
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Characterization of cytosol dopamine binding sites in the bovine anterior pituitary gland

Permalink
https://escholarship.org/uc/item/3hh7n7h9

Author
Weisman, Andrea S.

Publication Date
1983
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3hh7n7h9
https://escholarship.org
http://www.cdlib.org/


Characterization of Cytosol Dopamine Binding Sites
in the Bovine Anterior Pituitary Gland

by

Andrea S. Weisman

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Endocrinology

in the

GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA

San Francisco

. . /*** * *… . .

Approved:

Committee in Charge

of California, San Francisco

University Librarian

Deposited in the Library, Universi

ºth
- - - - -

SEPTEMBER 7, 1983.

w

Degree Conferred:



(3) 1984

ANDREA S WEISMAN

All Rights Reserved



TABLE OF CONTENTS

Page No.

I Dedication and Acknowledgements. . . . . . . . . . . . . . . . ii

II Abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

III Introduction - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -3

IV CHAPTER ONE

Pharmacological Characterization of the Cytosol

Dopamine Binding Sites. . . . . . . . . . . . . . . . . . . . . . . . .42

V CHAPTER TWO

Evidence that the Cytosol Binding Component

is not an Artifact. . . . . . . . . . . . . . . . . . . . . . . . . . . . .5l

VI CHAPTER THREE

Sexual Dimorphism in Cytosol Binding

Site Levels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .56

VII CHAPTER FOUR

Biochemical Analysis of the Cytosol

Dopamine Binding Sites. . . . . . . . . . . . . . . . . . . . . . . . .58

VIII CHAPTER FIVE

Molecular Weight Determination of the

Cytosol Binding Sites. . . . . . . . . . . . . . . . . . . . . . . . . .65

IX Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

X References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .94



- - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - -



DEDICATION

I dedicate this thesis to my mentor

Dr. Richard I. Weiner

whose creativity and encouragement

has enabled me to achieve a lifelong goal

and

to my parents, Martin and Sherrie Weisman,

who gave me the courage to pursue my dreams

and make them a reality.



ACKNOWLEDGEMENTS

I would like to thank Dr. Penti Siiter i and Dr. Robert

Kuhn for their continued guidance and support; Dr. John

Ramsdell for teaching me the value of thinking and working

independently; Margaret Kerwan, Dr. Kathleen Elias, and Anne

Neill for their friendship and support in the laboratory;

Ruth McCreight, Kay Loughrey, Martha Hooven, Cynthia Good

man, Marilyn Frandzel, and my sisters Jane Applegate and Amy

Weisman for their love and encouragement throughout the

years; and David Morgan, who through his love and his exam

ple of hard work and dedication, helped me to fulfill my

potential.



ABSTRACT

Cytosol dopamine binding sites in the bovine anterior

pituitary were extensively characterized by radio ligand

binding studies, biochemical analysis and sizing chromatog

raphy. The antagonist, [*H) sp1P (Spiperone), labeled one

class of stereoselective, saturable and high affinity cyto

sol binding sites. The dissociation constant of [*H) sp1P

(Ka) equaled 0.14 nM and the site number (B ) equaled 70Tlax

finoles/mg protein. The cytosol binding sites comprised 8.2%

of the total number of dopamine binding sites in steer ante

rior pituitaries. The rank order of potency of dopamine

agonists and antagonists for the cytosol sites was identical

to that found at the membrane-bound receptor. Apomorphine

and dopamine competed for [*H1sPIP binding in the cytosol

fraction according to a two site interaction, in which the

high and low affinity sites were in equal proportions. How

ever, unlike observations with the membrane-bound receptor,

high affinity dopamine binding sites were not affected by

guanine nucleotides. This suggests that the high and low

affinity agonist forms are not dependent on an N regulatory

protein or that additional components are necessary for

guanine nucleotide effects.

The number and affinity of cytosol sites was indepen

dent of : buffer tonicity; vigorous rehomogenization of the

membrane fraction; and the presence of multiple protease

inhibitors. Cytosol dopamine binding sites were absent in





the bovine caudate nucleus, serum and rat uterus. In addi

tion, transmission electron microscopy revealed that the

cytosol fraction did not contain membrane fragments or vesi

cles. These findings demonstrate that the cytosol sites

were not artifacts of subcellular fractionation.

The cow anterior pituitary contained 27% ITOre

membrane-bound receptors but possesssed only loº of the

cytosol sites present in the steer anterior pituitary.

Therefore, the number of cytosol sites is regulated by the

steroidal environment suggesting a physiological role.

Biochemical analysis indicated that the cytosol sites

were protease-sensitive, required an intact sulfhydryl group

for ligand binding, and appeared to be hydrophobic proteins

which lack carbohydrate moieties.

Sucrose density gradient centrifugation, gel filtration

on a Bio-Gel Al .5m column and High Performance Liquid

Chromatography on a TSK 4000 column indicated that the

majority of sites are associated with proteins or protein

aggregates larger than 670,000 daltons in size and that a

small proportion of sites are proteins approximately 200,000

daltons in size. Treatment of the cytosol fraction with l um

cytochalasin B, 0.5% CHAPS, 100 um Gpp (NH) p, 5–8 M urea, l

mg/ml trypsin, and 20 mM DTT did not reduce the size of the

cytosol binding sites. More research must be performed to

determine the exact function of these cytosol sites and

their relationship to the membrane-bound receptor.



INTRODUCTION

DOPAMINE : A PROLACTIN INHIBITORY FACTOR

Prolactin is a unique anterior pituitary hormone

because its secretion is tonically inhibited by the

hypothalamus. Everett (1954) transplanted the anterior

pituitary gland beneath the kidney capsule and observed an

increase in prolactin secretion accompanied by pseudopreg

nancy. He suggested that the hypothalamus exerted an inhi

bitory influence on pituitary prolactin secretion. Years

later, both Pasteels (1961) and Talwalker et al. (1963)

described an acidic extract of the hypothalamus possessing

prolactin-inhibitory activity. Other investigators isolated

the pituitary from the hypothalamus using stalk section and

observed an increase in prolactin secretion. Also, electro

lytic lesions of the medial basal hypothalamus (MBH)

elevated prolactin secretion (Chen et al., 1970, Bishop et

al., 197l). These studies confirmed the existence of a

hypothalamic prolactin inhibitory factor (PIF).

Vogt et al. (1954) observed a high concentration of

catecholamines in the hypothalamus, and Fuxe and Hokfelt

(1966) revealed the presence of dopamine-containing nerve

terminals in the external layer of the median eminence. The

cell bodies of these tuberoinfundibular dopaminergic (TIDA)

neurons were located in the arcuate nucleus in the MBH, and

the terminals were closely associated with the primary





capillary plexus of the anterior pituitary. MacLeod et

al., (1969, 1970) demonstrated that in vitro prolactin syn

thesis and secretion was directly inhibited by dopamine and

enhanced by agents that deplete central catecholamines. AS

a result of these studies, dopamine became a candidate for

the hypothalamic PIF. The presence of nanomolar concentra

tions of dopamine in hypophysial portal blood was reported

by Ben-Jonathan et al., (1977) and Plotsky et al. (1978).

Gibbs et al. (1978) determined that the level of dopamine in

portal blood was sufficient to inhibit prolactin release in

vivo. These studies further supported the role of dopamine
as a PIF.

Many studies have confirmed dopamine's inhibitory

action in a variety of species, both in vivo and in vitro

(Leblanc et al. , 1976, Weiner, 1978). Administration of

anti-psychotics (which are also dopamine antagonists)

results in increased serum prolactin levels in psychiatric

patients (Meltzer et al., 1978). Administration of a

methylparatyrosine , a dopamine synthesis inhibitor, also

results in a large and rapid increase in prolactin secretion

(Gibbs et al., 1978). Dopamine agonists have been shown to

inhibit elevated prolactin levels in humans, and dopamine

antagonists clearly block dopamine's inhibitory actions

(Weiner et al., 1981). Isolation of TIDA neurons by deaf

ferentation of the MBH has no effect on dopamine's tonic

inhibition of prolactin secretion (Weiner, 1973). This study





demonstrated the lack of extrahypothalamic influences on the

tonic dopaminergic control of basal prolactin secretion.

Dopamine receptors in the anterior pituitary gland of

several species have been characterized using radioligand

binding studies. The dopamine receptor is saturable,

stereoselective and binds ligand with high affinity. It has

been characterized in the particulate fraction (Creese et

al. , 1977, Cronin et al. , 1978, 1980, Calabro et al., 1978,

Caron et al., 1978), on dispersed cells (Foord et al., 1983,

Ramsdell in press), and in the high speed supernatant

(Kerdlehue et al., 1981) of the anterior pituitary gland. The

rank order of potency of dopamine agonists and antagonists

to alter prolactin release in vitro parallels their ability
to compete in receptor binding studies (Caron et al., 1978).

Immunocytochemical techniques (Goldsmith et al., 1979) have

revealed the presence of haloper idol (a potent dopamine

antagonist) binding sites in vesicles and on the plasma mem

brane of mammotrophs.

The synthesis, release, uptake and degradation of

dopamine in TIDA neurons is unique among brain dopaminergic

pathways. Fuxe and Hokfelt (1966) demonstrated that TIDA

neurons contain dopamine in the absence of norepinephrine.

Since dopamine was believed to be an inactive precursor of

norepinephrine at that time, this was an exciting observa

tion. Fuxe (1972) was the first to show that administration

of prolactin increased dopamine turnover in the rat median





eminence. Gudelsky et al. (1976, 1977) observed that halo

per idol treatment rapidly increased dopamine turnover in the

caudate nucleus but only increased turnover in TIDA neurons

after a lag period of lo hours. Haloper idol blockade of

presynaptic receptors (autoreceptors) on caudate nucleus

neurons was responsible for the rapid increase in dopamine

turnover. The delay in turnover in TIDA neurons was attri

buted to the time required for prolactin levels to increase

following haloper idol treatment. Prolactin was believed to

mediate dopamine turnover because the increase in dopamine

turnover was blocked by hypophysectomy (Gudelsky, 1977) or

administration Of a prolactin antibody (Gudelsky et

al., 1980). Apparently, TIDA neurons lack dopamine autore

ceptors. Direct injection of prolactin into the third ven

tricle increases dopamine turnover and releases dopamine

into portal blood (Gudelsky et al., 1980). Therefore, prolac

tin appears to regulate its own secretion via a feedback

mechanism on TIDA neurons. Whether prolactin receptors are

located on the TIDA neurons, or prolactin's effects are

mediated via an interneuron is unclear at this time.

Dopamine reuptake (uptake into terminals following

release) into median eminence synaptosomes differs greatly

from the reuptake mechanism in the caudate nucleus. The

synaptosomal transport system has a ten-fold lower affinity

for dopamine when compared to the caudate (Weiner et al.,

1979, Demarest et al., 1979). TIDA neurons are essentially





resistant to destruction by 6-hydroxydopamine, in contrast

to striatal dopamine neurons. In addition, the dopamine

metabolite, dihydroxyphenylacetic acid (DOPAC) formed by

TIDA neurons, does not increase with increased neuronal

activity. Both of these events are dependent upon highly

active reuptake. This low affinity reuptake system in TIDA

neurons favors the diffusion of dopamine into the primary

capillary plexus which enables dopamine to tonically inhibit

prolactin release from mammotrophs.

In summary, dopamine is synthesized in the arcuate

nucleus of the MBH, released in the median eminence and

present in biologically active amounts in hypophysial portal

blood. Both L-DOPA, a dopamine precursor which increases

dopamine formation, and dopamine agonists, inhibit prolactin

release. Dopamine antagonists and pharmacological agents

that inhibit dopamine synthesis, increase basal prolactin

release. The TIDA reuptake system is consistent with

dopamine's role as an inhibitory neurohormone, and high

affinity dopamine receptors have been characterized on mam

motrophs. Therefore, all the criteria have been fulfilled to

establish dopamine as the hypothalamic PIF.

