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ABSTRACT

Section I reviews recent studies of the early events in steroid

regulation with emphasis on the interaction of receptor-steroid complex

with the cell nucleus. The biochemical nature of the response of specific

enzyme synthesis to glucocorticoid induction is explored in an attempt

to better define the mechanism of steroid action.

In Section II, the specific rate of synthesis of tyrosine amino

transferase (TAT) is used as a measure of the level of functional TAT

specific mRNA in cultured rat hepatoma cells. An analysis of the kinetics

of change in this rate following addition or withdrawal of glucocortico

steroids sets an upper limit on the half-life of TAT-specific mRNA of

l.0-l. 5 hours whether or not steroid is present. The inactivation rate

of TAT mRNA is independent of the growth condition of the cells, occurring

equally rapidly in the presence or absence of serum or insulin, both of

which induce TAT in these cells. The implications of these results for

the mechanism of steroid induction are discussed.

Reexamination of the effects of actinomycin D (AMD) on the intra

cellular level and rate of synthesis of TAT (Section III) reveals that

much apparent controversy can be resolved with acknowledgment of the

multi-faceted nature of this inhibitor's action. AMD can slow overall

protein synthesis and inhibit the degradation of both TAT and its mRNA

as well as block the synthesis of RNA. The extent of these secondary

actions of the inhibitor depend somewhat upon the growth condition of

the cells. The effects of cordycepin (3'-deoxyadenosine) on the metabolism

of TAT and its mRNA are also complex, but differ in several respects from
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those of AMD.

Section IV provides several suggestions for improving the purification

of TAT from steroid-induced rat livers and describes the immunization

procedure for preparation of the sheep anti-TAT antibodies used in the

studies reported herein. SDS polyacrylamide gel electrophoresis studies

suggest that TAT from both rat liver and rat hepatoma tissue culture cells

is composed of sub-units of approximately 53,000 molecular weight indicating

a dimeric structure for the enzyme. An immune adsorbant column consisting

of anti-TAT IgG bound covalently to Sepharose HB is described for use in

the assay of radioactively labeled TAT.
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"In the study and practice of the sciences... the false judgments

we form neither affect our existence nor our welfare; and we are not

forced by any physical necessity to correct them. Imagination, on the

contrary, which is ever wandering beyond the bounds of truth, joined to

self-love and that self-confidence we are so apt to indulge, prompt us

to draw conclusions which are not immediately derived from facts; so that

we become in some measure interested in deceiving ourselves. Hence it is

by no means to be wondered, that, in the science of physics in general,

men have often made suppositions, instead of forming conclusions. These

suppositions, handed down from one age to another, acquire additional

weight from the authorities by which they are supported, till at last

they are received, even by men of genius, as fundamental truths."

Antoine Lavoisier

Elements of Chemistry, l789

(trans. Robert Kerr)
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PREFACE

The conceptual basis for understanding the control of gene expression

in prokaryotes evolved through the sophisticated use of biochemical and

genetic techniques in combination; regulatory mutants have played a

singularly important role in the elucidation of the molecular interactions

involved in prokaryotic regulation. In the higher eukaryotes, on the

other hand, genetic studies have remained at a more primitive level, and

workers studying regulation in these organisms have often relied heavily

on models from prokaryotic systems without critically laying the experimental

foundation to support the applicability of these models. As a consequence

of this blind inductive leap from prokaryotic to eukaryotic regulatory

mechanisms, a considerable amount of biochemical experimentation has

proceeded in the absence of any indication of its relevance to physiological

events.

Section I of this dissertation, which was prepared as a review article"

and contains some data of Dr. Walter Scott as well as my own, outlines

the diverse possible mechanisms for regulating cellular responses to

environmental signals. The paucity of definitive evidence to support

any specific model for gene regulation by steroids is also discussed.

Sections II and III describe detailed kinetic studies of the responses

of the level and rate of synthesis of tyrosine aminotransferase (TAT) to

hormonal stimulation or treatment with inhibitors of RNA synthesis. These

studies indicate that TAT levels are regulated at different metabolic

stages under different physiological conditions, and that glucocorticosteroids

primarily act by increasing the rate of production of TAT—specific mRNA.
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Nevertheless, it is not possible to assign a specific mechanism for this

steroid-mediated response. The concluding section of this work describes

techniques which might prove useful in pursuing the study of TAT metabolism,

and discusses the sub-unit composition of the enzyme.

*Steinberg, R. A., Scott, W.A., Levinson, B. B., Ivarie, R. D. and Tomkins,
G. M. (1974) in Regulation of Gene Expression in Eukaryotic Cells,
Fogarty International Center Proceedings, No. 25 (U.S. Government
Printing Office, Washington, D.C.) in press
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SECTION I

A Review of Recent Studies on Regulation by Glucocorticosteroids



The formulation of an elegant model for regulation of gene expression

by Jacob and Monod (lg6l) has been followed by extraordinarily rapid

progress in the biochemical elucidation of metabolic control mechanisms

in prokaryotic organisms. While even the simplest of organisms is

capable of considerable subtlety of genetic regulation at many levels,

the primary mode of control in the prokaryotes has almost invariably

been found at the level of mRNA transcription. Prokaryotic transcription

is regulated by specific and direct interaction of control proteins with

DNA regions in the vicinity of RNA polymerase binding sites. The activity

of these control proteins is determined in turn by interaction with small
effector molecules whose concentrations may represent the metabolic state

of the cells.

While it is reasonable to assume that eukaryotic cells also use

transcriptional control mechanisms to regulate gene expression, there

is as yet little direct evidence for this assumption. Comparative

studies of differentiated tissues from a single organism suggest that

tissue-specific proteins reflect specific patterns of nuclear synthesis

of mRNA precursors (Sullivan et al., l073). Furthermore, it has been

demonstrated recently that chromatin from different tissues is transcribed

into different, tissue-specific RNA products in vitro (Paul et al., l073;

Axel et al., lo'73). Differentiation, however, seems quite different

from metabolic regulation. Transcriptional differences in the former

appear to result from relatively stable structural differences in the

chromosomal material rather than the simple specific events which form

the basis of prokaryotic control.

We have concentrated our studies of the control of eukaryotic gene



expression on the glucocorticoid-mediated induction of tyrosine amino

transferase (TAT) in cultured rat hepatoma (HTC) cells. This induction

is rapid, can occur in the absence of cell division, occurs with no

gross concomitant changes in cell structure or metabolic function, and

is readily reversed by steroid removal. The phenomenon is thus suitable

for studies of the mechanism of effector-mediated metabolic regulation

of eukaryotic gene expression. Since this system has been reviewed

recently (Baxter et al., 1973), we shall only sketch its general features

and then outline some approaches we are using to elucidate steroid

control of gene function.

We find, consistent with results in other steroid-sensitive tissues,

that HTC cells contain specific cytoplasmic proteins which form tight,

non-covalent bonds with steroids active in inducing the synthesis of TAT

(Baxter and Tomkins, l070). The importance of these receptors in the

induction process is implied by the close correlation between the

quantitative and qualitative parameters of steroid-receptor binding and

of the steroid-mediated enzyme induction (Rousseau et al., 1972).

Following administration of inducing steroids to whole cells, the steroids

are found associated with the cell nucleus; the cytoplasm is correspond

ingly depleted of steroid receptor. The quantitative relationship between

the amount of nuclear-bound steroid and the degree of enzyme induction

strongly suggests that nuclear localization is required for the biological

action of the steroid.

We have been pursuing two different approaches to understanding the

roles of the cytoplasmic steroid receptor and nuclear localization of

the steroid in mediating the glucocorticoid response. One approach, which



is still at a somewhat preliminary stage, is to collect variant cell

clones which are defective in a particular steroid-mediated response

and then to analyze their defects using cytogenetic and biochemical

techniques (Sibley et al., 1974). These studies have used a lymphoma

cell line which is sensitive to cytolysis by glucocorticoids, and variants

resistant to steroid killing have been selected. Some of these resistant

clones are deficient in cytoplasmic steroid receptor binding, supporting

the view that receptor is required for steroid action. Other variants

show diminished nuclear uptake of the steroid measured both by in vivo

and in vitro techniques, strengthening the conclusion that this process

is required for expression of the steroid effect. Still other variants

show apparently normal cytoplasmic receptor and nuclear localization of

the steroid, but are not killed. We hope that these variants may help

to illuminate the steps in steroid action following nuclear transport.

A second approach we have followed in probing the functions of the

cytoplasmic receptor and its role in transfer of steroid to the nucleus

has been an investigation of the processes in cell-free extracts (Higgins

et al., l073a, l073b). Following an activation step, receptor-steroid

complex formed in vitro can bind to a large, but limited, number of

high-affinity nuclear acceptor sites. These may contain DNA since they

are destroyed by prior treatment of the nuclei with pancreatic DNAse

and since receptor-steroid complex binds to isolated DNA, but not to

RNA (Baxter et al., 1972; Rousseau et al., l073).

In vitro binding of receptor-steroid complexes to specific nuclear

sites has been demonstrated for the estrogens as well as the glucocorticoids

(Higgins et al., 1973b). This raises the question of whether different



receptor-steroid complexes share nuclear binding sites or whether their

acceptor sites are different. We have therefore compared the ability

of uterine nuclei to bind both receptor-glucocorticoid and receptor

estradiol complexes. The cytoplasmic receptor molecules for glucocorticoids

and for estradiol are themselves distinct molecular species. The results

show that whereas uterine nuclei bind both types of receptor-steroid

complexes, the different types of complexes do not compete for the same

sites, indicating that the acceptor sites for the two types of complexes

are distinct. Furthermore, although DNAse destroys the ability of the

glucocorticoid complex to associate with uterine nuclei, this treatment

does not reduce the nuclear binding of the estradiol complex.

One recent finding makes the interpretation of in vitro nuclear

binding of the receptor-steroid complex rather difficult. If nuclei are

prepared from cells exposed to steroid so that the in vivo nuclear acceptor

sites are occupied, the nuclei are nevertheless able to bind as much

receptor-steroid complex in vitro as nuclei from untreated cells. This

result suggests that although the in vitro nuclear binding appears to be

highly specific, the sites involved may not be the same as those detected

in whole cell experiments (Higgins, l073c).

