degree of 

responses. Exposure of the animals to 2 of the non-

estrogenic hormones brought about a fairly moderate acti

vation of the uterine serine-specific enzyme, (progester

one - a 51% stimulation and hydrocortisone - a 47% stimu

lation) . Neither of the androgenic steroids administered 

to the animals generated any significant induction of 

uterine seryl-tRNA synthetase activity, (testosterone - an 

18% increase and dihydrotestosterone - no increase). The 
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slight activation of uterine enzyme activity noted with 

administration of testosterone to the animals was likely 

the result of the in vivo conversion of the administered 

testosterone to estradiol by action of an adrenal aroma-

tase enzyme which will not aromatize dihydrotestosterone. 

Therefore, it can be concluded from this steroid specific

ity experiment that the activation of seryl-tRNA synthe

tase in the uterus was induced to the greatest magnitude 

by action of estrogenic hormones, although some non-

estrogenic steroids did elicit a slight to moderate 

response. 

The time course of estradiol action with regard to 

the stimulation of uterine seryl-tRNA synthetase activity 

was defined from 1 to 72 hours after the administration of 

estradiol to the animals. Seryl-tRNA synthetase was pre

pared as described in the Methods section of Chapter II 

from uteri after the indicated times of estradiol expo

sure. Depicted in Figure 7 are the results of the time 

course study in which seryl-tRNA synthetase activity was 

measured in vitro in the presence of 2.5 uM (panel A) and 

50 uM (panel B) serine. At both high and low concentra

tions of substrate, the activity of the serine-specific 

aminoacyl-tRNA synthetase isolated from the uteri of 

estradiol-treated animals increased significantly above 

control enzyme activity between 12 and 16 hours of hormone 
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FIGURE 7. Time course of estradiol action on 
the induction of seryl-tRNA synthetase. 
Groups of 3 animals were intravenously 
given 173-estradiol (5 ug) in saline etha
nol as a single dose for the indicated 
times prior to sacrifice. Controls 
received no treatment. Uterine seryl-tRNA 
synthetase was isolated and enzyme acti
vity ([^H]-serine incorporated into cold 
TCA precipitable material) assayed in the 
presence of 50 ug liver tRNA and either 
2.5 uM serine (panel A) or 50 uM serine 
(panel B), both of equal specific acti
vity, as described previously. The mean 
rate of aminoacylation of triplicate 
assays is expressed as the pmoles of 
serine incorporated into tRNA per minute 
per uterus. 
± Standard error of 3 experiments. 
* Activities are significantly (p < 0.01) 
above control. 
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therapy. Peak uterine seryl-tRNA synthetase activity (a 

233% increase above control measured in the presence of 

2.5 uM serine and a 117% increase above control measured 

in the presence of 50 uM serine) was induced 24 to 48 

hours after administration of estradiol to the animals, 

while enzyme activity declined between 48 and 72 hours to 

levels noted between 12 and 16 hours. The percent 

increase in seryl-tRNA synthetase activity isolated from 

estradiol-treated animals above synthetase activity iso

lated from control animals was greater at all time points 

exibiting an estradiol stimulation when the uterine seryl-

tRNA synthetase activity was measured in the presence of 

2.5 uM serine compared with measurement of enzyme activity 

in the presence of 50 uM serine. 

The concentrations of free amino acids existing in 

uterine cells were determined so as to ascertain whether 

the availability of free amino acids was a possible regu

latory consideration for uterine aminoacyl-tRNA synthe

tases. The picomoles per uterus of the indicated specific 

amino acids (Table 3) were determined from homogenates of 

uteri taken from control animals or animals exposed to 

17p-estradiol for 16 hours and analyzed by a Beckman 

Automatic Amino Acid Analyzer (details are given in the 

Methods section of this chapter). The majority of free 

amino acid pools were elevated 1- to almost 3-fold as a 



44 

TABLE 3. Concentration of the amino acid pools in 
control and 16-hour estradiol-treated uteri. 
Groups of 2, 3, 4, or 6 animals were administered 
17(3-estradiol (5 ug) in saline ethanol as a single 
intravenous injection 16 hours prior to sacrifice. 
Controls received no hormone. Uteri were homogen
ized as described in the Methods section of Chap
ter II, and a sample of the homogenate was ana
lyzed for free amino acid concentration by a Beck
man (Model 121) Automatic 
Amino acid levels (pmoles 
lated based upon the area 
defined by the analyzer. 
± Standard error of 6 experiments. 