DOPAMINE MECHANISM OF ACTION: ADENYLATE CYCLASE

The role of cyclic 3'5"AMP (cAMP) in the dopaminergic

inhibition of prolactin secretion from the anterior pitui

tary has been controversial. Early work by Pelletier et al.

(1972) revealed that treatment of hemipituitaries with





dibutyryl camp I (Bu)2cAMP) increased prolactin secretion and

induced ultrastructural changes in mammatrophs such as

degranulation and golgi apparatus hypertrophy. Other inves

tigators confirmed these results using (Bu)2cAMP (Nagasawa

et al., 1972, Hill et al., 1976, Naor et al., 1980) or 8-Br

cAMP (Tam and Dannies, l981) to stimulate prolactin release

from hemipituitaries or dispersed cells. In addition, inves

tigators found that in vitro prolactin secretion is stimu
lated by agents that elevate intracellular cAMP levels.

Examples of these agents are the phosphodiesterase inhibi

tors, theophylline (Kimura et al., 1976), Sundberg et

al., 1976, Ray et al., 1978) and isobutylmethylxanthine

(IBMX) , (Naor et al., 1980, Tam and Dannies, 1981, Swennen

and Denef, 1983) and cholera toxin (Tam and Dannies,

1981). These studies support a role for cAMP as a mediator of

the control of pituitary prolactin secretion.

Although a dopamine-stimulated adenylate cyclase had

been described in brain tissue (Kebabian et al. , 1979)

several investigators failed to observe an effect of dopam

ine on cyclase activity and cAMP levels in isolated pitui

tary cells (Thorner et al., 1980) homogenates (Kimura et

al., 1976) or intact anterior pituitary glands (Schmidt et

al., 1976). Recently, other laboratories have reported that

dopamine is capable of inhibiting adenylate cyclase (DeCam

illi et al., 1977, Giannattasio et al., 1981) and cAMP levels

(Ray et al., 1981, Barnes, et al., 1978) in the anterior





pituitary gland. This discrepancy is thought to be the

result of different experimental conditions. In earlier

experiments, investigators used male pituitaries which have

far fewer mammotrophs than female pituitaries (Hymer et

al., 1973, Synder et al., 1976). The presence of other cell

types might mask dopamine's ability to specifically inhibit

cAMP accumulation in mammotrophs. In addition, homogenates

or broken cell preparations contain partially desensitized

cyclase systems (Jakobs et al., 1979) ; intact pituitary

glands have been shown to be unresponsive to dopamine (Ray

et al., 1981) because only superficial cell layers are ade

quately exposed to substances in the incubation medium (Far

quhar et al., 1975). However when investigators obtained an

enriched population Of mammotrophs they consistently

observed a dopaminergic inhibition of cyclase and cAMP accu

mulation.

Barnes et al. (1978) isolated rat mammotrophs and thy

rotrophs by unit gravity sedimentation and stimulated cAMP

levels with IBMX. Dopamine significantly inhibited cAMP

accumulation in the mammotroph fraction and had no effect on

cAMP levels or TSH release from the thyrotroph fraction.

DeCamilli et al. (1979) found similar results when they

showed that dopamine inhibited cyclase in homogenates of

human prolactin-secreting adenomas. Giannattasio et al.

(1981) obtained similar results in pituitary homogenates

from female lactating and non- lactating rats. She observed
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little or no effect on cyclase activity in homogenates from

male pituitaries. A careful study by Swennen and Denef

(1982) substantiated these findings. They demonstrated that

nanomolar concentrations of dopamine and apomorphine concom

itantly decreased cAMP levels and prolactin release in

dispersed pituitary cells from female rats. The dopamine

antagonists reversed the dopamine-induced cAMP inhibition

with a rank order of potency similar to that for inhibition

of prolactin release. Dopamine was maximally effective in

inhibiting cAMP accumulation and prolactin release from a

mammotroph -enriched cell population. These authors also

demonstrated that agents that elevate cAMP (IBMX and

(Bu)2cAMP) can antagonize dopamine's inhibitory effects.

The most recent study by Schettini et al. (1983) is dis

cussed in detail in the following section. Schettini sug

gests that the post-receptor mechanism of inhibition of pro
2lactin release by dopamine occurs after ca” mobilization

and may be linked to a ca”2 -calmodulin-dependent cAMP forma

tion. Further studies must be performed to elucidate the

exact role of cAMP in dopamine's mechanism of action in the

pituitary.

DOPAMINE MECHANISM OF ACTION: CALCIUM

Douglas et al. (1968) were the first to demonstrate

that an influx of calcium (ca”) was coupled to the release

of hormones from the adrenal medulla and posterior pituitary

gland. This "stimulus-secretion coupling" has been found in
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a variecy of endocrine secretory cells (Douglas et

al., 1978a) A secretory stimulus can increase intracellular

ca”2 by either initiating cat?
intracellular ca”. Both normal cells and tumor cells

influx or by mobilizing

(GH4C1) from the anterior pituitary gland have been shown to

generate spontaneous action potentials with a large ca”?

component (Taraskevich and Douglas, l980). Thyrotropin

releasing hormone (TRH) - a tripeptide which stimulates

release of prolactin and TSH from anterior pituitary cells
+ 2(Vale et al., 1977), increases Ca spiking activity (Douglas

et al., 1978b). TRH has also been shown to mobilize cat? from

the endoplasmic reticulum and mitochondria of GH3 cells

(Ronning et al., 1982) and the plasma membrane of GH4C1 cells

(Tashjian et al., 1981).

The in vitro release of prolactin from pituitary cells

has been shown to be dependent on the presence of ca”? in

the external medium (Vale et al., 1967, Tam and Dannies,

1980, Thorner et al., 1980). Depolarization of pituitary
45, 4-2cells by K* increases Ca up take (Vale et al., 1967, Mil

2ligan and Kraicer, 197l) and induces ca” -dependent prolactin

release (Gershengor n, l980, Tashjian et al., 1978). ca”?
45ca42 uptake and stimulate prolactin

+2

ionophores increase

release (Tam and Dannies, l980) while Ca channel blockers

inhibit prolactin release (Thorner et al., 1980). Although

+2 isthese results strongly indicate that Ca a second

messenger for prolactin release in the anterior pituitary
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2gland, the precise role of ca” in dopamine's mechanism of

action has not yet been determined.

Work by Tam and Dannies (1980) demonstrated that bromo

cryptine, a potent dopamine agonist, inhibits prolactin

release from dispersed anterior pituitary cells which were
+ 2

treated with the Ca ionophore A23187. This inhibition

involved binding to the receptor since it could be blocked

by the dopamine antagonists, d-butaclamol and

cis (2) flupenth ixo up take in the presence of A2318.7

was not affected by bromocryptine. Dopamine's action to

inhibit prolactin release appears to occur after ca”?

influx. The major flaw in this study was the use of

dispersed anterior pituitary cells instead of a purified

population of mammotrophs. Bromocryptine may have altered

cat 2 uptake in mammotrophs but its effects would be masked

by the presence of other cell types. Work by Thorner et al.

(1980) revealed that dopaminergic inhibition of prolactin

release from perifused pituitary cells is prevented by the
2addition of the ca” ionophores, A23.187 and X537A. Theophyl

line, which has been reported to mobilize intracellular cat?
(Brisson et al., 1972), was also able to reverse the inhibi

tory effects of dopamine. Thorner concluded that dopamine
2may act to inhibit both the influx of extracellular ca” and

the mobilization of intracellular ca”2.

Recently, Schettini et al. (1983) studied the role of

calmodulin in basal and stimulated prolactin release from
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hemipituitary glands. Calmodulin is a ubiquitous ca”-

dependent protein which is involved in many cellular activi

ties such as enzyme activation and polypeptide hormone

release (Cheung, l980, Means et al., 1980). The neuroleptic

drugs, pen flur idol, haloper idol and pimozide were chosen for

their ability to inhibit calmodulin activity (Weiss et

al., 1980). The ability of these agents to inhibit calmodulin

is 100-1000 fold lower than to block dopamine receptors.

All three drugs inhibited prolactin release in a dose

dependent manner. Penflur idol, the most potent of the three,

2 ionosuppressed the prolactin releasing effects of the ca”

phore A21387, TRH, K*, (Bu)2CAMP, and theophylline. This

data strongly supports the involvement of a ca”- calmodulin

complex in prolactin secretion. Another recent study by

Schettini et al. (1983b) revealed that addition of A21387 to

dispersed pituitary cells resulted in an accumulation of

cAMP and an increase in prolactin secretion. Micromolar

concentrations of dopamine inhibited the A21387-stimulated

cAMP accumulation and prolactin release from these cells.

This action of dopamine was specific since pretreatment of

the cells with spiperone, in a concentration too low to

affect calmodulin activity, reversed the dopamine mediated

inhibition. Penflur idol and W7, potent inhibitors of calmo

dulin activity, also reduced A21387-stimulated cAMP accumu

lation and prolactin release. These results are consistent

with the theory that dopamine inhibition of prolactin
2release occurs after ca” mobilization and possibly at the
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2
level of ca” - calmodulin dependent camp formation.

DOPAMINE MECHANISM OF ACTION: LYSOSOMAL ENZYME ACTIVATION

Recent evidence (Nansel et al., 198 la) suggests that

dopamine-induced stimulation of the lysosomal enzyme, B

glucuronidase, may play a role in dopamine's mechanism of

action in the pituitary. In vivo administration of L-DOPA,
a dopamine precursor, increased the number of lysosomes

undergoing crinophagy (fusion with prolactin granules) in

mammotrophs, and stimulated B-glucuronidase activity in the

cytoplasmic fraction. Administration of haloper idol, a

dopamine antagonist, and alpha-methyltyrosine, a dopamine

synthesis inhibitor, decreased B-glucuronidase activity and

caused a concomitant increase in serum prolactin levels.

Incubation of the anterior pituitary with dopamine (10-4-
10-10 M) resulted in a dose-related inhibition of prolactin

accompanied by a dose-related stimulation of B-glucuronidase

activity. Cis-flupen thixol, a dopamine antagonist, blocked

both the dopamine stimulation of B-glucuronidase and the

inhibition of prolactin release. Chloroquine or NH4C1,
agents which destabilize lysosomal membranes and disrupt

lysosomal function, also blocked dopamine's actions on

enzyme activity and prolactin release. A subsequent study

(Nansel et al., 1981b) revealed that estrogen decreases the

responsiveness of the anterior pituitary to the actions of

dopamine on lysosomal activity and prolactin release. These

studies suggest that the dopamine-induced stimulation of
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lysosomal enzyme activity is part of the mechanism by which

dopamine inhibits prolactin release from the pituitary. Dan

nies and Rudnick (1980) have shown that bromocriptine, a

dopamine agonist, enhances the degradation of newly syn

thesized prolactin. In addition, mammotrophs have been shown

to incorporate dopamine into prolactin secretory granules

(Gudelsky et al., 1980). Perhaps dopamine, once incorporated,

mediates the lysosmal degradation of these prolactin

granules. At present, the action of dopamine on lysosomal

activity remains questionable because other laboratories

have been unable to reproduce these results (MacLeod and

Gudelsky, personal communication).