Although the precise role of the receptor-steroid complex in mediating

steroid responses is still unclear, we have been able to delimit the

problem somewhat by Studying in detail the physiology of the TAT response

to glucocorticoids. The changes in TAT activity following steroid induction

or deinduction are fully accounted for by changes in the rate of synthesis

of the enzyme (Tomkins et al., l072). There is no evidence for an effect

of the steroid on either enzyme stability or state of activation.



Changes in the rate of enzyme synthesis might result from a change

in either the concentration of the corresponding mRNA or the efficiency

with which it is translated. Several lines of evidence suggest that

glucocorticoids stimulate TAT synthesis by increasing the concentration

of enzyme-specific mRNA: inhibitors of RNA synthesis block enzyme

induction (Peterkofsky and Tomkins, l067); induction of TAT-synthesizing

capacity can occur even in the absence of protein synthesis (Peterkofsky

and Tomkins, l068); and the increased capacity to synthesize TAT in

induced compared to control cell extracts resides in the polysome fraction

(Beck et al., 1972).

More direct experiments to determine the locus of steroid action

have been based on the quantitative determination of polysome-bound or

nascent TAT chains under different conditions of induction. Fig. l

illustrates several possible mechanisms by which glucocorticoids could

promote TAT synthesis. Two basic models have been considered. In the

first, induction augments the number of ribosomes engaged in TAT synthesis.

This might result from an increase either in the amount of TAT-specific

mRNA with a fixed density of ribosomes per mRNA molecule or in the density

of ribosomes per mRNA with no change in mRNA level. The second model

assumes that both the level of TAT mRNA and the density of ribosomes on

that mRNA are unchanged by induction, but that the rate at which those

ribosomes traverse the mRNA and release newly completed TAT chains is

increased.

Nascent TAT chains were quantitated by determining the incorporation

of radioactive amino acids into immunoprecipitable TAT in the presence of

pactamycin, an inhibitor of polypeptide chain initiation. Under conditions



of steady-state TAT synthesis, the radioactivity incorporated into nascent

chains provides a measure of the number of ribosomes engaged in synthesis

of this protein. We found that the number of nascent TAT chains increases

in parallel with the rate of specific enzyme synthesis during induction

(Scott et al., 1972), indicating that induction involves an increase in

the number of ribosomes engaged in TAT synthesis. This result excludes

the possibility that glucocorticoids increase the rates of elongation

or release of polypeptide chains, since, in either case, the same number

of nascent TAT molecules would have been detected in both the induced and

uninduced states.

To determine whether initiation is accelerated on induction, we

used the drug emetine. This inhibitor slows the movement of ribosomes

along the mRNA so that the initiation reaction no longer limits the rate

of protein synthesis. Under these conditions, as illustrated in Fig. 2,

the mRNA becomes "loaded" with ribosomes (Lodish, l07l). If mRNA

concentrations were identical in induced and uninduced cells, and if

glucocorticoids acted to enhance TAT chain initiation, then uninduced

and induced cells should give the same rates of TAT synthesis in the

presence of emetine.

Fig. 3 shows the effect of loading on the size distribution of

polysomes in HTC cells treated in different ways. In these experiments

initiation of total protein synthesis is slightly rate limiting, as indicated

by the moderate accumulation of larger polysomes upon treatment with

emetine. When initiation is deliberately blocked by adding low concentra

tions of pactamycin (Fig. 3c), a pronounced shift towards small polysomes

occurs as expected, and this shift can be reversed by emetine (Fig. 3f).



The extent of the block in initiation which can be overcome in this way

is quite limited, however, since emetine itself blocks initiation at

higher concentrations. For example, we could not find a concentration

of emetine which reloads polysomes in cells treated with enough pacta

mycin to reduce incorporation of amino acids by 75 percent. This loading

technique can only be used, therefore, to investigate small effects on

initiation. In the experiment summarized in the Table, cells induced

two-fold with steroid synthesize TAT more rapidly than uninduced cells,

even in the presence of emetine. Thus, the difference between the two

states is maintained when polysomes are loaded to eliminate any differ

ences in initiation rates (Fig. 2). This result indicates that steroids

do not modulate the rate of initiation of protein synthesis on active

mRNA specific for TAT.

In view of the increased number of nascent TAT chains on induction

in the absence of a direct steroid effect on translation, we conclude

that glucocorticoids elevate the concentration of active TAT mRNA. This

finding is consistent with recent experiments of Schutz, Beato, and

Feigelson (lg73) showing that glucocorticoids increase the concentration

of active mRNA for tryptophan oxygenase in rat liver as measured in a

heterologous in vitro protein synthesizing system.

Finding that steroid induction of specific enzyme synthesis is

reflected in accumulation of mRNA specific for that enzyme does not in

itself answer the question of where the steroid or the receptor-steroid

complex exerts its effect. A change in the rate of transcription of the

relevant gene could account for the change in mRNA level, but alternatively,

control could be exerted at one of the stages of nuclear processing of



mRNA precursors or at the level of cytoplasmic mRNA degradation. Moreover,

experiments from our laboratory showing that deinduction of specific TAT

synthesis after steroid removal is blocked by inhibitors of RNA synthesis

(Tomkins et al., 1972; Section III), suggest that rapid TAT mRNA

degradation following deinduction requires the presence of a labile

product which might in turn be regulated by the receptor-steroid complex.

Since techniques are not yet available to measure synthesis of TAT

mRNA or to identify TAT mRNA sequences in nuclear precursor RNA's, we

cannot directly assess the effect of steroid induction on the synthetic

processes leading to cytoplasmic TAT mRNA accumulation. A kinetic test,

however, should be able to determine whether or not the steroid acts by

inhibiting TAT mRNA degradation. Steroid mediation of TAT mRNA level

suggests that induced and uninduced cells contain different steady-state

concentrations of TAT mRNA which are maintained by balanced rates of synthe—

sis and degradation. Synthesis is considered to be zero-order with

respect to mRNA, while degradation is apparently first order. Using

such a model, as Berlin and Schimke (lg65) have pointed out, the half

time for the transition from one steady-state to the other will be

equal to the half-life of TAT mRNA regardless of whether steroid modifies

the rate of TAT mRNA synthesis or of TAT mRNA degradation. Thus,

comparison of the half-time for induction of TAT mRNA (when steroid is

present) with that for deinduction (when steroid is absent) should reveal

a steroid effect on the rate of TAT mRNA degradation. If steroid acts

primarily to stabilize TAT mRNA, the induction half-time should be ten to

twenty times longer than the deinduction half-time to account for the

observed ten- to twenty-fold induction.
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While we are not yet able to measure directly TAT mRNA levels in

HTC cells, we can approximate these levels by examining the relative

rate of synthesis of TAT expressed as the percentage of total amino acid

incorporated into immunoprecipitable TAT in a short labeling period.

Fig. H shows the changes in rate of TAT synthesis during induction and

deinduction. The data approximate those predicted by the model discussed

above. It is readily seen that both induction and deinduction proceed

with half-times between one and three hours. A more complex treatment of

the data from this and similar experiments yields a half-life for TAT

mRNA of less than one and one-half hours during both induction and

deinduction (Section II). Since the mRNA half-lives measured during

both processes are roughly the same, the hormone probably acts by accel

erating the appearance of cytoplasmic mRNA. Whether the steroid has a

direct effect on transcription or acts on some later stage of mRNA

processing has yet to be determined.

An interesting sidelight of these kinetic experiments is that TAT

mRNA has a very short half-life compared with average cellular mRNA's,

the half-lives of which are estimated to be between 8 and 20 hours

(Greenberg, l072; Singer and Penman, l073). This short mRNA half-life,

coupled with the rapid turnover of the TAT protein itself (Hershko and

Tomkins, l97l), accounts for the relatively rapid response of the enzyme

to steroid induction.

While our results are inconsistent with messenger RNA stabilization

as a mechanism of steroid action, the finding that actinomycin-D prevents

the rapid decay of TAT synthesizing activity normally seen during

deinduction suggests that a stabilization mechanism might be important in
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some other aspect of control of TAT metabolism. Experiments using

synchronized HTC cells have shown that deinduction does not occur during

certain phases of the cell cycle; mitotic cells, which show very low

rates of RNA synthesis, nevertheless maintain high rates of TAT synthesis

(Martin et al., l069). These results suggest that the rate of TAT mRNA

inactivation varies during the cell cycle. The widespread occurrence

of inhibitor-mediated stimulation of biological processes (Tomkins et al.,

l972) further supports the notion that a mRNA stabilization mechanism

might have regulatory importance.
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TABLE

Percent of Total Acid-Insoluble
Cpm Recovered in TAT

Partially Induced Uninduced

No Emetine . . . . . . . . . . . . . . . . . . . . 0.085 0.014.5

l! 0 nM Emetine . . . . . . . . . . . . . . . . 0.070 0.0143

Cell cultures were prepared as described in the legend to Fig. 3

and incubated with or without emetine for lb minutes. They were then

centrifuged at room temperature, resuspended at 107 cells per ml. in

S-77 Medium containing lo ul■ leucine and loº, dialyzed calf serum. After

lO minutes of incubation at 37°, [*H] leucine (New England Nuclear) was

added to a final concentration of loo HCi/ml. After lº minutes further

incubation, labeling was stopped by diluting the cells into cold phosphate

buffered saline (PBS) containing l mM leucine. Cells were washed in cold

PBS, centrifuged, and stored as frozen pellets overnight. Lysates were

prepared by thawing the cells in buffer containing 0.5% Nonidet P-40

(Shell Chemicals), partially purified by high speed centrifugation,

heat treatment, and DEAE cellulose chromatography, and then assayed for

immunoprecipitable TAT as previously described (Tomkins et al., 1972; Beck

et al., 1972).
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Fig. l. Hypothetical distributions of nascent TAT chains in uninduced

and induced cells.