Amino Acid Analyzer, 
per uterus) were calcu-
under each specific peak 

pmoles/uterus 

Amino Acid 

Valine 
Aspartic Acid 
Glutamic Acid 
Histidine 
Lysine 
Alanine 
Citrulline 
Hydroxyaspartic Acid 
Threonine 
Methionine 
Serine 
Leucine 
Isoleucine 
Tyrosine 
Hydroxyproline 
Phosphoethanolamine 
Phenylalanine 
Arginine 
Glycine 
Taurine 

Control 

35 
74 

± 
± 

318 ± 
9 

29 
82 
12 
64 
43 

4 
164 

15 
8 

12 
181 
170 

16 
16 

178 
1010 

± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 

18 
9 

37 
2 
6 

13 
2 

11 
6 
1 

16 
3 
1 
2 

26 
64 

4 
5 

22 
173 

16 h r -

97 ± 
201 ± 
718 ±: 

20 ± 
57 ± 

158 ± 
23 ± 

102 ± 
67 ± 

5± 
210 ± 

19 ± 
10 ± 
14 ± 

190 ± 
170 ± 

15 ± 
15 ± 

146 ± 
634 ± 

E2 

34 
23 

165 
9 

11 
26 
10 
25 
11 

1 
42 

4 
2 
3 

25 
41 

4 
6 

23 
142 

E2/C 

2.77 
2.72 
2.26 
2.15 
1.97 
1.93 
1.92 
1.59 
1.56 
1.43 
1.28 
1.27 
1.26 
1.17 
1.05 
1.00 
0.94 
0.94 
0.82 
0.63 
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result of exposure to estradiol. These concentrations of 

amino acids are several-fold higher than Kĵ 's previously 

determined (57) for aminoacyl-tRNA synthetases toward 

their cognate amino acids. Therefore, the possibility is 

unlikely that the in vivo concentration of free amino acid 

pools is a point of regulation for uterine aminoacyl-tRNA 

synthetase enzymes. 



CHAPTER IV 

EFFECT OF ESTRADIOL ON THE KINETIC 
CHARACTERISTICS OF UTERINE 
SERYL-tRNA SYNTHETASE 

Introduction 

As discussed in the introductory chapter of this 

thesis, aminoacyl-tRNA synthetase activities have pre

viously been reported to be activated or depressed signif

icantly depending on the hormonal or the growth state of 

the tissue from which the enzymes were isolated (51-53). 

The activities of the aminoacyl-tRNA synthetase enzymes 

reported in these earlier studies were based on units of 

enzyme activity; however, possible changes in the kinetic 

constants of the enzymes were not investigated. As shown 

in Chapter III, the percent increase in seryl-tRNA synthe

tase activity resulting from estradiol exposure was sig

nificantly greater when enzyme activity was measured at 

low (2.5 uM) serine concentrations as compared with the 

enzyme activity determined in the presence of 50 uM serine 

(233% and 117%, respectively). Perhaps as a result of 

estradiol exposure, directly or indirectly, seryl-tRNA 

synthetase was able to function more efficiently in its 

charging of tRNA^®^, thereby aiding an enhanced protein 

synthesis system. Insight into this hypothesis was gained 
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by determining the kinetic constants of seryl-tRNA synthe

tase isolated from control and 16-hour estradiol-treated 

uteri and the "relative affinities" of other uterine ami

noacyl-tRNA synthetases towards their cognate amino acids. 

Methods 

Animals 

Animal care, estradiol injection, and sacrifice 

procedures were conducted as described in the Methods 

section of Chapter II. 

Uterine Seryl-tRNA Synthetase Preparation 

Preparation of seryl-tRNA synthetase and all other 

aminoacyl-tRNA synthetases from mature, ovariectomized rat 

uteri was as described in the Methods section of Chapter 

III. 

Isolation of Heterologous Liver tRNA 

Isolation of heterologous liver tRNA was as described 

in the Methods section of Chapter II. 

Administration of Cycloheximide 

Cycloheximide (500 ug pê : uterine horn) in saline was 

administered intraluminally 4 hours prior to sacrifice. 

Control animals were given an intraluminal injection of 
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saline. Estradiol-treated animals received 5 ug of estra

diol, as detailed in the Methods section of Chapter II, 12 

or 16 hours prior to sacrifice. 

Aminoacylation Reaction 

The in vitro aminoacylation reaction was conducted as 

previously described in the Methods section of Chapter 

III. Experiments in which the kinetic parameters were 

determined utilized a range of serine concentrations from 

1.25 uM to 80 uM (all with a constant specific activity) 

in determining the rate of charging of seryl-tRNA synthe

tase in the defined assay. The rates of the aminoacyla

tion reaction and the concentrations of serine in those 

reactions were used to calculate the kinetic constants of 

seryl-tRNA synthetase from an Eadie-Hofstee plot (62). 

Calculation of the "Relative Affinity" 

The "relative affinities" of specific aminoacyl-tRNA 

synthetases from control and estradiol-treated rats toward 

their cognate amino acids were calculated as the ratio of 

the measured rate of aminoacylation in the presence of a 

sub-Kj^ concentration of amino acid to the rate of ami

noacylation measured in the presence of a saturating con

centration of amino acid. This ratio was used to analyze 
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the effects of estradiol on the kinetic characteristics of 

the uterine aminoacyl-tRNA synthetases. 