DOPAMINE MECHANISM OF ACTION: PHOSPHATIDYLINOSITOL METABOL
ISM

Hok in et al. (1958) were the first to demonstrate that

a hypothalamic extract containing CRF activity stimulated

phosphatidylinositol (PI) metabolism in anterior pituitary

cells. Recent studies (Michell, 1975, Rebecchi et al., 1983)

have suggested that ligand-receptor interaction stimulates

phospholipase C which hydrolyzes membrane PI into free ino

sitolmonophosphate and l,2-diacylglycerol (DAG). DAG is then

phosphorylated to form phosphatidic acid (PA). Since PA has
2been shown to act as a ca” ionophore (Serhan et al., 1981)

it has been postulated that PI hydrolysis and PA formation

2 mobilization and increased ca”2
+ 2

leads to intracellular ca”

influx. These changes in Ca homeostasis are believed to
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activate various cellular processes (Michell, 1981).

Several investigators (Schlegel et al., 1981, Drummond

and MacPhee, 1981, Rebecchi et al., 1983, Sutton and Martin,

1982) have studied the effects of thyrotropin-releasing hor

mone (TRH) on PI metabolism in GH3 cells. GH3 cells are

cloned rat pituitary cells that possess high affinity TRH

binding sites and secrete large amounts of prolactin follow

ing TRH stimulation. TRH was shown to rapidly increase **,
incorporation into PI and PA in GH3 cells. The rank order of

32potency of TRH analogs to increase P; incorporation paral
l

leled their binding affinities for the TRH receptor and

their effects on prolactin synthesis and secretion. Although

the prolactin releasing action of TRH is ca”? dependent

(Tashjian et al., 1978, Gershengorn, 1980), the TRH stimula

tion of PI metabolism in GH3 cells is not. The lack of

2 Or a ca”2
32

external ca” channel blocker, D600, had no effect

on TRH-induced Pi incorporation. In the absence of TRH,
2agents which promote ca” influx (50 mM K*, scorpion venom

toxin) had no effect on PI turnover. In addition, the pro

lactin releasing agents vasoactive intestinal peptide (VIP),

8-bromo-cAMP, and IBMX, had no effect on PI turnover. Only

bombes in stimulated PI turnover, but to a much lesser degree

than TRH. These results suggest that TRH-stimulated PI turn
+ 2over occurs prior to ca" mobilization in GHA cells, and may

2actually play a role in cellular ca” translocation.

Interestingly, VIP and other agents which increase cAMP and
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stimulate prolactin release, had no effect on PI turnover.

PI turnover may represent a second messenger in the mechan

ism of action of TRH in the anterior pituitary gland just as

cAMP mediates the actions of VIP.

The effect of dopamine on PI turnover in the anterior

pituitary is presently under investigation. In a preliminary

study (Canonico et al., 1983), incubation of anterior pitui

tary glands with various concentrations of dopamine resulted

in a dose-related inhibition of **p, incorporation into PI.
32Dopamine had no effect on P; incorporation into phosphal

tidylcholine (PC) or phosphatidylethanolamine (PE). Halo

per idol and pimozide, two dopamine antagonists, completely

abolished the dopamine inhibition of PI turnover. The con

centration of dopamine (500 nM) required to inhibit PI turn

over correlates well with its potency to suppress prolactin

release from the anterior pituitary. It is possible that

dopamine, by reducing PI breakdown and resynthesis, prevents

ca”2 mobilization and suppresses prolactin release from

pituitary. The major flaw in the pituitary study was the use

of intact pituitary glands since dopamine may actually inhi

bit PI turnover in cells other than mammotrophs. In other

systems, polyphosphoinositide turnover and DAG activation of

protein kinase C appear to be important in hormone-induced

PI metabolism (Kishimoto et al., 1980, Michell, 1983). There

fore, further studies involving dopamine's effects on these

two cellular events might lend insight into dopamine's
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mechanism of action in the pituitary.

MULTIPLE DOPAMINE RECEPTORS

Central dopamine neurons play a vital role in the

etiology of several diseases including schizophrenia and

Parkinson's disease. Neuroleptic drugs which alleviate the

symptoms of schizophrenia, (Matthysse et al., 1973, Seeman et

al., 1977) provided researchers with a powerful tool to

study multiple dopamine receptors in the brain. Neuroleptics

have been shown to inhibit dopamine agonist-stimulated

behavior (Niemgeers et al., 1979) and induce Parkinsonism

(Hornykiewicz et al., 1966, 1975), hyperprolactinemia and

galactor rhea (Langer et al. , 1977, Sedvall et al., 1978).

Since all of these syndromes were associated with decreased

dopamine activity, neuroleptics were identified as potent

dopamine antagonists.

Two classes of neuroleptics, phenathiazines (i.e. flu

phenazine) and butyrophenones (i.e. haloper idol, spiroperi

dol) have been used to characterize brain dopamine binding

sites. Iversen (1975) demonstrated that phenathiazines were

able to inhibit dopamine-stimulated cAMP accumulation in rat

brain (Greengard and Kebabian, 1972) while butyrophenones

were relatively ineffective. This dissociation of effects

between the two groups of neuroleptics was evidence for the

existence of at least two distinct classes of dopamine bind

ing sites. Radioligand binding studies (Creese et

al., 1975, 1976, Seeman et al., 1975) also supported the
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concept of multiple dopamine binding sites in the brain.

Kebabian (1979) named the cyclase-linked sites "D-l"

sites, and the non-cyclase linked sites "D-2" sites. Phar

macological studies have indicated that the D-1 site has a

micromolar affinity constant for both dopamine and neurolep

tics (Kebabian et al., 1971, Harmer et al., 1977). The D-2

site has a micromolar affinity for dopamine and a nanomolar

affinity for neuroleptics (Caron et al., 1978). Other exam

ples of D-l receptors can be found in the retina (Watling et

al., 1979) and parathyroid gland (Brown et al., 1978). In

addition to the brain, D-2 sites have been carefully charac

terized in the intermediate and anterior lobes of the pitui

tary gland (Sibley et al., 1980, Kebabian et al., 1982).

The pharmacology of the D-2 site is consistent with

various biological activities in the brain and pituitary

gland. Therefore, it has been hypothesized that the D-2 site

is a receptor. Dopamine agonist binding affinities for the

brain D-2 receptor correlate well with the ability of agon

ists to alleviate the symptoms of Parkinson's disease, eli

cit rotational and stereotypic behavior and produce emesis.

In addition, the number of D-2 receptors is greatly

increased in the post-mortem striata of patients with

Parkinson's disease and schizophrenia. In Parkinson's

disease, the increase in D-2 receptors is the result of a

"super sensitivity" phenomenon. Super sensitivity (an

increased number of post-synaptic receptors) occurs when a
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specific neurotransmitter or hormone is no longer available

for receptor binding.

In pituitary studies, dopamine and dopamine agonists

inhibit cAMP formation and alpha-MSH release from dispersed

intermediate lobe cells. These inhibitory effects are dose

dependent and are mediated by a D-2 receptor (Munemura et

al., 1980). In addition, guanine nucleotides decrease the

affinity of the agonists for [*H) spip binding to the D-2

receptor, and are essential for the dopaminergic inhibition

of adenylate cyclase in intermediate lobe homogenates (Frey

et al., 1982, Cote et al. , 1982). In the anterior pituitary

gland, the D-2 receptor mediates the inhibition of cAMP for

mation and prolactin release from mammotrophs. (Schettini et

al., 1983). This inhibition is also dependent on guanine

nucleotides (DeCamilli et al. , 1979, Onali et al., 1981). From

these studies it now appears that D-2 receptors in the

pituitary gland are negatively coupled to cyclase activity.

Seeman and coworkers (1979, 1980) recently postulated

the existence of two additional dopamine binding sites based

on binding affinities to brain membrane preparations. "d,"
sites, by definition, have a nanomolar affinity for dopamine

and a micromolar affinity for neuroleptics. The "d," sites

have nanomolar affinities for both drug groups. It is

believed (Seeman, 1980) that 50% of the brain D3 sites are

presynaptic autoreceptors situated on dopamine-containing

neurons. Carlsson (1975) showed that low doses of dopamine
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agonists stimulate autoreceptors on striatal nerve termi

nals, causing decreased dopamine synthesis and release, and

the reby postsynaptic activity. Higher doses of agonists

activate postsynaptic receptors, increasing dopaminergic

activity. Recent studies (Roth, 1979) have indicated that

autoreceptors are located on all parts of the dopamine neu

ron and exert inhibitory effects on dopamine biosynthesis,

impulse-induced transmitter release, and cell firing.

Auto receptors are thought to mediate the reduction in

alcohol craving, anti-psychotic behavior, and the symptoms

of tardive dyskinesia caused by small doses of dopamine

agonists. These actions may actually be mediated by D3 sites

since they are believed to represent striatal autoreceptors

(Meltzer, 1979).

In contrast to the D-2 receptor, there is a 30-50%

decrease in the number of D3 sites in the striata of

Parkinson's disease patients. In addition, numerous struc

tural and biochemical differences exist between D2 receptor

and D3 sites. This is further evidence that D3 site is a

physically separate entity from the D2 receptor, and may
mediate some unique biological activity.

The existence of a separate P4 site remains controver

sial. Labrie et al. (1980) described the presence of a high

affinity dopamine binding site in the rat intermediate lobe

linked to cyclase inhibition. Seeman (1980) designated this

site a D4 site. As previously mentioned, Munemura et al.
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(1980) described a D-2 receptor in the bovine inter mediate

lobe which also inhibits cyclase activity. The high affin

ity sites in the inter mediate lobe obtained by Labrie may

have resulted from different experimental conditions or a

species difference. Sibley (1982) recently proposed that

the P4 site in the intermediate lobe actually represents an

interconverting state of the D-2 receptor. The presence of

endogenous guanine nucleotides converts the high affinity

site to a site of lower affinity. More research must be per

formed to establish the existence of a separate D4 site in

the in termediate lobe of the pituitary.

In summary, although most of the dopamine-induced

behavioral and physiological responses are mediated by the

D-2 receptor, it is possible that D3 sites may be the

presynaptic receptors involved in the mediation of autoregu

lation of striatal dopamine neurons. The precise role of

the D-l site and cyclase stimulation in the brain is not yet

clear.

GUANINE NUCLEOTIDE REGULATION OF THE DOPAMINE RECEPTOR

The guanine nucleotides GTP, GDP, and Gpp (NH) p (collec

tively referred to as GN) facilitate coupling between the

membrane-bound receptor and adenylate cyclase activity in

many cell systems (see review by Spiegel and Downs, 1981).

Striatal dopamine-sensitive cyclase requires GN for full

enzymatic activation (Clement-Cormier et al., 1975). Creese

et al. (1978 ab) studied the effects of GN on striatal
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dopamine receptors and reported that GN decreased agonist

([*H) Apo) binding but had no effect on antagonist ([*H) sp1P)
binding. In addition, GN decreased dopamine inhibition of

[*Hisp1P binding but had no effect on antagonist inhibition

of [*H) sp1P. Following kainic acid (a neurotoxin) treatment

(creese et al., 1979) both (*Hisp1P and [*H1APO binding
decreased substantially but GN no longer affected dopamine's

ability to inhibit residual [*H]sp1P OIC [*H) Apo binding. It

was concluded that post-synaptic dopamine receptors on

intrinsic neurons were asssociated with cyclase and regu

lated by GN, while dopamine receptors on corticostriate neu

rons were not. Additional research (Sibley and Creese, l979)

indicated that dopamine receptors in the anterior pituitary

are also regulated by GN. GN decrease the affinity of the

dopamine agonists for [*H) sp1P binding, but have no effect

on the affinity of the antagonists. Anterior pituitary stu

dies (Sibley et al., 1982, Beach et al., 1983) revealed that

unlabeled antagonists competively inhibit [*H) sp1P binding

and exhibit competition curves which indicate a single class

of binding sites. In contrast, agonists inhibit [*H) sp1P
binding in a heterogeneous manner displaying competition

curves that can be resolved into high and low affinity bind

ing sites. Addition of GN to agonist/■ ºhl antagonist competi

tions results in a loss of high affinity sites concomitant

with a proportional increase in low affinity sites. Agonists

recognize and bind to two states of the pituitary dopamine

receptor, and GN promote the interconversion of the high
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affinity site to the low affinity site. Sibley et al.