Ia) Protein chain initiation is rate-limiting for TAT synthesis;

TAT mRNA levels are unchanged by induction, but the rate of TAT chain

initiation is accelerated.

Ib) TAT mRNA level is rate-limiting for TAT synthesis; induction

is assumed to result only from an increase in TAT—specific mRNA levels.

II) Protein chain elongation or termination is rate-limiting for

TAT synthesis; induction results from an increase in the velocity with

which ribosomes traverse the TAT mRNA.

In this figure and in Fig. 2 the wavy lines are intended to represent

TAT mRNA and the circles, active ribosomes carrying TAT nascent chains.

The numerals in the right hand column indicate the expected ratios of

incorporation into TAT chains for induced and uninduced cells when protein

chain initiation is blocked with pactamycin under the several models.

For model II the ratio is given as less than or equal to l.0 to accomodate

the possibility that chain termination or elongation is rate-limiting

in uninduced cells, but an earlier step in translation becomes rate

limiting in induced cells.
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Fig. 2. Effect of emetine "loading" on the distribution of TAT

synthesizing ribosomes.

I) TAT chain initiation is assumed to be rate-limiting for uninduced

cells; loading shifts the ratio of induced to uninduced rates of TAT

synthesis towards unity.

II) When TAT chain initiation is not rate-limiting for TAT synthesis,

loading has no effect on the ratio of induced to uninduced rates of TAT

synthesis.

This analysis assumes that in the presence of emetine, the rates of

protein chain elongation and termination will be determined only by the

concentration of the inhibitor so that rates of TAT synthesis will reflect

the numbers of ribosomes engaged in synthesis of the enzyme.
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Fig. 3. Polysome profiles of induced and uninduced HTC cells exposed

to pactamycin and/or emetine.

Rapidly growing cells were induced with 1077M dexamethasone or

left uninduced. After 20–24 hours the cells were centrifuged and

resuspended in fresh growth medium with or without dexamethasone as

before. After 60 minutes pactamycin was added (final conc. 6 nM) to e)

and f). After 75 minutes emetine was added (final conc. ll:0 nM) to b), d),

and f). After 90 minutes all cultures were centrifuged at room temperature

and resuspended (107 cells per ml.) in fresh medium with the leucine

concentration reduced to lo LM (and dexamethasone, pactamycin, or emetine

as in pre-incubation). After lz-l5 minutes l. 5 ml. samples of the cell

suspensions were quickly diluted into cold PBS. Cells were resuspended

in buffer containing 50 mM Tris, pH 7.5, 200 mM KCl, and 5 mM MgCl2 (TKMB),

and they were lysed by adding Nonidet P-40 to a final concentration of

0.5%. The lysate was centrifuged lo minutes at 30,000 g and 3.2 *260 units

from each supernatant was layered onto 5.2 ml. 15–45% sucrose gradients

(in TKMB). These were centrifuged 60 minutes at 35,000 rpm in a Spinco

SW 50. l rotor. Optical density at 254 nm was scanned using an Isco

S Carl Iler.
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Fig. H. The effects of glucocorticoid addition or withdrawal on

the rates of synthesis of TAT.

HTC cells were preconditioned overnight in serum-free S-77 Medium

containing 5 mg/ml bovine serum albumin (Fraction V BSA, Armour) in the

presence (0—0) or absence (0–0) of lot'M dexamethasone. The cells

were then washed and resuspended in BSA-containing medium without (0–0)

or with (0–0) dexamethasone to follow, respectively, deinduction

and induction. At the times indicated 200 ml samples were concentrated

by centrifugation, resuspended in medium containing loo uCi/ml [*H]leucine,
and incubated for 15 minutes at 37°. Cells were processed using the

procedures described in the legend to the Table to determine the propor

tion of incorporated radioactivity in TAT. In this experiment recoveries

of TAT after the purification steps were greater than 50%, and total

incorporation into soluble proteins was l. 5–3.0 x 107 Cpm.
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SECTION II

A Kinetic Study of Steroid-Mediated Induction and Deinduction of

Tyrosine Aminotransferase Synthesis in Cultured Rat Hepatoma Cells
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INTRODUCTION

The glucocorticoid induction of tyrosine aminotransferase (EC 2.6. l. 5)

(TAT) in cultured rat hepatoma (HTC) cells has been advanced as a model

system for effector-mediated control of gene expression in mammalian cells

(l). This induction is rapid, involves about a ten-fold change in enzyme

level, and is readily reversed by removal of the inducing Steroid. The

changes in enzyme activity during induction and deinduction reflect

changes in the level of immunoreactive enzyme (2) and are accounted for by

changes in the rate of TAT synthesis (3,4,5). Experiments to test whether

steroid influences the translational apparatus to accelerate chain

elongation and/or termination (6), or chain initiation (7) were negative,

suggesting that the steroid increases the level of mRNA specific for

TAT. This conclusion is also supported by studies which show that

induction is blocked by inhibitors of RNA synthesis (8–lo). Furthermore,

steroid-mediated mRNA increases have been demonstrated directly in other

systems, where specific cytoplasmic mRNA's have been assayed by translation

in heterologous protein synthesizing systems (ll-ll;).

Whether steroids promote the synthetic processes leading to new

cytoplasmic mRNA or whether they slow the degradation of cytoplasmic

messenger remains unresolved. Previous attempts to assess the effects

of steroid hormones on the stability of inducible mRNA's have relied

upon the RNA synthesis inhibitor, actinomycin D (15), which is now known

to affect both protein synthesis and mRNA stability (ló, l7), or have

used systems in which mRNA metabolism is complicated by cell prolif

eration or degeneration (l&). Steroids have no measurable effects on
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gross macromolecular metabolism or on the growth of HTC cells (2), and

we report here studies of TAT mRNA stability using kinetic methods which

avoid the use of inhibitors.

The apparent absence of translational effects of steroids on TAT

synthesis suggests that the level of active cytoplasmic TAT mRNA can be

estimated by the rate of TAT synthesis in vivo. Assuming that mRNA

synthesis is zero-order, that mRNA inactivation is first-order with

respect to mRNA concentration, and that the steroid acts very rapidly to

modify the rate constant for either synthesis or inactivation, the half

time for the ensuing change in mRNA level will be equal to the half-life

of the mRNA during the change (19). Therefore, the kinetics of induction

and deinduction of TAT rates of synthesis can give estimates of the

stability of functional TAT mRNA in the presence and absence of gluco

corticoids. Since an mRNA stabilization mechanism for steroid action

would entail a ten-fold difference between the half-times for induction

and deinduction, while a mechanism regulating mRNA production would

produce no such difference, the kinetic approach should be able to

distinguish between these two possible modes of steroid action.

Using this kinetic approach we are able to set an upper limit for

the half-life of TAT mRNA of about l. 5 hours during either induction or

deinduction and find our data most compatible with a model in which

steroids control mRNA production. The kinetics are, however, somewhat

more complicated than those predicted above. We therefore consider the

restraints imposed by our results on various models for steroid action

and also propose possible explanations for the observed kinetics.
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METHODS

HTC cell stocks were grown in modified Swim's S-77 medium with lo?

calf serum as previously described (5,20). Experiments were performed

on cells conditioned overnight in serum-free S-77 containing 5 mg/ml

bovine serum albumin (Armour Fraction V) (BSA medium). Recent flow

microfluorimetric studies suggest that this conditioning procedure blocks

cells in the Gl phase of the cell cycle (Section III). Hormonal

treatments are described in figure legends.

For determinations of TAT synthetic rates, culture samples were

concentrated by centrifugation to about 107 cells/ml and incubated for

l5 minutes at 37° in medium containing loC uCi/ml L-■ h,5 *H]leucine (New

England Nuclear). In some experiments we were able to reduce the sample

size from 200 ml to 50 ml by lowering the concentration of non- radioactive

leucine in the labeling medium from the normal 200 uM to lo ul■ . Incorpo

rations were stopped by adding ice cold phosphate buffered saline and

the cells were centrifuged, washed once, and frozen as drained pellets.

Extracts were prepared, particulate material removed by high speed

centrifugation, and radioactivity in immunoprecipitable TAT determined

after purification through heating and batch DEAE cellulose chromatography

steps as previously described (5,21). Assays for total protein and for

TAT enzymic activity have also been described (5,20). In some experiments

cells were lysed with 0.5% w/v Nonidet P-40 (Shell Chemicals) instead of

by Sonication, and the lysate volumes were reduced from 2.5 ml to 0.7

ml. Use of freshly degassed DEAE cellulose resulted in reproducible

TAT recoveries greater than 80%.
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Rates of TAT synthesis are corrected for TAT recoveries and are

expressed as the percentage of radioactivity incorporated into total

soluble proteins to correct for variations in incorporation. Immuno

precipitations were performed in duplicate and counts in "background"

second immunoprecipitates subtracted from the first immunoprecipitates

(2l). Total protein radioactivity was greater than 107 counts/minute

per sample; corrected background immunoprecipitates were generally less

than 0.01% of this total. In one experiment immunoprecipitations were

performed using the normal carrier TAT but replacing the anti-TAT with

highly purified sheep IgG and rabbit anti-sheep IgG in concentrations to

give as much immunoprecipitated protein as the TAT: anti-TAT reactions.

These controls gave backgrounds similar to the TAT: anti-TAT second

precipitates.

Kinetic simulations were performed on a PDP lz computer (Digital

Equipment Corporation) and plotted using a Zeta flat bed plotter (Zeta

Research Inc.).
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RESULTS AND DISCUSSION

Fig. la shows the results of a typical induction experiment in

which the change in rate of specific TAT synthesis was followed after

the addition of the synthetic glucocorticoid, dexamethasone. Consistent

with earlier indirect studies (+), there is a lag of about 30 minutes

before a change in TAT synthesizing activity is observed; the rate of

TAT synthesis then increases with a half-time of about 3 hours to a new

plateau level. In repetitions of this experiment, the magnitude of the

induction has varied from about 8 to 20-fold, but the essential features

of the kinetics have remained the same. Washing the cells and resuspending

them in fresh medium prior to the induction (to mimic the conditions

used in deinduction-- see legend to Fig. lb) did not markedly affect

the course of the reaction. Fig. lb shows that following removal of

steroid from fully induced cells TAT synthesis falls exponentially to a

new basal steady-state level with little if any delay.