Results 

The Kĵ  and maximum velocity (Vĵ x̂̂  ̂ ^ seryl-tRNA 

synthetase from uteri of control and 16-hour estradiol-

treated rats were calculated based on the results of an 

experiment in which the rate of the aminoacylation reac

tion was measured in the presence of a range of substrate 

(serine) concentrations and a saturating concentration of 

liver tRNA. An Eadie-Hofstee plot (the rate of the charg

ing reaction versus the concentration of substrate divided 

into the rate of the reaction), shown in Figure 8, of the 

in vitro activity of serine-specific enzyme isolated from 

control and estradiol-treated animals revealed a moderate 

increase in the Vj^^^ (24%) and a significant decrease in 

the Kĵ  (42%) of uterine seryl-tRNA synthetase from estra

diol-treated animals compared with the uterine enzyme from 

non-treated animals. These data indicate that estradiol 

treatment elicited a slight increase in the maximal rate 

at which the seryl-tRNA synthetase enzyme functioned (pos

sibly due to an increase in the synthesis of the enzyme 

protein) and also enhanced the affinity of the enzyme 

towards serine as shown by the decrease in Kĵ . The change 

in substrate affinity was possibly the result of a 
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FIGURE 8. Vĵ ax ̂ ^^ ^m determinations 
of seryl-tRNA synthetase from 
control and 16-hour estradiol-
treated uteri. Groups of 3 or 4 
animals were given 17(3-estradiol 
(5 ug) in saline ethanol as a 
single intravenous dose for 16 
hours. Controls received no hor
mone. Uterine seryl-tRNA synthe
tase was isolated and enzyme acti
vity (incorporation of [-̂ H]-serine 
into cold TCA precipitable mate
rial) assayed in the presence of a 
mixed population of liver tRNA 
(50 ug per assay) and serine, 
ranging in concentration from 
1.25 uM to 80 uM (with constant 
specific activity for all concen
trations), as described in the 
Methods section of Chapter II. 
All assays were done in tripli
cate. Shown are the Vĵ ^̂ ^ of 
seryl-tRNA synthetase and its Kĵ  
toward serine as determined by an 
Eadie-Hofstee plot of results from 
a single experiment. 
* Significance level (p < 0.005). 
+ Significance level (p < 0.001). 
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catalytical change of the existing enzyme molecule itself 

or perhaps, the synthesis of a new enzyme protein; both 

possibilities resulting directly or indirectly from estra

diol action. 

As the initial survey of the effect of estradiol 

administration to ovariectomized rats on all of the ute

rine aminoacyl-tRNA synthetases revieled some specificity 

with regard to the action of estradiol, another survey of 

the uterine aminoacyl-tRNA synthetases was undertaken to 

examine the influence estradiol treatment had on the affi

nity of the amino acid-specific enzymes toward their cog

nate amino acids. Uterine aminoacyl-tRNA synthetase acti

vities were measured in the presence of saturating concen

trations (75 uM) of amino acid (which is assumed would 

reflect solely the maximum number of active enzyme mole

cules) and also in the presence of sub-Kĵ  (1 uM) levels of 

amino acid (which would reflect not only the number of 

active enzyme molecules, but also the kinetic characteris

tics of the enzyme), (62). In an attempt to assess 

whether estradiol elicited changes in the relative affini

ties of the uterine aminoacyl-tRNA synthetase enzymes for 

their cognate amino acids, the rate of charging measured 

in the presence of a saturating concentration of amino 

acid was divided into the rate of charging measured in the 

presence of a sub-Kj^ concentration of amino acid. The 
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ratio of these parameters would negate the contribution 

made by numbers of enzyme molecules to the reaction rate, 

and therefore, allow the "relative affinity" of the enzyme 

for its substrate to be expressed (Table 4). The "total 

activity" listed in Table 4 was the enzyme activity meas

ured in the presence of 75 uM amino acid. The effect of 

estradiol on aminoacyl-tRNA synthetases in the uterus was 

characterized in 3 ways: (1) The first representation of 

enzymes showed, as a result of estradiol treatment, a 

significant increase (88% to 318%) in the relative affi

nity of the enzyme for its cognate amino acid, while the 

total enzyme activity was affected only a moderate extent 

(0% -73%). (2) The second group of aminoacyl-tRNA syn

thetases exhibited bited a significant stimulation in 

total enzyme activity (100% to 260%), and yet, only a 

moderate increase (0% to 78%) in relative affinity towards 

the cognate aunino acid as a result of estradiol treatment. 

(3) The remaining 2 uterine aminoacylating enzymes, in 

response to the administration of estradiol to animals, 

demonstrated a moderate increase, equal in magnitude, in 

both their relative affinity and total enzyme activity. 