(1982) reported that dispersed anterior pituitary cells lack

a high affinity [*H1NPA binding site which is present on

washed cell membranes. He also reported that the NPA/[*H)
antagonist competition curve is monophasic, indicating the

presence of a single binding site. He concluded that

endogenous GN mediate a complete conversion of high affinity

sites to low affinity sites in intact cells. These studies

are supported by Ramsdell (in press) who characterized a

single, low affinity [*H. Domperidone binding site on

dispersed bovine pituitary cells. Recent studies by Foord

et al. (1983) indicate the presence of a high affinity,

Saturable [*H1DHE binding site on dispersed, anterior pitui

tary cells. This conflict may result from differences in the

labeled agonists used to characterize dopamine receptors.

[*H) DHE (in contrast to [*H1NPA ) binding is not affected

by GN (Beach et al., 1983). It binds semi-ir reversibly to

the dopamine receptor (Marek et al., 1980) via interactions

of a peptide side chain (Sibley et al., 1982).

The exact mechanism of GN interaction with the anterior

pituitary dopamine receptor is unclear, but extrapolations

from other more extensively studied cyclase systems may pro

vide insight. Three components exist with in the cell mem

brane which comprise a complex cyclase regulatory system

(review by Rodbell, 1980). The receptor (R) contains

specific binding sites for hormones and neurotransmitters.
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The nucleotide regulatory component (N) contains a binding

site for GN and mediates cyclase activation. N has recently

been shown to exist in two forms: a stimulatory form (Ns)

and an inhibitory form (Ni). Ni mediates cyclase inhibition

and has been shown to have a different sensitivity to pro

teases, cations, mercurials and sulfhydryls (Londos et

al., 1981). Ni and Ns appear to be separate proteins as a

41,000 dalton protein (Ni) is ADP-ribosylated by pertuss is

toxin which differs from the protein (Ns) that is ADP

ribosylated by cholera toxin ( Katada and Ui, l982). The

catalytic cyclase subunit (C) is the third component.

Interactions between (R) (N) and (C) are dependent upon

binding and dissociation of both GN and hormones (H).

Cassel and Selinger (1976, 1978) described a model for

cyclase regulation by these three components in turkey

erythrocytes. H binds to R and the H-R complex binds to N.

GDP is displaced from N so that GTP can bind to and activate

N. This results in the dissociation of the H-R complex from

N. This H-R dissociation is first due to a decrease in

receptor affinity for the hormone. Once H has dissociated

from R, R dissociates from N. The activated N activates C,

and GTPase converts GTP to GDP. Endogenous GTP then binds

and reactivates N - thus reinitiating the entire cycle.

There is evidence (Iynegar et al., 1980, Rodbell et al.,

1979, Salomon et al., 1975) to suggest that the GTPase

"turn-off" mechanism does not adequately explain the dynam

ics of all cyclase systems. Various binding and biological
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studies indicate that R and N are structurally linked and

have a molecular weight of 600,000 to 1.3 million daltons

(Lin et al. , 1978, Welton et al., 1977, Cassel et al. , 1978).

Also, in the absence of GN, free R units in membranes have a

lower agonist affinity than RN units, and may not represent

the biologically active form of the receptor (Maguire et

al., 1976). Rodbell (1980) describes a "disaggregation -

coupling" model for GN and hormone action on adenylate

cyclase. He suggests that a tetrameric structure composed of

RN units exists in two conformations: an unoccupied struc

ture which favors hormone but not GN binding, and a

hormone-induced structure which favors GN binding to N. GN

binding causes a dissociation of the tetramer to monomers,

which are then available to activate C. The reaggregation of

the RN units turns off this reaction cycle.

In the anterior pituitary, dopamine-inhibited cyclase

requires GN (DeCamilli et al., 1979). Cronin et al. (1983)

recently reported that treatment of anterior pituitary cells

with per tuss is toxin blocks dopamine inhibition of prolactin

secretion and cAMP formation in parallel. In the anterior

pituitary, per tuss is toxin is believed to act at a site

between the inhibitory dopamine receptor and the catalytic

subunit of cyclase which is thought to be the Ni regulatory
protein. These studies strongly suggest that the dopamine

receptor is linked to the Ni regulatory protein. Possible

similarities between the tetrameric RNi complexes described



:



27

by Rodbell (1980) and the cytosol dopamine binding site will

be discussed in a later section. In any case, further

research is required to define the role of guanine nucleo

tides and the Ni regulatory protein on dopamine-inhibited
cyclase activity and prolactin release.

LOCALIZATION OF DOPAMINE RECEPTORS

There is a great deal of evidence to suggest that

dopamine receptors are primarily associated with mammotrophs

in the anterior pituitary gland. Dopamine is a potent inhi

bitor of prolactin release both in vivo and in vitro (See

section on Dopamine: A PIF). Although dopamine was shown to

stimulate ad renocorticotropin (ACTH) secretion from

dispersed pituitary cells (Giguere et al., 1981), careful

pharmacologic studies revealed that an alpha1-adrenergic
receptor mediated this response. Dopamine has no effect on

luteinizing hormone (LH) or follicle-stimulating hormone

(FSH) release in vitro , and is only able to inhibit growth

hormone (GH) release at pharmacological concentrations (Qui

jada et al., 1973). The effect of dopamine on thyroid

stimulating hormone (TSH) release remains controversial.

Barnes et al. (1978) used unit gravity sedimentation to

obtain thyrotroph and mammotroph enriched cell fractions.

Dopamine inhibited cAMP in the mammotroph-rich fraction but

had no effect on cAMP or TSH secretion from the thyrotroph

fraction. Denef et al. (1982) reported that dopamine failed

to decrease cAMP levels in pituitary cell fractions devoid
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of prolactin- secretory activity but greatly inhibited cAMP

in mammotroph-rich fractions. Contrary to these results,

Foord et al. (1983) demonstrated that dopamine inhibits both

prolactin and TSH release from dispersed anterior pituitary

cells. The rank order of potency of dopamine agonists is

similar for the inhibition of both hormones. The actual

presence of a high affinity dopamine receptor on thyrotrophs

has not yet been determined. A paracrine interaction between

gonadotrophs and mammotrophs resulting in a stimulation of

prolactin release was recently reported (Denef et al., 1983).

By analogy, it is possible that dopamine inhibits TSH secre

tion via an indirect action on thyrotrophs.

Radioligand binding studies involving human pituitary

adenomas have provided further evidence that dopamine recep

tors are located on mammotrophs. Particulate fractions from

ACTH-secreting adenomas were shown to lack a high affinity,

[*hjspIP binding site. Two out of four GH-secreting adenomas

were also shown to lack a high affinity [*H) sp1P binding

site (Cronin et al., 1980). In contrast, prolactin- secreting

adenomas were reported to have five times the number of

sites as normal pituitary glands. Immunocytochemical studies

(Goldsmith et al., 1979) involving the peroxidase

antiperoxidase (PAP) technique, revealed the presence of

haloper idol binding sites primarily on mammotrophs. A small

number of PAP complexes (markers for haloper idol sites) were

associated with somatotrophs and gonadotrophs, whereas cor
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ticotrophs and thyrotrophs remained unstained.

INTRACELLULAR DISTRIBUTION OF THE DOPAMINE RECEPTOR

Although the synthesis, internalization, recycling and

degradation of the anterior pituitary dopamine receptor have

not yet been elucidated, these cellular events have been

extensively studied in other systems.

Blobel and coworkers (l'979) have designed a model for

the synthesis and translocation of proteins across mem

branes, in which information is encoded in a "signal"

sequence which is part of the nascent peptide chain and is

composed of 15-29 primarily hydrophobic amino acids. The

signal peptide carries the peptide chain through a pore in

the endoplasmic reticulum membrane. The pore is formed by

specific receptors for both the signal peptide and the ribo

some. After translocation has occured, a signal peptidase,

also present in the endoplasmic reticulum membrane, cleaves

the signal peptide. Some integral membrane proteins (IMPs)

possess a "stop-transfer" sequence which interrupts translo

cation and orients the polypeptide in the lipid bilayer. In

addition, "sorting" sequences have been postulated that

serve to route various IMPs to their final destination

with in the cell following translocation and membrane inser

tion. Apparently, membrane proteins move from the endo

plasmic reticulum to the Golgi for final processing, and

eventually reach the plasma membrane, perhaps by exocytosis.
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It may also be possible for fully translated cyto

plasmic proteins to be inserted into membranes. The model

for posttranslational translocation is based on studies

involving transfer of cytoplasmic proteins into

mitochondrial, peroxisomal, and chloroplast membranes. These

proteins are synthesized on free ribosomes in the cell cyto

plasm, and a specific signal sequence targets them to their

intracellular destination. Passage through the target mem

brane occurs when a gate or pore opens in the membrane fol

lowing an interaction between the signal sequence and the

target membrane receptor. Post-translational translocation

may also be interrupted by a stop-transfer sequence which

completes IMP insertion into the membrane.

The acetylcholine receptor (Ach R) is one of the few

plasma membrane proteins that has been extensively charac

terized. The Ach R is an oligomer of four polypeptide subun

its having molecular weights of 40, 50,60, 65 kilodaltons with

a stoichiometry of 2: l; l; l. The pentameric complex is 85 A

in diameter and has been shown to form a cation conductance

channel (Weill et al., 1974, Raftery et al., 1980, Nelson et

al. , 1980). Anderson and Blobel (1981) studied Ach R syn

thesis and demonstrated that each polypeptide subunit is

synthesized and glycosylated individually, and simultane

ously inserted into microsomes as transmembrane proteins. A

later study revealed the presence of a signal sequence on

the 65 kilodalton subunit (Anderson et al., 1981). These stu
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dies were the first direct evidence of receptor biosynthesis

and translocation in accordance with Blobel's model.

In addition to synthesis, another aspect of receptor

turnover is internalization, and the following model of this

process (review by Brown et al., 1983) can be applied to

receptors for low density lipoprotein (LDL), polypeptide

hormones, asialoglycoproteins, alpha2- macroglobulin, and

lysosomal enzymes.

The receptors bind ligand and cluster with other recep

tors into clathrin-coated pits. The receptors are then

internalized into coated vesicles which rapidly lose their

clathrin coats (Pearse and Bretscher, 1981) or enter smooth

vesicles called endosomes, which bud off from the coated

pits on the cell surface (Pastan and Willingham, 1981). In

some systems, the receptor-ligand complexes dissociate

within the endosome. The receptor is recycled to the cell

surface or the receptor-ligand complex is transported to

lysosomes where it is degraded. The recycled or newly syn

thesized receptor binds ligand and reinitiates the cycle of

endocytosis. Although this model is fairly accurate for

many cell systems, there is strong evidence that ligand

binding is not always required to inititate receptor uptake

into the cell. Receptors for LDL, asialoglycoproteins

(ASGPs) and alpha2-macroglobulin (a2-M) cluster in coated

pits and are internalized into coated vesicles (or endo

somes) in the absence of ligand (Brown et al., 1983, Tol
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leshaug and Berg, 1979, Kaplan and Keogh, l981). But these

macromolecules are not hormones and their intracellular

transport may be mediated by a different mechanism.