Although serum and insulin enhance the specific enzymic activity of

TAT (22,23, Fig. 2a), neither the relative rate of TAT synthesis nor the

rate of decline of TAT synthesizing ability are sensitive to these agents

(Fig. 2b). Therefore, in contrast to the stability of the enzyme protein

itself (20), the functional stability of TAT mRNA is apparently independent

of cell growth (for which serum is obligatory). This is consistent with

findings for bacterial mRNA's showing that functional stability is inde

pendent of growth rate at a fixed temperature (24,25).

To analyze the kinetics of TAT mRNA induction and deinduction more

fully, we employed a model for mRNA metabolism discussed in detail by
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Kafatos (26) which has satisfactorily described changes in specific radio

activity of total cellular mRNA's following addition of labeled precursors

(27). As illustrated in Figure 3, functioning cytoplasmic TAT mRNA is

maintained at steady-state levels by balancing production with degradation.

Addition or removal of steroid is imagined to alter rapidly either the

synthetic (Ks) or degradative (Ka) rate constant for the mRNA, leading

eventually to a new steady— state (at steady-state, [M] = Ks/Ka). The

model does not specify which events in synthesis and inactivation of

cytoplasmic mRNA are regulable, and, as indicated in Fig. 3b, Ks may

encompass a number of processes including maturation and transport of

nuclear mRNA as well as transcription.

The model described above is expressed mathematically by equation l

where [M] is the concentration of TAT mRNA; Ks, the zero-order synthesis

constant; Ka, the first order degradation constant; and t, time:d?

d[M]/dt = K_- Ka■■ ] (l)

For transition from one steady-state mRNA level (Mo) to another (M.),
equation (l) can be solved to give [M] as a function of time ( [M](t) ):

[M] (t) = M. 1 (Mo - M.)exp(-Kat) (2)

Equation (2) can be rearranged to give the linear form:

log {([M](t)-M.)/(Mo- M.) } = -Kat/2.303 (3)

Thus, plots of induction or deinduction data in the form:

log ( ( [M](t) – M.)/(Mo- M.)} vs time

should yield straight lines with negative slopes equal to Ka/2.303 for

the two processes. If steroid changes the rate of production of TAT

mRNA, the data for induction and deinduction should lie on the same line

when plotted in this way; if steroid stabilizes the mRNA, however, the
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negative slope for the deinduction line should be 8 to 20 times greater

than that for the line representing the induction.

Fig. H shows data from three induction and five deinduction

experiments plotted using the formulation suggested above; the values

for [M](t) are taken as the relative rates of TAT synthesis at given

times after induction or deinduction. There is clearly some variability

from experiment to experiment, and statistical difficulties (arising

from the increased significance given to estimates of intial and final

rates of TAT synthesis) preclude a heavy reliance on this plot. Never

theless, it can be seen that although the deinduction data show the

expected exponential decline after an initial lag of 20 - 40 minutes,

the induction data follow more Complex kinetics showing a slow approach

to a limiting slope comparable in magnitude to that seen for the

deinductions. These induction kinetics conform to neither of the simple

models considered above, since both predict a simple linear change in

log {( [M](t) — M.)/(Mo - M.) } as a function of time. The initial 20 - 40
minute lag observed for both induction and deinduction is considerably

longer than the time required for nuclear uptake or release of steroid

(28), and we will discuss its possible implications below.

To reconcile the observed kinetics with our simple models for

steroid regulation we used computer simulations to explore the possibility

that the steroid effect on Ks or on Ka is itself time-dependent. Ind

Fig. 5a we assume that Ks remains constant and the steroid mediates a

time-dependent change in Ka; in Fig. 5b we assume that steroid regulates

Ks (data replotted from Fig. l). With either model we ascertained that

the upper limit for TAT mRNA stability is determined by the kinetics of
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induction (in fact, a lower limit for K., is given by the magnitude ofd

the limiting slope of the induction curve plotted as in Fig. 4). From

our experiments this maximal TAT mRNA half-life is in the range of l –

l. 5 hours. To obtain a reasonable fit to the experimental data using a

mRNA stabilization model (Fig. 5a) we had to assume that deinduction is

considerably slower than would be predicted by the steady-state mRNA

half-life and that the kinetics are determined primarily by the slow

rate of change of Kd (t1/2 for the change in Kd v 8.5 hours); induction

proceeds after a shorter, but still considerable, transition period for

K We could not find parameters which improved the fit to the lated"

deinduction data without sacrificing the close fit to the intermediate

time points. The mRNA production model for steroid regulation gave

theoretical curves redrawn in Fig. 5b. In these simulations we assumed

an initial 20 minute lag before either induction or deinduction were

begun and a constant mRNA half-life of l.2 hours. To fit the induction

data we had to assume, in addition, that steroid increased Ks in a

time-dependent manner with a half-life for the transition of about l.2

hours (using an exponential change analogous to that for M in equation

2).

While both models give fair agreement with the observed induction

and deinduction kinetics, we favor the production model. It gives

somewhat better fit to the data (although changes in the form of the

time-dependent function for Kd change can also be used to improve the

fit), it requires only one significant modification of the simple pro

duction model (namely, the time-dependence of Ks change during induction),

and it is consistent with the widespread finding of nuclear localization
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of steroid as a prerequisite of steroid action. Furthermore, since an

upper limit of TAT mRNA half-life is set at about l. 5 hours by the rapid

induction kinetics, the mRNA stabilization mechanism would require that

the functional half-life of TAT mRNA in the absence of steroid be

approximately 5-l2 minutes, almost two orders of magnitude shorter than

estimated half-lives of average poly-A containing cellular mRNA's (l7,27)

and considerably shorter than those for even the most-rapidly metabolized

mRNA's yet studied.

The conclusion that steroids act by stimulating the production of

specific cytoplasmic mRNA's, while localizing the site of steroid action

to the nucleus, does not unambiguously define the mechanism of Steroid

action since, as indicated in Fig. 3b, several potentially regulable

processes intervene between transcription and cytoplasmic mRNA appearance.

The in vitro binding of receptor-steroid complexes to DNA (29) suggests

a role of steroids in regulating transcription. Since lC – 30 minutes

are required for processing poly-A containing eukaryotic mRNA's (27,30),

a transcriptional effect of glucocorticoids would account for the lags

preceding both induction and deinduction. However, considering the rapid

nuclear uptake of Steroid, a simple transcriptional model does not account

for the very slow onset of induction relative to deinduction (Fig. 4).

If this asymmetry is not artifactual (e.g. a result of cell handling),

it may imply additional rate-limiting steps between nuclear localization

of steroid and enhancement of transcription.

An alternative production model, compatible with the observed kinetic

asymmetry, is that steroid regulates the degradation of nuclear precursors

of TAT mRNA. Such a steroid-mediated stabilization would lead to increased
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nuclear pools of these RNA's which, by stochastic sampling, would result

in an increase in cytoplasmic TAT mRNA. Using equation 2 (above) to

describe changes in concentration of nuclear mRNA sequences (where "K."
includes terms for both degradation and transport to the cytoplasm),

this model generates a slow accumulation of nuclear TAT mRNA precursors

on induction and a more rapid diminution on deinduction. Unlike the

transcriptional model, this formulation predicts a degree of asymmetry

between induction and deinduction kinetics equal to the extent of

induction. In this model a further zero-order mRNA processing is still

required to explain the absolute 20 – 40 minute lag seen in both induction

and deinduction.
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CONCLUSIONS

These studies show that induction and deinduction of TAT synthe

sizing activity are rapid, suggesting a short TAT mRNA half-life in the

presence or absence of steroid inducers. This relative instability of

TAT mRNA, compared with the marked stability of bulk cellular mRNA (l7,27),

indicates that eukaryotic cells have the potential to effect rapid changes

in some metabolic functions by regulating mRNA production; indeed, while

kinetics cannot unambiguously determine the site of steroid action, our

results suggest that steroids can accelerate mRNA production.

Although we have not directly measured TAT mRNA in this study, it

should be noted that the ambiguities of the kinetic approach also apply

to direct measurements of mRNA accumulation using mRNA activity or

complementary DNA hybridization. Moreover, preliminary messenger purifi

cation required for the former technique, and the inability to distinguish

active from partially degraded mRNA with the latter, pose potentially

greater problems than the assumption used here that TAT mRNA levels are

directly proportional to TAT synthetic rates. The value of a complementary

DNA probe would be in studying the kinetics of induction and deinduction

at the nuclear precursor level.