The categories of enzymes are not the same as in the ini

tial survey, but this may be due to the fact that the 

initial observation was made in the presence of saturating 

concentrations of 
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TABLE 4. Relative affinities and total activities of 
uterine aminoacyl-tRNA synthetases from control 
and 24-hour estradiol-treated animals. Groups of 
6 animals were treated with a single intravenous 
dose of 17p-estradiol (5 ug) for 24 hours. Con
trols received no treatment. Uterine aminoacyl-
tRNA synthetases were isolated and assayed for 
charging activity (incorporation of [^H]-serine 
into cold TCA precipitable material) in the pres
ence of liver tRNA (50 ug per assay) and the cog
nate amino acid (at either saturating or sub-K^^ 
concentrations of amino acid at constant specific 
activity) as described in the Methods section of 
Chapter II. All assays were performed in dupli
cate. Rate of aminoacylation is expressed as 
pmoles of serine charged per minute per uterus, 
and the relative affinity is expressed as a ratio 
of the activity measured at 1.0 uM amino acid to 
the activity measured at 75 uM amino acid. 
± Standard deviation of 2 experiments. 
* Significance level = (p < 0.1). 

RELATIVE AFFINnY 
fraall.0LiM/faa175LiIvn 

Sgninpacid Contnpl 

nx t 
tyr 
^ 
thr 
his 
ala 
tip 

ser 

ile 
ghi 
pro 
VEJ 
leu 

phe 
asp 

.0336 ± 

.09601 

.02301 

.01831 

.26641 

.02991 

.16541 

.05301 

.10731 

.0280 

.0114 

.0013 

.0693 

.0007 

.0390 

.0073 

.18731.0600 
.03111.0038 
.03761.0103 
.27321.0490 
.05301.0006 

.22631.0018 

.04501.0018 

24hr-E2 E2ZQ 

.14071 

.32941 
.06391 
.05721 
.80971 
.06491 
.43041 
.11601 
.20151 

.0285 

.0169 

.0013 
.4764 
.0127 

.0033 
.0064 

.33281.0093 

.04151.0022 
.04941.0039 
.28641.0428 
.Oi501.0157 

.29741.0220 
.07821.0009 

4.19 
3.43 
3.15 
3.13 
3.04 
2.84 
2.60 
2.19 
1.88 

1.78 
1.33 
1.31 
1.05 
0.85 

1.31 
1.74 

ToriALAcnvnY 
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2610.5 
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521 — 
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6610.0 
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3013.0 
5014.0 

5314.0 
8911.0 
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4011.0 
5012.0 
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8112.0 
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5611.0 

14411.0 

3612.0 
14217.0 
6918.5 
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156+ 1.0 

7111.5 
13415.5 

K/C 

1.54 
1.25 
1.04 
1.12 
0.73 
1.23 
1.52 
1.37 
1.60 

3.60 
2.15 
3.00 
2.63 
3.12 

1.34 
1.51 
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amino acids. The data presented in Table 4 was obtained 

under more accurate assay conditions. 

Finally, the sensitivity of the enhanced relative 

affinity of uterine seryl-tRNA synthetase towards serine 

to cycloheximide (a protein synthesis inhibitor) treatment 

was determined. Animals were treated with 17p-estradiol 

for 12 or 16 hours. Control animals received no hormone. 

Cycloheximide (500 ug per uterine horn), a dose shown 

previously to block protein synthesis by 95% in the rat 

uterus (63), was injected intraluminally into the uterus 4 

hours prior to sacrifice. Results are shown in Figure 9. 

Estradiol did not elicit an increase in relative affinity 

after 12 hours, but a significant increase was noted after 

16 hours of exposure to estradiol. No change in the rela

tive affinity of seryl-tRNA synthetase from either control 

or 12-hour estradiol-treated uteri for serine was observed 

when cycloheximide was given 4 hours prior to sacrifice. 

However, the enhanced relative affinity of uterine seryl-

tRNA synthetase towards serine resulting from the exposure 

of the animals to estradiol for 16 hours was eliminated 

when protein synthesis was inhibited at the 12^^ hour 

of hormone therapy. General conclusions drawn from these 

data were that uterine exposure to estradiol for 16 hours 

brought about, directly or indirectly, a physical or 

biochemical modification to the seryl-tRNA synthetase 
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12 hr-E2 
16 hr-E2 
Cyclohex 

+ 

+ 

- + _ 
- - + 
+ + + 

FIGURE 9. Effect of cycloheximide on 
the 16-hour estradiol induction of 
uterine seryl-tRNA synthetase acti
vity. Groups of 3 animals were 
treated with cycloheximide (500 ug 
per uterine horn) in a single intral
uminal injection 4 hours prior to 
sacrifice. 17p-Estradiol was given 
as a single intravenous dose (5 ug) 
for the indicated times. Uterine 
seryl-tRNA synthetase was isolated 
and assayed for charging activity 
(incorporation of [-̂ H]-serine into 
cold TCA precipitable material) in 
the presence of a mixed population of 
liver tRNA (50 ug per assay) and 
either 50 uM or 2.5 uM serine (both 
with equal specific activity) as 
described in the Methods section of 
Chapter II. All assays were per
formed in triplicate and data 
expressed as the relative affinity 
(enzyme activity measured at 2.5 uM 
serine divided by enzyme activity 
measured at 50 uM serine). Signifi
cance level (p < 0.1). 
1 Standard error of 3 experiments. 