Endosomes, also called receptosomes, sorting vesicles

and endocytic vesicles (Ander son et al., 1977, Wall et

al., 1980, Willingham and Pastan, l980) are 2500-4000 A in

diameter, have a smooth continuous membrane, and can be

round, cup-shaped, or tubular. Endosomes contain lysosomal

enzymes with the exception of acid phosphatase and arylsul

fatase, and are functionally distinct from lysosomes (Dunn

et al., 1980). An important study by Tycko and Maxfield

(1982) demonstrated that endosomes possess an acid internal

pH. Since many ligands dissociate from their receptors at pH

values less than 6.0 (Brown et al., 1983) this suggests that

endo somes may play a role in receptor-ligand dissociation.

Geuze et al., (1983) has described a population of tubular

vesicles called CURL (compartment of uncoupling of receptor

and ligand). Using a double-labelling immunoelectron micros

copic technique on ultrath in sections of rat liver, CURL was

shown to be composed of vesicles with long tubular exten

sions containing segregated receptor; the ligand is local

ized to the lumen of the vesicle. Membrane-bound receptors

are believed to be recycled by forming small vesicles from

the tubular extensions, leaving the bulk of the luminal con

tents (free ligand) behind.
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Recycling was first observed when fibroblasts were

shown to internalize receptor-bound LDL without depleting

their surface receptors in the presence of cycloheximide, a

protein synthesis inhibitor (Brown and Goldstein, 1979).

Additional evidence was obtained when chloroquine, NH4C1,
methylamine (Gonzalez-Noriega et al., 1980) and monens in

(Basu et al., 1981), agents which alter the pH of acidic

organelles, blocked the recycling process and trapped recep

tors inside the cell. Other studies have indicated that rat

hepatocytes lose no surface ASGP receptors during active

internalization of ASGP (Wall and Hubbard, 1981, Bridges et

al, l982). Also, the rate of ASGP, insulin and a 2-M degrada

tion is 200-600 times faster than the rate of degradation of

their respective receptors (Krupp and Lane, l981, Geuze et

al., l'983). Although recycling is an important cell function

is these systems, it is not a universal phenomenon. EGF,

beta-adrenergic, LH, and GH receptors are apparently not

recycled but are shuttled to lysosomes to be degraded

(Zor, l983, Fehlmann et al., 1982). Insulin and LDL receptors

appear to be both down-regulated and recycled to the cell

surface (Brown et al., 1983).

Receptors for insulin, EGF and Ach have been shown to

be localized in the Golgi complex in addition to lysosomes

(review by Posner, l98 l, Dev reotes et al., 1977). The exact

functional significance of the appearance of receptors in

the Golgi is unknown. Since membranes are known to shuttle





34

between endo somes, lysosomes and Golgi elements (Farquhar

and Palade, 1981) receptors might escape recycling or degra

dation and move non-specifically between these organelles.

Brown et al. (1983) postulate that Golgi elements act as a

purification process for removing any contaminating membrane

proteins or lysosomal enzymes from endosomes following endo

somal fusion with lysosomes. Endosome-derived vesicles are

then able to recycle the receptor back to the cell surface.

It appears that cells are constantly synthesizing,

recycling and degrading proteins and lipids. These activi

ties enable the cell to ingest nutrients, degrade hormones,

engage in secretion and maintain the lipid and protein com

position of their organelle membranes. But the exact mechan

ism of receptor aggregation, internalization and transloca

tion from one membrane-bound compartment to another, has not

yet been determined.

Recent studies have indicated that the cell cytoskele

ton may play a role in these cellular events in some sys

tems. The cytoskeleton consists of microtubules (MT) com—

posed of tubulin, microfilaments (MF) composed of actin and

intermediate filaments (IF) composed of vimentin and desmin.

The ability of these proteins to assemble into filaments and

disassemble, enables the cytoskeletal (CSK) system to con

trol cell shape, motility, growth and secretory processes

(Gabbiani et al., 1979). CSK elements (actin, myosin, tubu

lin) have been shown to be associated with the plasma mem
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brane in a variety of cells including lymphocytes, fibrob

lasts and fat cells (Zor, l983). It is believed that asso

ciation with the plasma membrane allows the CSK system to

regulate lateral mobility, clustering, capping and internal

ization of hormone and lectin receptors. CSK proteins have

been shown to be involved in the capping and internalization

of Con A and Igg receptors on lymphocytes, but these CSK

effects require prior activation of the cells by ligand

(Oliver et al., 1980, Bachvaroff et al., 1980). This is not

the case for LDL, ASGP, or a 2-M receptors which are actively

internalized in the absence of ligand. This suggests that

the CSK system is not involved. In addition, there is no

evidence for CSK involvement in EGF receptor aggregation or

internalization (Schlessinger et al., 1978).

Although CSK involvement is not universal, there are

examples of CSK interactions with the beta-adrenergic, LH,

Ach and NGF (nerve growth factor) receptors. Insel and Ken

nedy (1978) demonstrated that colchicine (an agent that dis

rupts microtubules) had no effect on ligand binding of the

beta-adrenergic receptor but prevented stimulation of cAMP

formation in lymphocytes. Cherksey et al. (1980, 1981) used a

fluorescence receptor assay to study the effects of colchi

cine, cytochalasin B, v incristine and vinblastine on the

beta-adrenergic receptor in frog erythrocytes or corneal

epithelium. All these CSK disrupting agents decreased the

polarization of the ligand-receptor complex, indicating a
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change in the microenvironment of the membranes studied.

Cherksey (1981) proposed a model in which the antagonist

receptor complex is linked to CSK elements. Binding of agon

ist but not antagonist, leads to a dissociation of the

agonist-receptor complex from the cytoskeleton, the reby

activating adenylate cyclase. In contrast, Zor (1978) has

shown that antibodies to actin do not affect LH binding to

ovarian receptors but completely block c*MP formation.

Cytochalas in B, an agent which disrupts microfilaments, also

prevented cyclase activation. Intact microfilaments may be

required for receptor- cyclase activation. Sahyoun et al

(1981) demonstrated that the cyclase regulatory component

(N) in pigeon erythrocytes was associated with CSK elements.

The N protein was released from the CSK elements when

treated with Gpp (NH) p, an activator of cyclase. Mncl2, a

cyclase system uncoupler, increased the association between

N and the cytoskeleton. This suggests that activation of

both the N protein and the beta-adrenergic receptor may

involve dissociation from a cytoskeletal matrix in the

plasma membrane.

Two classes of high affinity NGF receptors, dis

tinguished by their binding kinetics, have been character

ized in pheochromocytoma PC12 cells. One class of receptors

(slow dissociation) has been shown to be tightly bound to

the extranuclear cytoskeletal matrix while the other class

of receptors are not. These NGF-CSK receptors are not
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internalized receptors because they are present in PCl2

cells even when internalization is blocked by a decrease in

temperature or sodium azide (Schechter and Bothwell, 1981).

CSK elements have been implicated in NGF internalization,

retrograde transport, and NGF-induced changes in cell sur

face morphology (Connolly et al., 1979, Greene and

Tischler, 1976). But more research must be performed to

determine the exact role of the cytoskeleton in NGF's

mechanism of action.

Prives et al. (1982) have revealed a significant popu

lation of Ach receptors that are attached to the cytoskele

ton of embryonic muscle cells. The proportion of cytoskele

tal receptors increases during myotube development and these

CSK-receptors correspond to the receptors in the aggregated

or patched areas of the myotube. It is postulated that the

cytoskeleton regulates the distribution and function of the

Ach receptor in muscle tissue by maintaining the high den

sity regions of Ach receptors characteristic of innervated

muscle. Although CSK elements are not universally involved

in receptor internalization and aggregation, the cytoskele

ton appears to play a significant role in receptor distribu

tion and function in many systems.

SOLUBLE FORMS OF MEMBRANE-BOUND RECEPTORS

To further complicate the study of receptor distribu

tion and function in the cell, membrane-free, water soluble

receptors have been characterized for GH, insulin,
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dihydroalprenolol ( a beta adrenergic agonist) , h06, LH,

prolactin, insulin-like somatomed in peptides (ILAs) and

dopamine (McGuffin et al., 1976, Gavin et al., 1972, Chuang

and Costa, 1979, Pahnke and Leidenberger, l978, Wilmalasena

and Dufau, 1981, Shiu and Friesen, 1974, Tsudzuki, l982 and

Kerdlehue et al., 1981). These water-soluble receptors share

many biochemical properties. They have all been shown to be

protease-sensitive, heat-labile, and pH-sensitive. The

receptors range in molecular weight from 12000 daltons to >

670,000 daltons. These soluble receptors do not appear to

result from proteolytic degradation of the membrane recep

tor, nor are they artifacts of tissue preparation. All the

soluble receptors bind to their respective ligands with high

affinity and specificity. The soluble GH and insulin recep

tors are shed from the cell surface of cultured human lym

phocytes and comprise 50% of the surface receptors lost due

to down-regulation. In studies involving the soluble beta

ad renergic receptor, incubating frog erythrocyte membranes

with isoprote renol (a beta-adrenergic agonist) caused an

increase in the number of cytosol [*H) dihydroalprenolol
binding sites and a proportional decrease in the membrane

bound [*H) dihydroalprenolol sites. Soluble ovarian receptor

studies have indicated that incubation of ovarian membranes

with increasing concentrations of soluble hoc/LH receptors

caused a dose-related increase of [125 I] hCG binding to

ovarian membrane. In contrast, adrenal membrane pellets

showed no binding of [125I] hog and no incorporation of
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water-soluble hormone-receptor complexes.

The exact function of the cytosol binding proteins and

their relationship to cell surface membrane receptors is not

clear at present. Careful studies by Thompson et al. (1978)

have indicated that integral proteins native to the plasma

membrane of BHK cells are also present in the cytosol and

can be incorporated into preexisting plasmalemma. Many pre

cautions were taken to prevent cytosol proteins from becom

ing trapped inside the membrane fraction. Following incuba

tion with 1251 Or lá C labeled cytosol, the membranes were

vigorously washed with high molarity KCL and EDTA, freeze

thawed two times and sonicated for 30 seconds. The mem

branes were also tested for lactate dehydrogenase, an enzyme

marker for cytosol. Both cytosol and membrane were subjected

to SDS gel electrophoresis. These authors suggest that one

aspect of membrane turnover involves molecular exchange

between membranes and cytosol. It is possible that cytosol

binding proteins serve as a link between organelle

(Golgi, endosome) binding sites and the plasma membrane

sites. The existence of soluble binding sites in numerous

cell systems suggests that these sites may play an important

role in target cell function or response. Further purifica

tion and characterization of these soluble binding sites

may elucidate their role in differentiated cell function.

The intracellular distribution of dopamine receptors in

the anterior pituitary is presently under investigation.
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Caron et al. (1978) reported that specific [*H) DHE binding

was associated only with the plasma membrane fraction fol

lowing subcellular fractionation of anterior pituitary homo

genates. These results are questionable because only four

crude organelle fractions were obtained from the pituitary

fractionation procedure. In contrast, immunocytochemical

studies (Goldsmith et al., 1979) revealed the presence of

haloper idol binding sites attached to PAP complexes on the

plasma membrane and in endocytotic vesicles of mammotrophs.

Other investigators (Nansel et al., 1979, Gudelsky et

al., 1980) have reported the internalization of extracellular

dopamine and its incorporation into prolactin secretory

granules in the anterior pituitary. This dopamine uptake

appears to be receptor-mediated since it is blocked by the

dopamine antagonist, cis-flupen thixol, and the agonist,

pe rebedil. In addition, the internalization of dopamine and

its incorporation into granules can be partially antagonized

by estrogen treatment (Gudelsky et al., 1981). It is believed

that estrogen may suppress dopamine's inhibition of prolac

tin by inhibiting dopamine uptake into prolactin granules.