From measurements of the mRNA content of HTC cells, the relative

rate of TAT synthesis, and the estimated molecular weight mRNA required

to encode the 50,000 dalton polypeptide chain of TAT (Section IV), we

Conclude that a steroid-induced HTC cell contains about l,000 molecules

of TAT mRNA. Coupled with the observed half-life (about 72 minutes),

this implies an induced TAT mRNA production rate of about lo molecules
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per cell per minute, a value in close agreement with those determined

for a number of mRNA's encoding proteins comprising major proportions of

their cells's composition including ovalbumin, hemoglobin, chymotryp

sinogen, and coccoonase zymogen (l&,26). This striking similarity in

production rates for mRNA's for major cell constituents and for TAT mRNA,

which comprises less than a half percent of HTC cell mRNA activity, lends

added support to Kafatos' contention (26) that differential mRNA stability

is an important factor in determining the relative levels of various

cell messengers.
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Fig. l. Kinetics of steroid-mediated changes in TAT synthesizing activity.

a. Induction. 10-8 M dexamethas one (Sigma) was added to an HTC cell

culture which had been preconditioned overnight in BSA medium. At various

times samples were removed, labeled for lb minutes with [*Hlleucine, and

processed as described in Methods to determine radioactivity in immuno

precipitable TAT. Rates of synthesis are expressed as the percent of

radioactivity in total soluble protein immunoprecipitable as TAT.

b. Deinduction. HTC cells preinduced overnight (about l6 hours) in BSA

medium containing 10-7 M dexamethasone were centrifuged, washed once,

and resuspended in (steroid-free) BSA medium. Samples were removed and

analyzed for TAT synthesizing activity as in a.
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Fig. 2. Effects of serum and insulin on the kinetics of deinduction of

TAT. Cells were preinduced as in Fig. lb, then washed and resuspended

in either BSA medium (0—0), BSA medium containing 5 ug/ml insulin (Cal

Biochem, bovine B grade, 25.9 USP units/mg) (A—A), or S-77 medium

with 10% calf serum ( E-- ). At intervals after steroid removal

samples were assayed for TAT synthesizing activity as in Fig. l. (Insulin

or serum was included in labeling mixtures for the appropriate samples.)

a. TAT enzyme specific activity. b. Relative rate of TAT synthesis.
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Fig. 3. Schematic pathway for TAT mRNA metabolism.

a. The level of active cytoplasmic TAT mRNA is determined by

synthesis, represented by the zero-order rate constant Ks, and by

degradation, characterized by the first order rate constant Kd
b. The production of active cytoplasmic TAT mRNA summarized by

the rate constant Ks in 3a is shown to consist of several potentially

regulable steps indicated in the figure by Roman numerals. These

include transcription (i); maturation (ii., iii)-- which may involve

specific cleavages and polyadenylate addition; and extra-nuclear

transport followed, perhaps, by cytoplasmic activation (iv). Since

extensive turnover of nuclear RNA is observed in eukaryotic cells, we

also include the possibility of nuclear breakdown (v) of one or more of

the TAT mRNA precursor species.



H.H.