56 

enzyme so that the affinity the enzyme possesses towards 

serine is greater, and that this modification observed 

after 16 hours of hormone administration, was dependent on 

the continued synthesis of protein between the twelfth and 

sixteenth hour. 



CHAPTER V 

DISCUSSION 

The data presented indicate that estradiol acts to 

stimulate the aminoacylation activity of certain uterine 

aminoacyl-tRNA synthetases at a "late" time (16 to 24 

hours) in response to hormone administration. The 

increase in the rate of charging amino acids to cognate 

tRNA elicited through estradiol action is supported by an 

enhancement of the affinity of selected aminoacyl-tRNA 

synthetases for their specific amino acid and an increase 

in the total enzyme activity. 

By use of an in vitro enzyme assay system, the 

responses to estradiol were shown to be specific and sig

nificant. The in vitro charging assay was optimized 

specifically for seryl-tRNA synthetase. Buffer components 

demonstrated to stabilize uterine seryl-tRNA synthetase 

activity included 50 mM KCl and 70 mM NaF. Endogenous 

protein phosphatases were presumed to be inhibited in the 

presence of NaF as reported by Damuni, et a].. (56); 

however, the formation of MgF2 and thus, the inactivation 

of seryl-tRNA synthetase due to the depleted Mg"*""*", neces

sitated the inclusion of excess MgCl2 (35 mM) in the assay 

buffer. A concentration of 0.015 uterine equivalents of 

57 



58 

the crude uterine extract containing seryl-tRNA synthetase 

was sufficient for analyzing enzyme activity without any 

undefined endogenous components eliciting an inhibitory 

effect in the in vitro assay. Determination of the rate 

of aminoacylation was conducted under initial velocity 

conditions (7 minutes at 30°C) in the presence of a satu

rating concentration (50 ug) of heterologous rat liver 

tRNA. The dialysis step during the preparation of the 

enzyme extract eliminated any contribution from the 

endogenous amino acid pools to a dilution of the specific 

activity of [-̂ H]-amino acids in the charging assay. Only 

the preliminary survey of estradiol action on the uterine 

aminoacyl-tRNA synthetases was conducted without the 

inclusion of a dialysis step in the preparation of the 

enzyme extract; therefore, the estradiol effects observed 

in experiments conducted further into the course of study 

were not artifacts due to altered endogenous amino acid 

pools present in the enzyme extracts analyzed for ami

noacylation activity. Furthermore, analysis of the con

centration of free amino acids in control and 16-hour 

estradiol-treated uteri showed that the levels of all free 

amino acids far exceeded a rate-limiting amount in both 

treated and non-treated uteri; therefore, the availability 

of free serine is not a likely point of regulation of 

uterine seryl-tRNA synthetase. 
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An increased rate of tRNA^er charging by uterine 

seryl-tRNA synthetase was noted to be a specific response 

to the exposure of ovariectomized rats to estradiol for 16 

hours as the stimulation of enzyme activity occurred only 

if the steroid was given at a dose of at least 0.5 ug; 

concentrations less than 0.5 ug elicited no significant 

response. The magnitude of the increase in seryl-tRNA 

synthetase activity was specific for estrogenically active 

steroids. Diethylstilbestrol administration to the ani

mals induced the greatest activation of uterine seryl-tRNA 

synthetase (166% above control enzyme activity), followed 

by estrone (137%), 173-estradiol (118%), estriol (80%), 

and 17a-estradiol (39%). The percent stimulation of the 

uterine serine-specific aminoacyl-tRNA synthetase varied 

upon administration of non-estrogenic hormones to the 

animals, with progesterone and hydrocortisone bringing 

about a moderate response (51% and 47%, respectively), and 

testosterone and dihydrotestosterone effecting no signifi

cant response (18% and 0%, respectively). The slight 

activation observed with testosterone treatment was possi

bly due to the in vivo aromatization of the administered 

testosterone to estradiol by action of an aromatase sys

tem, especially since dihydrotestosterone, which failed to 

elicit a response, cannot be aromatized. 
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Results obtained from kinetically-oriented exper

iments provided insight as to how estradiol could be act

ing, directly or indirectly, in the activation of uterine 

seryl-tRNA synthetase. Determination of the kinetic par

ameters for seryl-tRNA synthetase isolated from 16-hour 

estradiol-treated and control uteri showed that the enzyme 

from treated uteri possessed a Vĵ x̂ 24% higher and a K̂ ^ 

42% lower than the enzyme from non-treated uteri. As the 

^^® '̂ max °^ ^^ enzyme is directly proportional to the 

concentration of the enzyme present in the reaction, the 

increase in the Vĵ ^̂ ^ noted upon estradiol exposure to the 

uteri probably reflects the estradiol-induced synthesis of 

new seryl-tRNA synthetase enzyme protein. The significant 

decrease in the Kĵ  for serine possessed by the serine-

specific enzyme suggests that the catalytic properties of 

the uterine enzyme may have undergone a change upon expo

sure of the uteri to estradiol enabling the enzyme to bind 

the amino acid more efficiently, thus reducing the Kĵ  

kinetic parameter by over 40%. This sort of kinetic 

change would enable the enzyme to function more effi

ciently in its charging of tRNA^®^, thus contributing to 

the increased protein synthetic rate of estradiol induced 

proteins. The calculation of the "relative affinity" for 

other uterine aminoacyl-tRNA synthetases towards their 
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cognate amino acid was based upon the following Michaelis-

Menton equation: 

V = V^3^/[S] 

1 + Kn̂ /[S] 

The substrate in this equation is the cognate amino acid. 