Recent studies (Rosenzweig et al., 1982) have indicated

that [*H) DA is internalized by both mammotrophs and somato

trophs. The [*H1DA is sequestered in lysosomes, golgi

cisternae, secretory granules and discrete areas of the

nucleus when analyzed by quantitative, electron microscope

autoradiography. The internalization was receptor dependent
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because it could be inhibited 50-60% by addition of unla

beled dopamine. These studies suggest that internalization

of the dopamine receptor may play a role in dopamine's

mechanism of action in the anterior pituitary.

Recently we (Kerdlehue et al., 1981) have revealed the

presence of a high affinity, dopamine binding site in the

cytosol fraction of the steer anterior pituitary. This

dissertation comprises an extensive study of the biochemical

and structural properties of this cytosol dopamine binding

site. These studies were performed in an attempt to: com

pare the pharmacology of the cytosol binding site to the

membrane-bound receptor; determine the origin of these sites

and partially characterize their biochemical make-up; and

gain insight into the physiological function of the cytosol

binding site in the anterior pituitary.
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CHAPTER ONE

PHARMACOLOGICAL CHARACTERIZATION OF THE CYTOSOL DOPAMINE

BINDING SITES

Materials and Methods

Materials

The following drugs were used in this study: apomor

phine HCL (Merck); l- and d-butaclamol (gift of Ayer st) ; bro

moergocryptine (2-bromo-a-ergocryptine methane sulfonate,

gift Of Sandoz) ; l-epinephrine bitar trate and l

norepinephrine bitar trate hydrate (Calbiochem) ; 3

hydroxy tyramine HCL (Sigma); dihydroergocryptine (Gift of

Sandoz) ; pimozide, spiperone, domperidone (gift of Janssen) ;

chlorpromazine HCL (Smith, Kline and French) ; haloper idol

(gift of McNeil); phen tolamine HCL (Ciba Geigy) ; bacitrac in

(Sigma) ; 5'-guanylylimidodiphosphate (Gpp (NH) p, Sigma).

Butaclamol, bromoergocryptine, and spiroper idol were

initially dissolved in ethanol; apomorphine and dopamine

were dissolved in 0.1% ascorbic acid; pimozide was solubil

ized in 0.1% tar taric acid; haloper idol was dissolved in

0.08% lactic acid. The radioligand [*H) spIP (l-phenyl-4-3H

labeled; SA 27 Ci/mmol; New England Nuclear) was stored in

ethanol at –20° C.
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Tissue Preparation

Steer pituiaries were removed (McDermott Meatpacking,

Berkeley, Ca) and placed in ice-cold isotonic buffer which

was used throughout this study (304 mM sucrose, 15mm Tris

base, lmM EDTA, 10um baci tracin, pH = 7.4, ). The pituitaries

were dissected free of dura mater and the anterior and pos

terior lobes were separated. Anterior pituitaries were homo

genized in ice-cold buffer (l: 2 wt/vol) using a Waring

blender (one minute at high speed) followed by a

glass/teflon homogenizer (10 strokes). The homogenate was

centrifuged at 1000 x g for 10 minutes. The pellet was dis

carded and the supernatant centrifuged at 200,000 x g for 60

minutes in a Beckman 70 Ti rotor. The supernatant was then

filtered through glass wool to remove floating lipids. The

high speed supernatant, which will be referred to as the

cytosol fraction, was used in all subsequent binding stu

dies. The pellet from this centrifugation was prepared using

the method of Cronin et al. (1979) and was used in membrane

binding studies.

Binding of ■ ºilspie

Cytosol Fraction

Assay tubes contained a volume of the cytosol fraction

corresponding to 4-6 mg protein. A final volume of l ml was

obtained by addition of 0.02 - 4 nM (*hjspiperone
(1°hisPIP), non-radioactive competitors, and buffer. Ascor
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bic acid (5.6m.M) and nialamide (l2.5 um) were included in

the assay buffer for experiments involving catecholamines

o c.and apomorphine. Tubes were incubated for l hr at 37

The cytosol binding sites were stable for up to four hours

at 37° c. Bound [*H) sp1P was separated from free using

either gel filtration on Sephadex G-25 columns (Kerdlehue et

al., 1981) or a modified characoal separation method

(Clement-Cormier et al., 1981) in which loo ul of isotonic

buffer containing 2.5% charcoal and 0.25% dextran was added

to assay tubes. The tubes were incubated for 5 minutes at

4° c and then centrifuged at 1200 x g for 10 minutes. A 400

ul aliquot of supernatant was placed in a scintillation vial

with scintillation fluid (Liquiscint, National Diagnostics)

and counted with a machine efficiency of 39%. Specific bind

ing was defined as the total number of counts minus the

counts obtained in the presence of l um d-butaclamol. The

protein concentration was determined using the micro Brad

ford technique (Bradford, 1976). Scatchard analysis

(Scatchard, 1949) of the data was performed using a Hewlett

Packard 9825B computer with an iterative, least-squares,

curve-fitting program (Kent et al., 1980). The saturation

isotherms were fitted to increasing numbers of parameters

(number of binding sites (B ) and dissociations constants
I■ lax

(Ka) for separate classes of saturable sites, and *max/*d
for unsaturable sites) using a generalized model for

receptor-ligand interactions (Feldman, 1972). The number of

parameters (N) chosen was that which resulted in a
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statistically significant improvement (p < 0.05) in fit over

N - 1 parameters (Rodbard, l974). This analysis provided

the dissociation constants (Rd) and site numbers (B ) forIllax

the maximal number of detectable binding sites. For competi

tion experiments, 0.5 nM [*H) sp1P was incubated with

increasing amounts of agonists or antagonists to determine

their rank order of potency to displace [*H1sPIP binding.

Competition data were analyzed using a similar computer pro

gram to obtain competitor concentrations which inhibit 50%

[*hjspIP binding (IC50s). In addition, inhibitor dissocia

tion constants (kis) could then be calculated.

Membrane Fraction

For the membrane binding studies, the crude pellet was

resuspended in isotonic buffer. Assay tubes contained a

volume of the membrane suspension corresponding to 0.5-l mg

protein. A final volume of l ml was obtained by addition of

(*hjspIP, non-radioactive competitors, and buffer. Tubes

were incubated for 30 minutes at 37°C. Bound [*hjspIP Wa S

separated from free by filtration through glass fiber

filters (Whatman GF/C) using a filtration manifold (Yeda

Co.). Filters were dissolved in scintillation fluid and

counted. All data were analyzed as previously described.

Statistical Analysis

When appropriate, the data were analyzed using the Stu

dent t test, and p values of « 0.05 were considered to be
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significant.

Results

A. Gel filtration vs. charcoal separation of the bound and

free ligand

Specific [*hjspIP binding to the cytosol fraction was

linear with respect to protein concentration, and ranged

from 90 to 50% of total binding with concentrations of

ligand ranging from 0.02 nM to 4 nM. Similar results were

obtained when either l um d-butaclamol or an iterative,

least squares program was used to define specific binding.

The anterior pituitary gland cytosol fraction was shown by

gel filtration to contain high affinity, saturable,

[*H1sPIP binding sites with a Ka = 0.32 nM and a Bmax * 98

finoles/mg protein. Using a charcoal separation method, a Kd

value of 0.14 nM and a *max value of 72 frnoles/ mg protein

was obtained. With either method of separation, Scatchard

analysis of specific binding revealed a straight line which

was interpreted as a single class of low capacity, high

affinity binding sites (Figure 1). The charcoal separation

method was used in all subsequent binding studies since it

was determined to be more rapid, accurate and reproducible.
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B. Cytosol binding sites vs. membrane-bound receptors

Figure 2 shows Scatchard analyses of the cytosol frac

tion and crude membrane fraction of the steer anterior

pituitary. Similar dissociation constants (Ka) were observed
for the cytosol sites and the membrane-bound receptor (0.09

nM and 0.08 nM, respectively). The number of cytosol binding

sites represented 8.3% of the total number of specific sites

(cytosol plus membrane) in the anterior pituitary (4165 com

pared to 46172 frnoles/pituitary). In this study, the number

of membrane sites per mg protein is lower than the number

reported in the steer anterior pituitary (Cronin et

al., 1979). This is because a less purified particulate frac

tion was used in the present study.

C. Kinetics of [*hjspIP binding to cytosol fraction

The kinetics of [*hjspIP binding to the cytosol frac

tion of the anterior pituitary was investigated and the

results are shown in Figure 3. Specific [*H) sp1P binding was

fairly rapid at 37° c, achieving equilibrium over a 30–45

minute period. The pseudo first-order rate constant of asso

ciation (*obs) was 0.098/min. Addition of excess d

butaclamol to the assay medium after equilibrium was reached

resulted in dissociation of [*hjspIP with a first order dis

sociation rate constant (k2) of 0.02/min. The second order

association rate Constant (k1) was calculated from the equa

tion *1* (*obs
-

ka)/(*Hisplp and equaled l. 8 x 108 /M/min.

The Kd obtained from the rate constants (Kd = k2/k1) Wa S
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O. ll nM, in excellent agreement with that obtained from

equilibrium isotherms (0.09 nM).

D. Inhibition of [*H) sp1P binding by dopamine agonists and

antagonists

To further characterize the cytosol binding activity,

three to five competitions were performed for each agonist

and antagonist cited (Figure 4ab, Table l). Dihydroergo

crptine was the most potent agonist tested followed in order

by bromoergocryptine, apomorphine, dopamine, epinephrine and

norepinephrine. Spiperone was the most potent antagonist

followed by d-butaclamol, domperidone, pimozide, haloper i

dol, chlorpromazine, phen tolamine, and 1-butaclamol. This

rank order of potency is identical to that found for the

membrane-bound dopamine receptor (Cronin et al., 1979) and

parallels that seen for inhibition or stimulation of prolac

tin secretion in vitro (Caron et al., 1978). The cytosol
site is stereoselective since d-butaclamol was 5000 times

more potent than the non-active stereoisomer, l-butaclamol.

The alpha-adrenergic antagonist, phen tolamine, was a rela

tively weak competitor of [*H, spie binding in the cytosol

fraction. It should be noted that competition curves with

both dopamine and apomorphine were shallow and had pseudo

Hill coefficients of less than 1.0. The different slope of

these curves suggests the presence of two separate classes

of binding sites; one high affinity site, and one low affin

ity site.





49

2E. Effects of Mn” and Guanine Nucleotides on agonist bind

ing

To determine possible similarities between the

membrane-bound receptor and cytosol binding site, the

effects of 200 um Gpp (NH) p and 2 mM Mn”? (

+2

a concentration

of Mn previously shown to increase the number of high

affinity agonist binding sites (Sibley and Creese, 1982) on

the dopamine inhibition of [*H) sp1p binding in the cytosol

fraction were studied.

As seen in Figure 5, the dopamine competition curve is

biphasic, and computer analysis indicates that the data are

best fit by a two-state binding model. Approximately 50% of

the sites are in the high affinity state and 50% are in the

low affinity state. This is consistent with the membrane

bound receptor studies. These low and high affinity receptor

states are designated RI. and RH with their respective

inhibitory constants, Kr and KL

Gpp (NH) p was added to the incubation medium, the dopamine

H in Table 2. When 200 um

curve remained unchanged. There was no significant differ

ence (p > .05) between the inhibitory constants obtained in

the presence or absence of Gpp (NH) p. Guanine nucleotides

appear to have no effect on the cytosol binding site in the

bovine anterior pituitary gland. To determine if the iso

tonic buffer which contains a large amount of sucrose, was

interfering with the Gpp (NH) p effect, additional studies

were performed. Cytosol was obtained from pituitaries homo
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genized in the Tris buffer used in membrane binding studies

(50 mM Tris, l mM EDTA, 10 um bacitracin, pH = 7.4).