a.
cytoplasm“NKs active

DNA RNA in-■ : (= iii-w)
~~~~ Kd

Ks b.
■ Y

DNA —- -- '...' | *-i- [...]rprecurso mRNA

nuclear cytoplasmic Kddegradation | " indictivation



L#5

Fig. H. Replotted kinetic data for TAT synthesizing activity following

steroid administration or withdrawal. For each set of experimental data

the best available estimates of basal and fully induced rates of TAT

synthesis were used for initial and final levels of TAT mRNA (MA and M.,O

respectively). Intermediate levels of TAT mRNA ([M](t)), taken as rates

of TAT synthesis at times during induction or deinduction, were then

used to generate values of the expression ([M](t)-M.)/(Mo-M.), which

were plotted on a logarithmic scale versus time (see discussion of

equation 3b in text). Closed and open symbols represent, respectively,

induction and deinduction data. Different symbols represent data from

different experiments.
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Fig. 5. Computer simulations of induction and deinduction of TAT mRNA

levels assuming a steroid-mediated, time-dependent change in the rate

constant for either degradation (Fig. 5a) or production (Fig. 5b) of

this mRNA. Data points are replotted in linear form from the induction

(0—0) and deinduction (0–0) experiments shown in Fig. l (normalized

to give the same fully induced levels of TAT synthesis). Standard

numerical integration techniques were used to simulate inductions and

deinductions using the general equation: d[M]/dt = Ks - Ka■■ ] where

either Kd Orn Ks was altered in a time-dependent manner following the

equation: K(t) = K. 4 (Ko
-

K.)exp■ -L(t-to)]. The initial and final

values of K (Ko and K., respectively) were calculated from the steady

state levels of [M] using the relationship Ks - Kd [M]; to represents an

initial lag during which K(t) = Ko; and L is a rate constant for the

change in K (which can be expressed in terms of a half-time, *1/2 = ln (2)/L).

The values used for Mo and M. were within experimental error of the

measured basal and induced rates of TAT synthesis from these experiments;

values for the invariable constant (Ks Orn Ka), the half-time for change

in the variable constant (K, or Ks), and the initial lag (to) Werned

changed systematically to give the most reasonable fits to both the

induction and deinduction data.

a. For induction the half-life of TAT mRNA increases from about

9.6 minutes to l. 5 hours with a *1/2 for the change of 0.65 hours; for
deinduction the mRNA half-life decreases from l. 5 hours to about 14 minutes

with a t of 8.5 hours. The initial lag for both processes is assumedl/2
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to be negligible (less than one minute).

b. For both induction and deinduction TAT mRNA half-life is a

constant l.2 hours, and a 20 minute initial lag precedes both processes.

For deinduction the *1/2 for the change in Ks is negligible, while for
induction it is set at l.2 hours.
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SECTION III

"Superinduction" of Tyrosine Aminotransferase by Actinomycin D:

A Re-evaluation
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INTRODUCTION

Early studies of the steroid-mediated induction of tyrosine amino

transferase (TAT, E. C. 2.6. l. 5) in rat liver and in hepatoma cells revealed

that actinomycin D (AMD) and other inhibitors of RNA synthesis not only

prevented induction of the enzyme but also prevented its deinduction

(Garren et al., 1964; Thompson, Tomkins and Curran, 1966). This

paradoxical maintenance of enzyme level in the absence of RNA synthesis

has now been observed in a wide variety of inducible systems (reviewed

in Tomkins et al., l072), and has suggested the possibility of posttrans

criptional mechanisms for gene control in eukaryotes. The potential

importance of posttranscriptional regulation is also implied by the

striking stability of eukaryotic mRNA's whose mean lifetimes approach a

cell generation time (Greenberg, 1972; Murphy and Attardi, lº'73; Singer

and Penman, lº'73); the levels of such stable mRNA's could be modulated

only very slowly by changing their rates of synthesis.

There has been some controversy over the mechanism of the AMD effect

on deinduction of TAT. Experiments from this laboratory have demonstrated

an AMD-mediated maintenance of the rate of TAT synthesis compared with

the usual drop in synthesis following steroid removal (Thompson, Granner

and Tomkins, l070; Tomkins et al., 1972). These studies were interpreted

to suggest that deinduction involves an RNA-requiring process in which

translation of TAT-specific mRNA is blocked and/or the mRNA destabilized.

Other investigators have reported that TAT synthesis falls rapidly in

the presence of AMD and that the principal effect of the inhibitor is a

stabilization of the enzyme itself (Reel and Kenney, l068; Kenney et



52

al., l073).

Using a detailed kinetic study of the steroid-mediated induction and

deinduction of TAT synthetic activity, we have recently shown that the

mRNA for TAT is unusually unstable, having a half-life of about l – l. 5

hours (Section II). The rapid turnover of this mRNA proceeds as well in

growing as in serum-deprived non-growing cells, and it is not apparently

altered by dexamethasone, a glucocorticoid inducer of TAT. Other studies

from this laboratory have established that steroids have no direct effect

on the translation of TAT mRNA (Scott, Shields and Tomkins, l072; Steinberg

et al., l07+). Taken together these findings suggest that steroids specifi

cally regulate the rate of production of TAT- specific mRNA and thus

render unlikely any direct relationship of the maintenance of TAT in the

presence of AMD to the induction of TAT by steroids. Nevertheless, two

lines of evidence suggest that the AMD- mediated maintenance of TAT is

not simply an inhibitor artifact and support its possible significance

for regulation: (1) Induced levels of TAT are maintained in cells which

have been physically enucleated by centrifugation in the presence of

cytochalasin B (Ivarie, Fan and Tomkins, submitted); and (2) Hepatoma

cells from which steroid has been removed after the S phase of the cell

cycle maintain induced levels of TAT through mitosis and the first three

hours of Gl (Martin, Tomkins and Bresler, l069; Sellers and Granner, l07+).

In view of the continuing controversy over the effects of AMD on

the metabolism of TAT, the present study re-explores the phenomena in

hepatoma tissue culture (HTC) cells. Since previous studies have suggested

the relevance of cellular growth conditions to the particulars of the

TAT response to AMD treatment (Thompson, Granner and Tomkins, l070),
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special consideration is given them. Moreover, in light of recent findings

that some inhibitors of RNA synthesis block induction, but not deinduction,

of TAT activity (Butcher et al., 1972; Bushnell, Becker and Potter, l074),

the present report examines in more detail the effects of one of them,

cordycepin (3'-deoxyadenosine).
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EXPERIMENTAL PROCEDURES

HTC cells were grown in suspension cultures in Swim's S-77 Medium

with loº, calf serum (growth medium) as previously described (Hershko and

Tomkins, l07l; Tomkins et al., 1972). For serum-deprivation studies

cells in mid-logarithmic phase growth were centrifuged, washed, and

resuspended in serum-free S-77 containing 5 mg/ml bovine serum albumin

(BSA medium). Details of hormonal and inhibitor treatments are provided

in legends to the figures.

Analyses of cell DNA content were performed on the Lawrence Livermore

Laboratory's flow microfluorimeter using cells fixed with loº, formalin and

stained by the Feulgen-acriflavine procedure (Van Dilla et al., l069; Van

Dilla et al., l'974). Cell suspensions were sonicated before analyses, and

determinations were terminated when lo" counts were recorded in a single

channel. Fig. l is redrawn from computer tracings of the data.

Rates of synthesis of TAT were determined by measuring the radioactivity

incorporated into immunoprecipitable TAT during a fifteen minute exposure

to [*Hlleucine (Tomkins et al., lS72; Section II). Extracts were prepared

from washed, frozen cell pellets using "sonicating buffer" (0.05M potassium

phosphate buffer, pH 7.6, 2x10"M pyridoxal phosphate, 107°M ethylenediamine

tetraacetate, 5x107°M 2-oxoglutarate) containing 0.5% Nonidet P-40 (Shell

Chemicals), and TAT was partially purified by high speed centrifugation,

heat precipitation, and DEAE-cellulose chromatography (Tomkins et al., 1972).

Relative rates of synthesis, expressed as percent of counts/minute incorpo

rated into total soluble extracted protein, were corrected for backgound

counts in "second" immunoprecipitates and for recoveries of TAT in the pre
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purification steps (Tomkins et al., 1972). Total incorporation into TAT

was calculated by multiplying this corrected fractional rate of TAT synthesis

by the total counts per minute incorporated into soluble protein.

Assays of TAT were by the method of Diamondstone (lgó6), and extract

protein was determined by the procedure of Lowry et al. (1951) using

bovine serum albumin as a standard. The specific enzymic activities shown

in Fig. 2 were determined using the supernatant fraction after a lo minute

centrifugation at 30,000g, while those for Fig. 's 3–5 were measured using

a high speed supernatant fraction (l hour centrifugation at loo,000g).
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RESULTS

Growth Regulation in Hepatoma Cells

When HTC cells are deprived of serum, they show a reduction in protein

synthesis and an enhancement of protein degradation (Gelehrter and Tomkins,

l969; Hershko and Tomkins, l07l). The reversal of these effects by serum

readdition parallels changes observed in mature hepatocytes stimulated

to grow by partial hepatectomy (Schreiber et al., 1971; Scornik, l072).

Thus, despite their tumorigenicity, HTC cells show at least part of the

"pleiotypic" or coordinated program of growth control observed in untrans

formed cell lines (Hershko et al., 197l).

Considering that mature hepatocytes are blocked in the Gl (or "go")
portion of the cell cycle (Grisham, l069) and that untransformed tissue

culture cells generally manifest growth limitation by an extended Gl phase

(Pardee, l074), the cell cycle specificity of HTC cell growth inhibition

was investigated. Flow microfluorimetry of cells stained with acriflavine

(Van Dilla et al., 1969) was used to follow the response of HTC cultures

to removal of serum (Fig. l). Exponentially growing cells were centrifuged,

washed, and resuspended in either fresh serum-containing growth medium

(Fig. la) or serum-free BSA medium (Fig. lb). Samples were removed for

flow microfluorimetric analysis at various times after resuspension.

While the control culture showed slight changes in the distribution of

DNA content per cell, the culture incubated without serum showed a marked

progressive decrease in the proportion of cells in S, 92, and M, reaching

a minimum after about one generation time. Thus, under some physiological

conditions, hepatoma cells are blocked at G1.
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Effect of Growth State on "Superinduction" by AMD

Although induced levels of TAT were maintained upon the administration

of AMD to growing HTC cells (Fig. 2a; Tomkins et al., 1972), the pronounced

increase or "superinduction" of TAT observed after administration of AMD

to rat liver (Garren et al., 1964) was observed only in growth-inhibited

cells (Fig. 2b; Reel and Kenney, l068; Thompson, Granner and Tomkins,

1970). For the experiments shown in Fig. 2, AMD was simply added to

cultures preinduced with steroid to avoid additional effects of handling

or change in media (Fig. 's 3 and H.; Auricchio, Martin and Tomkins, l069).

Fig. 3 shows a more detailed analysis of the effects of AMD on the

metabolism of TAT in growing HTC cells. Under these conditions AMD not

only stabilized the level of TAT activity against the normal fall occasioned

by steroid withdrawal (Fig. 3a), but also maintained the relative rate

of TAT synthesis at approximately induced levels for as long as 6 hours

(Fig. 3b). When rates of TAT synthesis were expressed as counts per

minute per mg of extracted protein, a considerable decline was observed

(Fig. 3c), but this decline was still slower than that observed in the

deinduced culture.

The effects of AMD on serum-deprived HTC cells (Fig. H) differed in

several respects from those observed in growing cells. Despite the consid—

erable AMD-mediated increase in TAT activity over both fully induced and

deinduced controls (Fig. Ha), the rate of TAT synthesis fell markedly

from induced levels following AMD addition (Fig. Hb,c). Since there was

only slight inhibition of amino acid incorporation by AMD in this experi

ment, it made little difference whether the immunoprecipitation data

were expressed as percent of total incorporation (Fig. Hb) or relative
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to extracted protein (Fig. 4c). In either case the decline in rate of

synthesis of TAT was considerably more rapid during deinduction than

after AMD treatment. As previously demonstrated (Thompson, Granner and

Tomkins, l970), the effects of AMD were all independent of steroid.

Effects of Cordycepin on TAT Levels and Rates of Synthesis

Fig. 5 shows the effects of cordycepin on fully induced HTC cells

or cells deinduced by removal of steroid. In contrast to AMD, cordycepin

allowed TAT activity to decline (Fig. 5a; Butcher et al., l072). The

time course of this change in enzymic activity, however, differed from

that seen on deinduction. The rapid initial fall in TAT level following