As stated above, the Vĵ -̂ ^ is directly proportional to the 

total enzyme concentration, and the Vĵ x̂ ̂ ^^ ^ possessed 

by an enzyme are properties that will not change with 

simple variations in the concentration of the substrate 

present in an in vitro assay. Therefore, in the above 

equation, the velocity measured would vary only as the 

substrate concentration varied. The "relative affinities" 

were calculated by determining the ratio of the velocity 

of the charging reaction for each amino acid-specific 

synthetase measured at sub-K̂ ^ concentrations of amino acid 

to the velocity measured in the presence of saturating 

concentrations of amino acid; such a ratio should theoret

ically remain equal if no intrinsic kinetic property of 

the enzyme was altered. If, however, the kinetic charac

teristics possessed by an enzyme did change, this ratio 

should reflect such changes. Therefore, the "relative 

affinities" calculated for the uterine enzymes extracted 

from control animals and animals treated with estradiol 
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for 24 hours were compared as a ratio. The "total enzyme" 

activity was denoted as such because this activity was 

determined in the presence of saturating concentrations of 

each amino acid and thus, represents an experim ental Vĵ x̂ 

of the individual enzymes. Upon surveying the effect 

estradiol administration to the ovariectomized rats had on 

the total enzyme activities and the relative affinities 

the uterine aminoacyl-tRNA synthetases possessed towards 

their cognate amino acids, 3 results were shown to be 

elicited by estradiol: (1) a significant increase in the 

relative affinity of the enzyme towards the specific amino 

acid accompanied with a moderate increase in total enzyme 

activity, (2) a significant stimulation in total enzyme 

activity, but only a moderate increase in relative affi

nity for the specific amino acid, or (3) a response of 

equal magnitude in both total enzyme activity and relative 

affinity. No evident amino acid group specific relation

ships existed between the uterine synthetases within any 

one of these groups. The conclusion drawn from these data 

was that specific uterine aminoacyl-tRNA synthetases pre

pared from animals exposed to estradiol were altered phys

ically or biochemically so as to enhance the affinity 

possessed towards their cognate amino acids. The speci

ficity of this estradiol-induced alteration of the uterine 

aminoacyl-tRNA synthetases is discussed below. 
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Intraluminal cycloheximide treatment 4 hours prior to 

sacrifice eliminated the increase in relative affinity of 

seryl-tRNA synthetase towards serine observed after expo

sure to estradiol for 16 hours. These results suggest 

that a short-lived protein was necessary for the biochemi

cal or physical change (which would be the expected modi

fication to an enzyme functioning more efficiently) which 

has been suggested to occur to the uterine serine-specific 

aminoacyl-tRNA synthetase in response to estradiol. The 

short-lived protein could be a protein kinase responsible 

for the phosphorylation and thus, the activation of an 

existing protein phosphatase which would act on the seryl-

tRNA synthetase to remove phosphorylated residues, thereby 

"activating" the charging enzyme so that it functions more 

efficiently by way of an increased affinity towards 

serine. Perhaps the short-lived protein itself is a pro

tein phosphatase. Several investigators (52, 53) have 

proposed that eukaryotic aminoacyl-tRNA synthetases are 

not only regulated by such a mechanism but also contain 

amino acid residues which are phosphorylated in vivo. 

These studies have demonstrated that rabbit reticulocyte 

aminoacyl-tRNA synthetases can be phosphorylated by sev

eral different protein kinases which render the enzymes 

less active and that upon incubation in the presence of 

skeletal muscle-derived protein phosphatases, specific rat 
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liver aminoacyl-tRNA synthetase enzymes can be reactivated 

100% from kinase-induced inactive states. Further analy

sis into the structural properties of these enzymes will 

identify the type(s) of modification to the aminoacyl-tRNA 

synthetase protein which occur in response to hormonal and 

metabolic fluctuations of the tissue in which the enzyme 

is found. 

Activation of seryl-tRNA synthetase occurred after 

exposure of the animals to estradiol for at least 16 

hours, a time at which other components of the protein 

synthesizing machinery have also been reported to increase 

their functioning efficiency (18). The synthesis of 

estrogen-induced proteins and other cellular proteins 

necessary for amplification of chronic estrogen responses 

occurs after the "early" effects of the hormone are seen. 

The DNA replication enzymes, the proteins necessary for 

cell division, the estrogen receptor, and other estrogen-

induced proteins involved in the proliferative effects of 

estrogen seen in the uterus would all need to be synthes

ized 16 to 24 hours after the initial estrogen stimulus. 