As seen in Table 2, Tris-cytosol contains slightly

higher affinity sites when compared to isotonic-cytosol, but

the percentage of high and low affinity sites is essentially
2identical. Although 2 mM Mn” increased the number of high

affinity agonist sites in the Tris-cytosol, Gpp (NH) p merely

reversed the effects of Mn”? and reduced the number of high

affinity sites to control values. (Tris-cytosol was not used

in subsequent studies because the binding site was unstable

in this buffer.)

+ 2
F. Effects of Ca On [*H1sPIP binding in the cytosol frac

tion

Studies by Sibley and Creese (1982b) have indicated

that divalent cations (including calcium) have no effect on

antagonist binding to the pituitary membrane-bound dopamine

receptor. In an attempt to compare the cytosol binding site

with the membrane-bound receptor, cat? studies were per

formed. As indicated in Table 3, ca”2 has no effect on

specific [*hjsp1p binding at any of the concentrations used.
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60 minutes to determine dissociation of bound (*H)SPIP. All values
are the mean of duplicate samples, and are representative of two,
and four experiments, respectively.
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TABLE 1. Competition for (*H)SPIP binding in steer anterior pituitary

CYTOSOL MEMBRANE

DOPAMINE AGONISTS K (nM) SEM Ki (nM)

Dihydroergocryptine 1.7 + 0.6 4.5

Bromoergocryptine 10 + 1.5 3.18

Apomorphine 11 + 4.0 565 + 86 26

Dopamine 310 + 70 20000 + 1450 294

Norepinephrine 27800 + 6600 260000°

Epinephrine 30800 + 7100 81000°

DOPAMINE ANTAGONISTS

Spiperone 0.35 + 0.03 0.33

D Butaclamol 1.8 + 0.7 4.0

Domperidone 3.5 + 0.5 6.1b
Pimozide 4.8

-

Haloperidol 5.0 + 0.8 4.0°

Chlorpromazine 55 + 6.9 223

Phentolamine 10600
-

L Butaclamol 53600 + 6200 12000°

d

b

Creese et al., 1977

Cocchi et al., 1980

Each inhibition constant (K) determination for a single drug was

obtained from at least three separate experiments. Apparent Ki's Were

calculated according to the equation Ki
-

IC where the IC50 , 50
1 + C/Kd

is the competitor concentration that yields 50% (3H)SPIP and the Kd is

the Kd of (*H)SPIP.
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2TABLE 2. Effects of Mn” and guanine nucleotides on dopamine/

(*H)SPIP competition curves

Experiment KH KL %RH *RL n

uM uM

I ISOtonic buffer 1.0 41 49 51 2

II Iso Mn” 0.3 + 0.1° 20 + 1 45 55 3

III Iso Mn”Gpp(NH); 0.5 + .3 23 + 4 42 58 3

IW TriS buffer 0.4 + .3 15 + 7 55 45 3

V Tris : Mn” 0.6 38 68 32 1

VI Tris : Mn”gpp(NH)p 0.8 40 56 44 1

All values were obtained from computer-fitted competition curves. The

results of experiments II and III were not significantly different at the

5% level when analyzed by the student t test.

* Mean SEM.

ISO = Isotonic buffer
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is shown. Both curves are best fit by a two site model with high and low

affinity sites (RH and RL) present in approximately equal proportions.
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2
TABLE 3. Effects of Ca" On (*H)SPIP binding in the cytosol fraction

+2 Specific Binding
(Ca' ‘) (mM) (% of maximum)

0.2 102 + 3

0.5 105 + 3

1.8 102 + 2

5.0 105 + 5

10.0 100 + 4

Incubations were performed in the absence of 1 mM EDTA.

The data represents mean + SEM from three separate experiments.
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CHAPTER TWO

EVIDENCE THAT THE CYTOSOL BINDING COMPONENT IS NOT AN ARTIFACT

Materials and Methods

Materials

The following drugs were used in addition to those

cited in Chapter l ; EGTA (ethylened iamine tetraacetic acid);

benzamidine HCL; leupeptin; pepstatin; (Sigma).

Tissue preparation and [*H) sp1P binding studies were per

formed as described in Chapter l.

Electron Microscopy

Pig brain coated vesicles were prepared according to

Nandi et al. (1982). 400 mesh copper grids were dipped in

either the anterior pituitary cytosol (0.01 mg protein/ml)

or the coated vesicle preparation (0. l mg protein/ml) and

negatively stained with lº aqueous uranyl acetate. The grids

were then examined with a Philips 400 transmission electron

microscope at an accelerating voltage of 60 kv. Photographs

were taken on Kodak EM film and printed on a Durst S-45 EM

enlarger.

Statistical Analysis

When appropriate, the data were analyzed using the Stu

dent t test, and p values of « .05 were considered to be
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significant.

Results

A. Site number is independent of buffer tonicity

There is a great deal of evidence to suggest that the

cytosol binding site is not an artifact of the homogeniza

tion procedure. We (Kerdlehue et al., 1981) have reported no

difference in the number or affinity of cytosol binding

sites when anterior pituitaries were homogenized in hypo

tonic (15 mM Tris, lmM EDTA, 107° M bacitracin, pH = 7.3),

isotonic or hypertonic (15 mM Tris, 120 mM. NaCl, 5 mM KCL, l

mM MgCl2, 2 mm CaCl2, 0.1% ascorbic acid, l.2.5 um nialamide,
-5

l() M bacitracin, 0.32 M sucrose, pH = 7.3) buffer.

B. Rehomogenization of the pituitary membrane fraction does

not extract additional sites

In addition to the above studies, vigorous rehomogeni

zation of the particulate fraction does not result in

further extraction of cytosol sites. A negligible amount of

specific [*Hisp1P binding is found in the supernatant fol

lowing rehomogenization of the particulate fraction, while

104 + 6% (n = 3) of the original membrane binding sites

remain. These results are in agreement with studies by Wil

malasena and Dufau (1981) in which vigorous rehomogenization

of the ovarian particulate fraction did not extract addi

tional water-soluble hCG/LH binding sites.
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C. Site number is unaffected by the presence of multiple

protease inhibitors

The cytosol dopamine binding site does not appear to be

the result of proteolytic release or degradation of the

membrane- bound receptor. Anterior pituitaries were homo

genized in isotonic buffer containing five anti-proteases (

lomM EGTA, 2mm benzamidine HCL, 10 ug/ml leupeptin, 5 ug/ml

pepstatin, l mg/ml bacitracin) that were shown to protect

acetylcholinesterase from proteolysis (Silman et al., 1979).

The anti-protease-treated cytosol had a site number equal to

37 it 6 frnoles/mg prote in and a Ka = 0.08 + 0.02 nM. The

cytosol obtained from pituitaries homogenized in control

buffer contained a site number equal to 36 + 5 frnoles/mg

protein and a Ka = 0.04 ± 0.02 nM. The Ka values obtained
from three separate experiments were significantly different

at the 5% level whereas the Bmax values were not signifiX

cantly different. Therefore, the presence of multiple pro

tease inhibitors in the homogenization buffer decreased the

affinity, but had no effect on the number of sites found in

the cytosol fraction.

D. Tissue specificity of the cytosol binding site

There was essentially no specific [*hjsp1P binding in

the cytosol fraction of the caudate nucleus (n = 3),

although the number of specific [*Hisplp binding sites

present in the membrane fraction of the caudate is equal to

208 fmole/mg protein (Seeman, 1980). There was no specific
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binding in rat uterine cytosol (n = 2). In addition, no

specific binding was found in bovine serum or to bovine

serum albumin (40 mg protein/ml) (n = 2). The tissue speci

ficity of the cytosol dopamine binding site is further evi
dence that this site is not an artifact.

E. Electron Microscopy of the cytosol fraction

Coated vesicles, which provide a selective uptake sys

tem for receptors and their respective hormones, are found

in the cytoplasm of many eukaryotic cells. In order to

determine that coated vesicles or membrane fragments were

not present in the cytosol fraction, electron microscopy was

performed.

An electron micrograph of anterior pituitary cytosol

(A, B) and pig brain coated vesicles (C) (Courtesy of Dr.

Evelyn Ralston) is shown in Figure 6. The proteins shown is

B appear in both an aggregated and monomeric form. The

coated vesicles seen in C are larger and have a more complex

structure than the globular proteins present in A and B.

These vesicles are approximately 50-100 nm in diameter and

exhibit the characteristic surface lattice of pentagons and

hexagons indicative of a clathrin coat. The absence of any

coated vesicle-like structures, in addition to the absence

of trilamellar structures (membrane fragments) provides

further evidence that the cytosol binding site is not asso

ciated with vesicles or membrane fragments. These results

suggest that the cytosol binding site is not an artifact of
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tissue preparation.
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FIG. 6. A composite electron micrograph of the anterior pituitary
cytosol fraction (A,B) and pig brain coated vesicles (C) is shown.
(A) The arrowhead indicates a globular protein present in the
anterior pituitary cytosol. (B) The arrowhead indicates an aggregate
of globular proteins and the tailed-arrow indicates an example of
a smaller protein molecule. (C) The arrowhead indicates an example
of a pig brain coated vesicle. All structures were negatively
stained with uranyl acetate and magnified x150,000. The scale bar
represents 100 nm.
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CHAPTER THREE

SEXUAL DIMORPHISM IN CYTOSOL BINDING SITE LEVELS

Materials and Methods

Materials

The drugs and methods of procedure used were identical

to those in Chapter l.

Statistical Analysis

When appropriate, the data were analyzed using the Stu

dent t test, and p values of « .05 were considered to be

significant.

Results

A. Cow vs. steer anterior pituitary dopamine receptors

Interesting results were obtained from a comparison

between cow and steer anterior pituitary dopamine binding

sites. As indicated in Table 4, cow anterior pituitary cyto

sol contains [*H) sp1P binding sites with a Kd = 0.19 + 0.05

nM and a *max * 10 + 1 fmole/mg protein. This result con

trasts with steer cytosol which contains [*hjspIP sites

with a Ka = 0.12 + 0.03 nM and a Bºax = 60 + 4 fmoles/mg

protein. In addition, the cow membrane receptor has a Ka =

0.57 it 0.14 nM and a Bmax = 267 + 2 frmoles/mg protein while

the steer membrane receptor has a Ka = 0.38 + 0.14 nM and a

Bmax = 210 + 27 fmoles/mg protein. The cow anterior
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pituitary has 27% more membrane-bound dopamine receptors but

possesses only lot of the total cytosol dopamine sites found

in the steer anterior pituitary. It appears that the total

number of anterior pituitary dopamine binding sites is the

same for both sexes, but that the intracellular distribution

of these sites is different.
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TABLE 4. Comparison of dopamine binding sites found in cow and steer

anterior pituitaries

(*H)SPIP

Bmax (fmol/
Kö(nM) mg protein) n

Cytosol COW 0.19 .05° 10 + 1 3
Steer 0.12 + .03 60 + 4 4

Membrane COW d 0.57 + 0.14 267 + 2 3
Steer 0.38 + 0.15 210 + 27 4

Above data were derived from equilibrium isotherms and Scatchard

analysis.