addition of cordycepin was apparently the result of a sharp diminution

in the rate of enzyme synthesis (Fig. 5b, c). The relative rate of TAT

synthesis fell rapidly for about 4 hours in the presence of cordycepin,

then was stabilized (Fig. 5b); the rapid phase of the decline approached

that observed after steroid withdrawal but without the lag preceding

normal deinduction (Fig. 5b ; Section II). Since amino acid incorporation

was inhibited considerably by treatment with cordycepin, the total rate

of incorporation into immunoprecipitable TAT (Fig. 5c) fell even more

dramatically than the relative rate. As observed for AMD, the cordycepin

mediated effects on both level of TAT and rate of TAT synthesis were

unaffected by the presence or absence of steroid.
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DISCUSSION

Extending previous studies from this laboratory, the experiments

presented here demonstrate that AMD stabilizes the rate of TAT synthesis

against the more rapid declines observed in cultures from which steroid

has been removed (Fig. 's 3, 4) or to which cordycepin has been added

(Fig. 5). * Similar differences in the rates of decline of specific enzyme

synthesis following treatment with AMD or cordycepin have also been

observed in other systems (Grayson and Berry, l073; Tilghman et al., l07+).

While, in principle, the maintenance of specific enzyme synthesis

by AMD may result from either a stabilization of mRNA or a selective

enhancement of mRNA translation (Palmiter and Schimke, l073), we favor

the former mechanism to explain the inhibitor's effect on relative TAT

synthesis. The half-life for TAT mRNA is less than l. 5 hours in the

absence of inhibitors (Steinberg, Levinson and Tomkins, submitted). The

translational mechanism would therefore require that the rate of trans

lation of TAT mRNA be increased more than l9-fold relative to that for

other mRNA's to achieve the nearly complete maintenance of TAT synthesis

observed in growing cells after 6 hours in AMD (Fig. 3). Stabilization

by AMD need not be specific for TAT mRNA, however, since an overall

stabilization of mRNA would result in a relative increase in the level

*The slight differences in rates of decay of relative synthesis of TAT
between Cordycepin-treated and deinduced cells (Fig. 5b) might be a
mathematical artifact arising from a decrease in the total pool of cyto
plasmic mRNA after cordycepin treatment. Since both inhibitors efficiently
prevent the new appearance of mRNA at the concentrations used in these
studies (Penman, Rosbash and Penman, 1970; Peterkofsky and Tomkins, l067),
such an artifact cannot explain the greater maintenance of TAT synthesis
by AMD.
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of this more unstable species. On the other hand, at least one recent

report suggests that AMD enhances the degradation of most cellular mRNA

(Singer and Penman, l073) leaving open the possibility of a specific

effect of AMD On TAT mRNA.

The maintenance of the relative rate of TAT synthesis after H hours'

exposure to Cordycepin correlates with an attainment of nearly complete

inhibition of RNA synthesis (Steinberg, unpublished results), and thus

supports the conclusion, suggested by results with AMD and other inhibitors

of RNA synthesis (Levinson, Tomkins and Stellwagen, l07l; Tomkins et

al., 1972), that a labile RNA species is required for rapid turnover of

the mRNA for TAT. Since cordycepin primarily inhibits ribosomal precursor

RNA synthesis and polyadenylate addition to precursors of mRNA (Siev,

Weinberg and Penman, l069; Darnell et al., 197l), the failure to observe

maintenance of TAT synthesis in the first hours after treatment with

cordycepin seems to preclude the possibilities that the target for mRNA

maintenance is either rRNA or polyadenylate-containing mRNA. Enucleation

studies indicate that synthesis of this presumptive regulatory RNA requires

the cell nucleus (Ivarie, Fan and Tomkins, submitted) and experiments

with Synchronized cells suggest that it is synthesized only during S and

the latter portion of G, in growing cells (Martin, Tomkins and Bresler,l

lg69). The identification of this element and an understanding of its

role in mRNA metabolism await further study.

Although incorporation data have not been corrected for possible

changes in intracellular leucine specific radioactivity (Regier and Kafatos,

l97l), progressive polysome disaggregation (not shown) is consistent

with results from other systems showing that initiation of protein synthesis
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is inhibited by AMD (Singer and Penman, l072; Craig, l073). Thus, the

decline in total incorporation into TAT observed after AMD treatment

(Fig. 's 3c, 14c.) reflects a true fall in the absolute rate of synthesis

of TAT as noted by others (Kenney et al., l073). The increase in level

of TAT observed under some conditions of AMD treatment must, therefore,

result in part from inhibition of the degradation of TAT. AMD-mediated

stabilization of TAT has been reported under a number of experimental

conditions (Reel and Kenney, l068; Auricchio, Martin and Tomkins, l069;

Kenney et al., 1973) and the coordinated regulation of hepatoma cell

growth provides a framework for understanding these observations.

As discussed above (Results), when hepatoma cells are exposed to a

growth-limiting environment, they exhibit several responses characteristic

of normal hepatocytes and untransformed cell lines. Furthermore, as

shown in Fig. l, serum-deprivation blocks HTC cells in the Gl phase of

the cell cycle. This result was somewhat unexpected since HTC cells

have unusually low levels of adenylate cyclase and cAMP (Granner et al.,

l968; Makman, l07l) which have been implicated in the growth regulatory

response (Burger et al., 1972; Otten, Johnson and Pasten, l072). On the

other hand, G, arrest has also been observed recently in a number ofl

other malignant cell lines (Holley, l074; Bourne et al., 1974).

The observation that "superinduction", or a true increase in the

level of TAT following AMD treatment, occurs in serum-deprived HTC cells

(Fig. 's 2b, Ha) and in stationary cultures of H-35 cells maintained in

medium with or without serum (Reel and Kenney, lg,68; Kenney et al., l073),

but not in growing HTC cells (Fig.'s 2a, 3a; Tomkins et al., 1972) suggests

that growth inhibition, rather than simple nutritional step-down provides
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the milieu for superinduction.

The conclusion that steroids regulate some aspect of the production

of TAT mRNA rather than its degradation (Lee, Reel and Kenney, l070;

Section II) is supported by the absence of any steroid effect on the

rapid decline of TAT synthesis mediated by cordycepin. Since, in contrast

to normal deinduction, the fall in TAT synthesis following Cordycepin

addition shows no significant lag (Fig. 5b), the steroid- regulated step

in the production of TAT mRNA probably precedes poly- adenylate addition.

The complexity of the TAT response to treatment with inhibitors of RNA

synthesis illustrates additional possibilities for controlling the level

of an enzyme which turns over rapidly and whose mRNA is also rapidly

degraded. The stabilization of TAT mRNA by AMD appears similar to that

observed in mitotic cells (Martin, Tomkins and Bresler, l069), and may

indicate a physiological mechanism to prevent large fluctuations in the

levels of short-lived messengers during the transcriptional shut-down of

mitosis. "Superinduction" of TAT by high levels of AMD occurs under

conditions where general protein degradation is enhanced (Hershko and

Tomkins, l97l) and probably results from a slowing of this process. The

"inductions" of TAT by serum (Gelehrter and Tomkins, l069) and by insulin

(Gelehrter and Tomkins, l070) occur under similar cellular conditions,

and these agents also slow enhanced protein degradation (Hershko et al.,

lS7l). While these "inducers" do not apparently increase the relative

rate of TAT synthesis (Section II; Mamont and Tomkins, unpublished results),

their stimulation of overall protein synthesis also contributes to the

differential rise in TAT level.
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Fig. l. Distributions of cellular DNA content in growing and serum-deprived

HTC Cells.

Exponentially growing cells were centrifuged, washed, and resuspended

in either growth or BSA medium. At the times shown (numerals represent

hours after resuspension), cell samples were centrifuged, washed, and fixed

for later flow microfluorimetric analyses (Experimental Procedures).

a) Control culture in growth medium.

b) Serum-deprived culture in BSA medium.
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Fig. 2. Effect of cell growth condition on "superinduction" of TAT by AMD.

HTC cells were induced overnight (about lº hours) with 107°M dexa

methasone (DEX) in either a) growth medium or b) BSA medium. Each culture

was then divided and AMD (Calbiochem) added to one portion (final conc.,

5 Lig/ml). At one hour intervals samples were taken for determinations of

TAT specific activity.
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Fig. 3. AMD effects on TAT synthesis in growing HTC cells.
7Cells preinduced overnight in growth medium with lo 'M DEX were washed

and resuspended in either fresh growth medium, growth medium containing

7M DEX, or growth medium with 5 ug/ml AMD. Samples were removed atlo"

intervals, labeled with [*Hlleucine, and analyzed for activity and synthesis

of TAT as described in Experimental Procedures.



S

:

-Q-n
TOTALINCORPORATIONINTOTAT

(cpmx10T'/mgprotein)

RELATIVERATEOFTATSYNTHESIS
(%ofcpminTAT)

Cad T

II

oSo'o5S

I-I-I-T-I
i

#

Jol

9S9ooo
........o5R3&Q3$8SR3:3&S I

I-I-I-I-T-I-T-I-T-I-H
T

I oº§o: #º o

TATSPECIFICACTIVITY
S

s

g

g

§
§
§

i(mu/mgprotein)
#

9.



73

Fig. H. Analysis of "superinduction" of TAT by AMD in serum-deprived HTC

cells.

Cells were preinduced as in Fig. 3 but in BSA medium, then washed and

resuspended in fresh BSA medium with or without DEX (107"M) and AMD (5 ug/ml)

as indicated in the figure. At various times samples were taken for

analyses as in Fig. 3.
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Fig. 5. Effects of cordycepin on the activity and rate of synthesis of TAT.

Additional preinduced cells from the experiment shown in Fig. 4 were

washed and resuspended in BSA medium containing DEX and/or cordycepin (Sigma;

conc., lt ug/ml). The activity and rate of synthesis of TAT were monitored

as in Fig. 's 3 and H (control curves without inhibitors are redrawn from

Fig. 4).
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SECTION IV

Remarks on the Purification of Tyrosine Aminotransferase,

Its Immunoassay, and its Sub-Unit Molecular Weight
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Purification of TAT and Preparation of Sheep Anti-TAT

Using the method of Valeriote et al. (1969) for purifying tyrosine

aminotransferase (TAT, E. C. 2.6. l. 5) from steroid-induced rat livers, we

were unable to achieve the high degree of purity reported, and we therefore

modified the published procedure in several respects. After ammonium

sulfate fractionation and heat precipitation steps, the TAT-containing

fraction was applied to a DEAE-cellulose column (5–6 mg protein/ml resin)

which had been equilibrated with Buffer A (0.05M potassium phosphate, pH 6.6,

107°M ethylenediaminetetraacetate, 107"M dithiothreitol). The column

was washed with about 2 l/2 column volumes each of Buffer A and Buffer A

containing 0.lM potassium chloride, then the TAT was eluted with 0.2M

potassium chloride in Buffer A. The activity peak chromatographed slightly

behind the protein peak eluting at this salt concentration (better resolu

tion might be achieved by lowering the potassium chloride concentration

in the elution buffer to 0.16–0. l8M). After chromatography of the DEAE

purified material on Sephadex G-200 (Valeriote et al., 1969), the TAT was

loaded onto a second DEAE-cellulose column, the column washed with several

volumes of 0.1M potassium chloride in Buffer A, and the enzyme eluted with

a linear gradient of potassium chloride in Buffer A (0. lM-0.3M). Material

from this step was concentrated by ultrafiltration and further purified by

sedimentation through a lo–30% w/v glycerol gradient in Buffer A (centrifuged

26 hours at 40,000 rpm in a Spinco SW 110Ti rotor). The activity ran as

a sharp band coinciding with the main A O peak, and the final specific28

activity was about 285 U/mg protein (purification is summarized in the

Table).

Our purified TAT (above) was judged to be at least 90% pure by disc
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polyacrylamide gel electrophoresis in sodium dodecyl sulfate (SDS; Shapiro,

Viñuela, and Maizel, l067), although its specific activity was less than

60% of that reported by Valeriote et al. (lgó9). Nevertheless, our "pure"

TAT gave a single precipitin line in both Ouchterlony double diffusion

and immune electrophoresis assays using antibodies against the Valeriote

et al. enzyme (G. Tomkins, personal communication); less highly purified

TAT gave several reacting components in these assays. The heterospecific

ity of the available anti-TAT and our apparent ability to eliminate several

of the contaminating antigenic species from our enzyme by further

purification led us to attempt a fresh antibody preparation.

Anti-TAT was prepared by injecting a sheep intradermally with 300 ug of

our "pure" TAT emulsified in buffer with Freund's complete adjuvant. A

second injection of loo ug TAT was administered intradermally after 8 days,

and a third dose of TAT (100 ug) was given intravenously (without adjuvant)

15 days after the lst. Serum collected 8 days after this 3rd injection and

concentrated by precipitation in H.0% ammonium sulfate appeared to be mono