This could account for the specificity of the estradiol 

effects seen not only on the uterine aminoacyl-tRNA syn

thetases, but also the uterine tRNA's, as some of the 

induced proteins have been shown to contain regions which 

possess a high abundance of certain amino acids. 



65 

Therefore, the synthesis of these induced proteins and the 

other proteins needed for cellular proliferation could be 

regulated in these regions which contain abundant specific 

amino acids by both the availablity and the functional 

efficiency of the cognate components (tRNA's and aminoac

yl-tRNA synthetases) involved in the aminoacylation reac

tion and thus, protein synthesis. 



LIST OF REFERENCES 

1. Johnson, M. and Everitt, B. (Eds). Essential Repro
duction, second edition. Blackwell Scientific Publi
cations, Great Britian (1984). 

2. Jensen, E. V. and Jacobson, H. I. (1962) Rec. Progr. 
Hormone Res. 1_8: 387. 

3. Toft, D. and Gorski, J. (1966) Proc. Natl. Acad. 
Sci. , U. S. A. 55_: 1574. 

4. Toft, D., Shaymala, G., and Gorski, J. (1967) Proc. 
Natl. Acad. Sci., U. S. A. 57: 1740. 

5. Nicolette, J. A. and Gorski, J. (1964) Archs. 
Biochem. and Biophys. 107: 279 

6. Shyamala, G. and Gorski, J. (1969) J. Biol. Chem. 
244: 1097. 

7. Jensen, E. V., Suzuki, T., Numata, M., Smith, S., and 
DeSombre, E. R. (1969) Steroid H-i: 419. 

8. Sarff, M. and Gorski, J. (1971) Biochemistry 1C>* 
2557. 

9. Giannopolos, G. and Gorski, J. (1971) J. Biol. Chem. 
246: 2524. 

10. Giannopolos, G. and Gorski, J. (1971) J. Biol. Chem. 
246: 2530. 

11. Jungblut, P. W., Kallweit, E., Sierralta, W., Truit, 
A. J., and Wagner, R. K. (1978) J. Physiol. Chem. 
359: 1259. 

12. Edwards, D. P., Martin, P. M., Horwitz, K. B. , Cham-
ness, G. C , and McGuire, W. L. (1980) Ex2- Cell. 
Res. 127: 197-213. 

13. Carlson, R. A. and Gorski, J. (1980) Endocrinology 
106: 1776-1784. 

66 



67 

14. Clark, J. H., Markaverich, B., Upchurch, S., Erikson, 
H., Hardin, J., and Peck, E. J. (1980) Rec. Progr. 
Hormone Res. 2i: 89-134. 

15. Palmiter, R. D. (1972) J. Biol. Chem. 247 (21): 
6770-6780. ~ 

16. Whelly, s. M. and Barker, K. L. (1974) Biochemistry 
13 (2): 341-346. 

17. Sharma, O. K. and Borek, E. (1976) Cancer Res. 36: 
4320-4329. — 

18. Lutz, W. H. and Barker, K. L. (1986) J. Biol. Chem. 
261: 11230-11235. " 

19. Lotfield, R. B. (1972) Prog. Nucleic Acid Res. Mol. 
Biol. 12: 87-128. 

20. Schimmel, P. R. and Soil, D. (1979) Ann. Rev. 
Biochem. 4^: 601-648. 

21. Vennegoor, C. and Bloemendal, H. (1974) Methods in 
Enzymology 29: 585-600. 

22. Bandyopadhyay, A. K. and Deutscher, M. P. (1973) J. 
Mol. Biol. 74: 257-261. 

23. Dang, C. V. and Yang, D. C. H. (1978) in Biomolecu-
lar Structure and Function (Agris, P. F., Leoppky, P. 
and Sykes, B., eds.) pp. 575-580. Academic Press, New 
York. 