specific when tested in double diffusion assays against either purified

TAT or crude heat precipitated liver extracts. About 3 months after this

first series of injections, the sheep was boosted with l mg of TAT precip

itated from a partially purified preparation (v50% pure) with the mono

specific anti-TAT described above (the immunoprecipitate was suspended in

buffer and emulsified with Freund's complete adjuvant for intradermal

injection). The animal was exsanguinated l3 days after this booster and

the resulting antiserum partially purified by two precipitations in H.0%

ammonium sulfate. This material was used exclusively in the immunoprecip

itation experiments described in Sections I-III.
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The Sub-Unit Molecular Weight of TAT

The molecular weight of TAT has been estimated at about ll 5,000 by

studies of sedimentation equilibrium (Valeriote et al., lg69), and four

moles of pyridoxal phosphate were found bound per ll 5,000 g of enzyme

(Valeriote et al., 1969) suggesting a possible tetrameric structure.

Such a sub-unit composition was supported by comparisons of the numbers

of tryptic and cyanogen bromide fragments generated from the enzyme

(Auricchio et al., 1970) with the number predicted by amino acid analysis

(Valeriote et al., 1969). On equilibrium sedimentation in guanidine hydro

chloride, a component with a molecular weight of about 32,000 was observed

consistent with the tetrameric model (Auricchio et al., 1970); however,

in this study about 50% of the material appeared to be larger than 32,000

and was dismissed as undissociated enzyme.

SDS polyacrylamide gel electrophoresis, which has been reported to

give a good correlation between electrophoretic mobility and sub-unit

molecular weight for a very large number of proteins (Shapiro, Viñuela,

and Maizel, l067; Weber and Osborn, l069), consistently yielded a molecular

weight of about 52–53,000 for the predominant species in our TAT prepara

tions. While our material did contain polypeptides of lower molecular

weight, these could be shown to be contaminants by performing SDS gel

electrophoresis on material fractionated further by antibody precipitation,

non-denaturing disc polyacrylamide gel electrophoresis (Davis, 1964), or

affinity chromatography on Sepharose-bound p-hydroxy phenylpropionate (S.

Kupor and D. Givol, unpublished-- while this resin bound TAT somewhat

specifically, it was not useful for enzyme purification since considerable

activity was lost in the elution step).
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Further evidence that the sub-unit of TAT is larger than previously

reported (Auricchio et al., l070) comes from studies testing the

specificity of the TAT: anti-TAT immunoassay for radioactively labeled

HTC cell TAT. For the autoradiograph shown in Fig. l, first and second

immunoprecipitates of partially-purified TAT from induced HTC cells

labeled with [*s]methionine (prepared as for rate of TAT synthesis

determinations, Sections II,III) were subjected to electrophoresis on

SDS polyacrylamide gel slabs (Studier, l072). A faint labeled band

migrated with the tracking dye in both first and second immunoprecipitates

and is apparently the major source of background radioactivity in the

immunoassay. The two bands specific to the first immunoprecipitates are

both inducible (not shown), and the species of slightly lower molecular

weight is probably a partial degradation product formed either in vivo or

during the assay itself. To control against artifactual migration

resulting from protein overloading, several concentrations of the first

immunoprecipitate were used. In all cases the major band ran slightly

ahead of the heavy chain of sheep IgG (55,000 molecular weight) suggesting

a molecular weight of about 53,000 for the TAT sub-unit. This agrees

quite well with results from similar experiments with [*Hlleucine labeled

immunoprecipitates (Beck et al., 1972).

In light of recent reports of an active "monomer" of TAT having

a molecular weight of about 23–33,000 (Diamondstone, l072; Litwack, Lichtash,

and Diamondstone, l072) and the suggestion that this sub-unit might be

irreversibly aggregated to a larger form during the heat treatment of

normal TAT purification (G. Litwack, personal communication), the experiment

of Fig. 2 was performed. Induced and uninduced HTC cells were labeled
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briefly with [*s]methionine and extracts prepared as described in Sections

II and III. After high speed centrifugation, samples of the supernatant

fractions were either applied directly to SDS polyacrylamide gel slabs

(Fig. 2a), bound and eluted from a Sepharose HB column with covalently

attached anti-TAT IgG (Fig. 2b), or purified through heating and DEAE

cellulose chromatography steps (Tomkins et al., l072) and then fractionated

with anti-TAT Sepharose (Fig. 2C). The figure shows superimposed densitom

eter tracings of autoradiographs from gels of induced and uninduced samples.

Marker proteins run in parallel slots indicate that the major induced

species in both Fig. 's 2b and 2C is again about 53,000 molecular weight,

and no induced species eluting from the anti-TAT column is smaller than

about 40,000 (the induced peaks observed in Fig. 2C, but not in Fig. 2b,

were also observed in Samples which had only been heated before applying

to anti-TAT Sepharose, but not in samples which had been chromatographed

on DEAE-cellulose without prior heating).

Our results suggest that TAT exists as a dimer of identical polypeptides

of molecular weight about 53,000. The experiment of Fig. 2 demonstrates

that the predominant polypeptide of heat-purified TAT is identical in

size with that of unheated enzyme, and thus seems to preclude the possi

bility that the molecular weight we observe is an artifact of using heated

material. The lighter material observed in equilibrium sedimentation

under denaturing conditions (Auricchio et al., 1970) may correspond to

the protein contaminants we find in our incompletely purified TAT prepar

ations, and the failure to observe the number of peptides predicted by

a dimeric structure on treatment with trypsin or cyanogen bromide (Auricchio

et al., 1970) may be the result of incomplete digestion.
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Immunoassay of TAT Using Anti-TAT Sepharose

In pilot studies for in vitro translation of TAT mRNA in heterologous

protein synthesizing systems (Steinberg, unpublished results), it became

apparent that a sensitive assay for radioactively labeled TAT which

avoided the purification steps of previous methods (Beck et al., l'972;

Granner et al., 1968) would be highly desirable. Furthermore, since

SDS polyacrylamide gel electrophoresis was contemplated as a method to

determine whether or not the complete TAT chain was synthesized and

high concentrations of IgG heavy chains tend to change the apparent

mobility of TAT (Steinberg, unpublished result), a technique was sought

which avoided contamination of the TAT sample with immunoglobulin chains.

An immune-adsorbant column of Sepharose HB with covalently attached anti

TAT IgG appears to fulfill these requirements for a TAT assay system.

The procedure of Wilchek et al. (lg 7l) was used to couple purified

IgG from both non-immune sheep serum and from anti-TAT serum to Sepharose.

60 mg Sepharose HB (weight before cyanogen bromide activation) were used

per mg of IgG, and the resulting resin contained ll-l2 mg IgG per packed

ml of Sepharose. When tested with crude extracts from either induced rat

liver or HTC cells, a 0.1 ml column of anti-TAT Sepharose bound about 3.6

units of TAT. The control IgG Sepharose did not bind TAT to any significant

extent. The bound TAT could be eluted with 0.2N ammonium hydroxide, but

some activity was lost (better recoveries were obtained if fractions

were rapidly neutralized with acetic acid). After re-equilibration, used

columns could bind about 80% as much TAT as initially, and this slightly

lowered capacity was retained in subsequent reutilization.

A comparison of Fig.'s 2a and 2b indicates that, while TAT is not
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resolved in SDS polyacrylamide gel electrophoresis of total soluble

HTC cell proteins (Fig. 2a), it is readily visualized after purification

on anti-TAT Sepharose (Fig. 2b). For this experiment the columns were

washed with several volumes of 0.15M ammonium bicarbonate (containing

2x10"M pyridoxal phosphate) after loading the samples, and the TAT was

eluted with 0.2N ammonium hydroxide. The column-bound material was

lyophilized twice to remove any remaining salt, then dissoved in sample

buffer for electrophoresis. In a later experiment (not shown) the

background of labeled non-inducible proteins was essentially eliminated

by including 0.5% Nonidet P-40 and lmM L-methionine in the first ml and

a half of wash buffer.

The experiment of Fig. 2a confirms earlier reports (Tomkins et al.,

l966) that the pattern of overall protein synthesis is not significantly

altered by steroid treatment of HTC cells. Nevertheless, synthesis of

a number of proteins is visibly stimulated by steroid, and that of several

Other species is apparently depressed. Two-dimensional polyacrylamide

gel electrophoresis studies, using isoelectric focussing in the lst dimen

Sion and SDS gel electrophoresis in the 2nd (P. O'Farrell, in preparation),

have revealed that, out of more than 500 species visualized, only about

l0-20 HTC cell proteins show altered rates of synthesis in response to

steroid (Ivarie, Steinberg, and O'Farrell, preliminary results). Of these

steroid-responsive proteins, about half are induced and the other half

repressed by glucocorticoid treatment. Whether or not these two types of

response are both direct effects of steroid action has yet to be determined.
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TABLE

Purification of Tyrosine Aminotransferase

(Procedure modified from Valeriote et al., l069)

Total Total Activity Specific Act. Percent
Fraction Protein of TAT (U/mg) Recovery*

9.ciº l2.8 g 3,270 U 0.26
----L} ^2 > ||

After Heating 2. l.2 g 2,730 U l. 28 83. 5

DEAE(I) Peak 5l. 7 mg l, ll;0 U 22. l 34.9

Seph. G200 Pk. l!. 6 mg 670 U 146. l 20.5

DEAE(II) Peak 2. H5 mg 560 U 23l l7. l

Gradient Peak l. 27 mg 3614 U 287 ll. l

TAT was purified from frozen livers of 25 rats which had been induced

with triamcinolone acetonide (Lederle; lS mg/l.00 g body weight) using the

procedure of Valeriote et al. (lg89) modified as described in text. Nuclear

lysis resulting from the use of frozen livers yielded a viscous DNA layer

on the 70% ammonium sulfate precipitate; exclusion of this DNA fraction

resulted in a loss of about 50% of the total TAT initially present.

*Recoveries are based on the total TAT activity in the ammonium sulfate
purified fraction.
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Fig. l. SDS polyacrylamide gel electrophoresis of TAT immunoprecipitates.

HTC cells were induced overnight with 107°M dexamethasone in methionine

free BSA medium containing 50 puM [*s]methionine (240 uCi/umole; New England

Nuclear). Cells were washed, extracts prepared, and TAT purified through

heating and DEAE-Cellulose chromatography steps as described in Methods

of Section II except that l mM unlabeled L-methionine was included in all

buffers. First and second immunoprecipitates were prepared as previously

described (Beck et al., 1972), washed, and dissolved in buffer containing

lº SDS. Samples were diluted into gel sample buffer (50mM Tris hydrochloride,

pH 6.8, 50mM dithiothreitol, lº SDS, l0% glycerol, 0.001% bromophenol blue)

and subjected to electrophoresis in a slab loº, polyacrylamide gel containing

0.1% SDS (Studier, l072). Bovine serum albumin (BSA), ovalbumin (OV), sheep

IgG (Sh HC and Sh LC), and myoglobin (MYO) were run in separate slots as

molecular weight standards. Gels were stained with Coomassie Blue in

5:l: 5::methanol: acetic acid: water, destained in 7.5% acetic acid – 5% meth

anol, dried, and autoradiographed using Kodak Royal X-omat X ray film.

The figure shows, from left to right, gels of l ul, 2 ul, 3 ul, and 5 ul of

the first immunoprecipitate, then 5 ul of the second precipitate.
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Fig. 2. SDS polyacrylamide gels of HTC cell extracts fractionated on

anti-TAT Sepharose columns.

HTC cell cultures were conditioned overnight in BSA medium

containing lo LM L-methionine with or without dexamethasone (107°W).
They were then centrifuged, washed, resuspended in methionine-free

BSA medium (taexamethasone) and divided into two portions. One portion

from each culture received 110 uCi/ml [*Slmethionine (H5 Ci/mmole; New

England Nuclear), and the other received unlabeled methionine to lo LM.

After 90 minutes of additional incubation at 37°, the labeled induced

culture was mixed with the unlabeled uninduced culture, and the labeled

uninduced culture was mixed with the unlabeled induced culture. Extracts

from each of these cell mixtures were fractionated by high speed centrif

ugation, heat precipitation, and DEAE-cellulose chromatography as before

(Fig. l), and each fraction was further purified by binding and eluting

from 0.05 ml columns of anti-TAT Sepharose as described in the text.

Electrophoresis and autoradiography were performed as in Fig. l, and the

figure shows densitometer tracings of the autoradiographs performed on

a Joyce-Loebl recording microdensitometer.

a) Supernatant fractions from high speed centrifugation (SloC's)

b) Anti-TAT Sepharose column-bound material from Sloo's

c) Anti-TAT column-bound material after pre-purification through

heating and DEAE-cellulose chromatography steps.
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