24. Dang, C. V. and Yang, D. C. H. (1978) Biochem. 
Biophys. Res. Commun. 80: 709-714. 

25. Dang, C. V. and Yang, D. C. H. (1979) J. Biol. Chem. 
254: 5350-5356. 

26. Johnson, D. L., Dang, C. V., and Yang, D. C. H. 
(1980) J. Biol. Chem. IS^: 4362-4366. 

27. Irvin, J. D. and Hardesty, B. (1972) Biochemistry 
11: 1915-1920. 

28. Graf, H. (1976) Biochim. Biophys. Acta 425: 175-181. 

29. Hampel, A. E. and Enger, M. D. (1973) J. Mol. Biol. 
79: 285-293. 



68 

30. Ritter, P. o. , Enger, M. D., and Hampel, A. E. (1979) 
Biochim. Biophys. Acta 562: 377-385. 

31. Hampel, A. E., Ritter, P. O., and Enger, M. D. (1978) 
Nature 276; 844-845. 

32. Enger, M. D. , Ritter, P. O., and Hampel, A. E. (1978) 
Biochemistry 17; 2435-2438. 

33. Smulson, M., Lin, C. S., and Chirikjian, J. G. (1975) 
Archs. Biochem. Biophys. 167: 458-468. 

34. Denney, R. M. (1977) Archs. Biochem. Biophys. 183: 
157-167. 

35. Agris, P. F., Woolverton, D. K., and Setzer, D. 
(1976) Proc. Natl. Acad. Sci., U. S. A. 73: 
3857-3861. 

36. Agris, P. F., Setzer, D., and Gehrke, C. W. (1977) 
Nucl. Acids Res. _4: 3803-3818. 

37. Harris, C. L. , Marin, K., and Stewart, D. (1977) 
Biochem. Biophys. Res. Commun. 7^: 657-662. 

38. Roberts, W. K. and Olsen, M. L. (1976) Biochim. 
Biophys. Acta 454: 480-492. 

39. Alzhanova, A. T. , Fedora, A. N., Ovchinnikov, L. P., 
and Spirin, A. S. (1980) FEBS Lett. 12^: 225-229. 

40. Jakubowski, H. (1980) FEBS Lett. lO^: 63-66. 

41. Holler, E. (1973) Biochemistry rZ: 1142-1149. 

42. Hradec, J. and Dusek, Z. (1980) Mol. Biol. Rep. 6: 
245-248. 

43. Rapaport, E., Zamecnik, P. C , and Baril, E. F. 
(1981) Proc. Natl. Acad. Sci., U. S. A. 78: 838-842. 

44. Vellekamp, G. J. and Kull, F. J. (1981) Eur. J. 
Biochem. U S : 261-269 

45. Sihag, R. K. and Deutscher, M. P. (1983) J. Biol. 
Chem. ^5^: 11846-11850. 

46. Saxholm, H. J. K. and Pitot, H. C. (1979) Biochim. 
Biophys. Acta 562: 386-399. 



69 

47. Lazard, M., Mirande, M., and Waller, J. P. (1985) 
Biochemistry 24: 5099-5106. 

48. Bandyopadhyay, A. K. and Deutscher, M. P. (1971) J. 
Mol. Biol. 60: 113-122. 

49. Glinski, R. L., Gainey, P. C , Mawhinney, T. P., and 
Hilderman, R. H. (1979) Biochem. Biophys. Res. 
Commun. 8^: 1052-1061. 

50. Digman, J. D., Rhodes, D. G., and Deutscher, M. P. 
(1980) Biochemistry 19: 4978-4984. 

51. DelMonte, U., Capaccioli, S., Neri Cini, G., Perego, 
R., Caldini, R., and Chevanne, M. (1986) Biochem. J. 
236: 163-169. 

52. Damuni, Z., Caudwell, F. B., and Cohen, P. (1982) 
Eur. J. Biochem. 129: 57-65. 

53. Pendergast, A. M. and Traugh, J. A. (1985) J. Biol. 
Chem. 2ig (21): 11769-11774. 

54. O'Malley, B. W. (1971) New En^. J. Med. 2M* 370. 

55. Yang, W. K. and Novelli, G. D. (1971) Methods in 
Enzymology 200: 44-55. 

56. Colombo, B., Vesco, C , and Baglioni, C. (1968) 
Proc. Natl. Acad. Sci., U. S. A. 61: 651. 

57. Tyobeka, E. M. and Manchester, K. L. (1985) Int. J. 
Biochem. r? (8): 873-877. 

58. Szego, C. M. and Roberts, S. (1953) Rec. Progr. 
Hormone Res. S: 419-423. 

59. Hisaw, F. L. (1959) Endocrinology 6±: 276-289. 

60. Resnik, R., Killam, A. P., Battaglia, F. C , 
Makowski, E. L., and Meschia, G. (1974) Endocrinol
ogy 9±: 1192-1196. 

61. Jensen. E. V., Jacobson, H. I., Flesher, J. W. , Saha, 
N. N., Gupta, G. N., Smith, S., Colucci, V., Shipla-
coff, D., Neumann, H. G. , DeSombre, E. R. , and Jung
blut, P. W. (1966) in Steroid Dynamics (Pmcus, G., 
Nakao, T., and Tait, J. F., eds.) p. 133. Academic 
Press, New York. 



70 

62. Hammes, G. G. (1982) in Enzyme Catalysis and 
Regulation (Horecker, B., Kaplan, N. D., Marmur, J., 
and Scheraga, H. A., eds.) pp. 38-42. Academic 
Press, Inc., New York. 

63. Barker, K. L. (1967) Endocrinology 81: 791-797. 



PERMISSION TO COPY 

In presenting this thesis in partial fulfillment of the 

requirements for a master's degree at Texas Tech University, I agree 

that the Library and my major department shall make it freely avail

able for research purposes. Permission to copy this thesis for 

scholarly purposes may be granted by the Director of the Library or 

my major professor. It is understood that any copying or publication 

of this thesis for financial gain shall not be allowed without my 

further written permission and that any user may be liable for copy

right infringement. 

Disagree (Permission not granted) Agree (Permission granted) 

Student's signature Studen :udentys signature 

Date Date 
/ ? . ^ ; j ^ 15-, /4^!? 