* Cronin et al., 1979.
* Mean : SEM.
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CHAPTER FOUR

BIOCHEMICAL ANALYSIS OF THE CYTOSOL DOPAMINE BINDING SITES

Materials and Methods

Materials

The following drugs were used in addition to those

cited in Chapter l; pronase, deoxyribonuclease, viokase

(Sigma) ; ribonuclease, trypsin, and soybean trypsin inhibi

tor (Worthington); n-ethylmaleimide (NEM), dithioth reitol

(DTT), (Calbiochem); Concanavalin A - Sepharose and Phenyl

Sepharose CL-4B, (Sigma); Glycogel B (Biorad); B-methyl-d-

glucoside (sigma) ; ***I 3-ovalbumin, H-progesterone- pro

gesterone binding globulin (*H-Prog-PBG), cort isol binding

globulin (CBG) were gifts from Dr. Robert Kuhn; [*H) DHE
(9,10-19,10-*h (N) l-labeled; SA 29 ci/mmol, New England
Nuclear) was stored at –20° C in ethanol.

Tissue preparation and [*Hisp1P binding studies were per

formed as described in Chapter l.

Enzyme studies

The cytosol fraction (4 mg/ml) was incubated with tryp

sin (0.4 mg/ml), viokase (0.5 mg/ml), pronase (0.5 mg/ml),

DNAase (1 mg/ml) or RNAase (1 mg/ml) for 1 hr at 379 c prior

to binding studies.



*
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NEM and DTT studies

The cytosol fraction was incubated with various concen

trations of NEM and DTT ranging from 2 mM to 64 mM for 30

minutes at 37° C prior to binding studies. In the NEM

dialysis experiment, the NEM-treated cytosol fraction was

dialyzed against 100 volumes of isotonic buffer for 18 hours

at 4° C prior to binding studies.

Statistical Analysis

The data were analyzed using analysis of variance fol

lowed by Newman–Keuls test, and p values of « 0.05 were con

sidered to be significant.

Glycogel B chromatography

The cytosol fraction was precipitated with 40% ammonium

sulfate and centrifuged at lo,000 x g for 30 minutes. The

pellet was resuspended in a 50 mM Tris buffer and dialyzed

overnight. The preparation was then centrifuged for 30

minutes at 40,000 x g to remove any particulate matter. The

glycogel B resin (Bed volume = 4 ml) was washed with lo

column volumes of 0.25 M ammonium acetate buffer pH = 8.8,

prior to use. 300 ul of the precipitiated cytosol prepara

tion was placed on a glycogel B column (l. 2 x 7 cm) in the

presence of 5 mg progesterone binding globulin (PBG), a

glycoprotein. The column was washed with 10 mls of ammonium

acetate buffer and then subsequently eluted with buffer con

taining 0.2 M glucose. Fractions (0.5 ml) were collected
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and analyzed for specific [*Hisp1P binding as follows. l nM

[*H) sp1P was added to 400 ul aliquots of the fractions in

the presence and absence of l um d-butaclamol. The assay

tubes were incubated for l hr at 37° C and bound [*H) sp1P
was separated from free using the characoal separation

method described in Chapter l. The recovery of binding

activity from this column was 99%.

Concanavalin A – Sepharose chromatography

An 800 ul aliquot of the ammonium sulfate precipitate

was incubated with 1 nM (*H) DHe for 1 hr at 37° c. [*H) DHE
was used in this study because it binds with high affinity

to the membrane- bound dopamine receptor, and has an

extremely slow dissociation rate. Con A-Sepharose (Bed

volume = l ml) was washed with lo column volumes of 50 mM

Tris buffer prior to use. 500 ul of the (*HIDHE-labeled
cytosol preparation was placed on a Con A-Sepharose column

(l. 2 x 7 cm). Following the application of the sample, the

column was washed with 7 mls of 50 mM Tris buffer containing

2, and Mn”. Any retained pro200 mM Naci, 1 mM ca”, Mg”
teins were eluted with 7 mls of 50 mM Tris buffer containing

0.5 M B-methyl-d-glucoside. Fractions (l ml) were col

lected, and 400 ul aliquots of these fractions were added to

4 ml Liquiscint and counted. The recovery from this column

was 88%.
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Phenyl - Sepharose chromatography

The cytosol fraction was prepared as above. Phenyl

Sepharose (Bed volume = l ml) was washed with lo-20 column

volumes of 50 mM Tris buffer (see above) prior to use. 500

ul of the (*H, DHE-labeled preparation was placed on a

phenyl-sepharose column (l. 2 x 7 cm). After the sample was

applied, the column was washed with 7 mls of 50 mM Tris

buffer. Any retained proteins were eluted with 7 mls 50 mM

Tris buffer containing 50% ethylene glycol. Fractions (l ml)

were collected and 400 ul aliquots of the fractions were

added to 4 ml Liquisc int and counted. The recovery from this

column was 96%.

All chromatography experiments were performed at room tem

perature.

Results

A. Enzyme digestion of the cytosol binding site

The cytosol fraction was pre-incubated with various

enzymes, and binding studies were performed. As indicated in

Table 5, the cytosol site was fairly resistant to trypsin

treatment. The specific [*H1sPIP binding decreased by only

31% in the presence of an extremely high concentration of

trypsin (0.4 mg/ml), a concentration equivalent to 10% of

the total cytosol protein. In contrast, pronase decreased

binding by 51% and viokase virtually eliminated specific

[*Hisplp binding. DNAase and RNAase had no effect on
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specific (*hjspIP binding. These results indicate that the

cytosol dopamine binding site is, at least in part, protein

in nature.

B. Sulfhydryl group modification

The effects of NEM (an agent which irrever sibly

alkylates sulfhydryl groups) and DTT (a reducing agent) on

the cytosol binding site are shown in Figure 7. Addition of

NEM at all concentrations examined (2 to 64 mM) signifi

cantly decreased (p < 0.05) specific binding in a dose

dependent manner when compared to control values. Addition

of DTT at all concentrations significantly decreased (p <

0.05) specific binding to a much lesser degree than NEM,

when compared to control values. The DTT-induced decrease in

binding was graded from 2 to 8 mM. However, the DTT effect

was small (binding decreased approximately 25% at maximal

concentrations of DTT).

Table 6a illustrates the results (n = 3) of dialyzing

the NEM-treated cytosol for 18 hrs at 4° C. Dialysis did not

alter the ability of NEM to decrease specific binding in a

significant (p < 0.05), dose- dependent manner. Pretreatment

of the cytosol fraction with either 2 mM DTT or l nM

(*Hisp1P protected the active site against NEM inactivation

in three separate experiments. (Table 6b)
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C. Glycogel B Chromatography

Glycogel B affinity chromatography of the ammonium sul

fate precipitated cytosol fraction resulted in an elution

pattern composed of three distinct protein peaks (Figure 8).

The majority of specific [*H) spie binding (solid line in top

panel) is found in the first three fractions corresponding

to the first protein peak or the "drop-through" portion of

the column. An insignificant amount of specific [*H) sp1P
binding was retained on the glycogel B column. This is in

COntrast to the lower panel which depicts the elution pro

file of [*H) progesterone bound to progesterone binding glo

bulin ([*H) Prog-PBG). A small peak of [*H) Prog-PBG (solid

line) corresponds to the second protein peak which

represents proteins that are retarded by the column. The

majority of the (*H, prog-PBG is in a large peak correspond

ing to the third protein peak which represents those pro

teins retained and subsequently eluted from the column with

glucose. Additional studies (results not shown) revealed

that only 20% of 125I-LH (lute inizing hormone) chromato

graphed on the glycogel B column was retained (n = 3).

D. Concanavalin A – Sepharose chromatography

figure 9 illustrates that all of the [*HIDHE-labeled
cytosol sites (solid line) were eluted in the first four

fractions corresponding to the "drop-through" portion of the

column. This indicates that the cytosol sites were not

retained by Con A-sepharose, an affinity resin which
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specifically binds glycoproteins with mannose residues. Con

trol experiments were performed with cortisol binding globu

lin (CBG), a glycoprotein, which was retained by the Con A

column (results not shown). Additional control experiments

revealed that PBG, a mannose-containing glycoprotein com

posed of 70% carbohydrate, was not retained by the Con A

separose column (personal communication from Dr. Robert

Kuhn).

E. Phenyl - Sepharose chromatography

Phenyl-Sepharose affinity chromatography Of the

(*HIDHE-labeled cytosol site was performed and the results

of this study can be seen in Figure 10. 45% of the cytosol

sites were eluted in fractions l through 4, whereas 55% of

the [*H. DHE-labeled cytosol sites were eluted in fractions 7

through l2. These results indicate that more than half of

the cytosol sites were retained on the phenyl-separose

column. This suggests that the cytosol sites are hetero

genous, but that the majority of sites are hydrophobic in

nature. Another possibility is that the column was over

loaded with prote in and was unable to retain all of the

binding activity.
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TABLE 5. (*H)SPIP binding to enzyme pre-treated cytosol

Enzyme
Specific Binding

(percent of maximum)

Trypsin (0.4 mg/ml)

Pronase (0.5 mg/ml)

Viokase (0.5 mg/ml)

DNAase (1 mg/ml)

RNAase (1 mg/ml)

69.0 + 2. 1

49.3 + 1.4

8.0 + 2.0

97.0 + 3.0

92.5 + 1.5

4 mg/ml cytosol protein was preincubated with enzyme for 1 hr at 3796.

The data represents mean SEM from three separate experiments.
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FIG.7. The effects of sulfhydryl group modification on specific (*H)SPIP
binding in the anterior cytosol fraction is shown. The data represents
the mean + SEM from three separate experiments in which the data were
expressed as percent of maximal (control) specific binding.
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TABLE 6a. Effects of dialyzing NEM-treated cytosol

Specific (*H)SPIP
(percent of maximum)

Concentration (mM) NEM NEM (Dialyzed for 18 hr)

2 43 + 3 39 + 3

4 21 + 5 19 + 7

8 10 + 3 17 + 4

16 6 + 2 10 + 3

32 2 + 1 2 + 3

64 1 + 1
-

All values are mean + SEM of three separate experiments.

TABLE 6b. Protection experiments for NEM-induced inactivation of

(*H)SPIP binding site

Treatment
(*H)SPIP binding

1st incubation 2nd incubation (percent of maximum)

None 2m M DTT 90 + 4

None 2m M NEM 46 + 4

2 m M DTT 2mM NEM 99 + 5

1 nM (*H)SPIP 2m M NEM 81 + 3

All values are mean + SEM of three separate experiments.
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CHAPTER FIVE

MOLECULAR WEIGHT DETERMINATION OF THE CYTOSOL

BINDING SITES

Materials and Methods

Materials

The following drugs and materials were used in addition

to those drugs cited in Chapter l; CHAPS (3-[(3-

Cholamidopropyl) dimethyl ammonio]-1-propanesulfonate)

**c-bovine serum albumin (SA 30(Sigma); urea (Sigma) ;

Ci/mmol, New England Nuclear); dextran blue and methyl red

(Pharmicia); gel filtration standard (Bio-Rad); Bio-Gel A

1.5m, 200–400 wet mesh (Bio-Rad) ; TSK 4000 HPLC column

(Beckman).

Tissue preparation and [*H] spie binding studies were per

formed as described in Chapter l.

Sucrose Density Gradient Analysis

The cytosol fraction was precipitated with 40% ammonium

sulfate and centrifuged at lo,000 x g for 30 minutes. 100%

of the cytosol binding sites were recovered in the pellet.

The pellet was resuspended in isotonic buffer, dialyzed

overnight, and centrifuged at 40,000 x g for 30 minutes to

remove any particulate matter. 200 ul of this preparation

was fractionated on 4 ml continuous gradients of 10 - 40%

(wt/vol) sucrose in 15 mM Tris, l mM EDTA, pH = 7.4 buffer.
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**c-albumin was used as an internal marker. The gradients

were centrifuged at 200,000 x g for 18 hrs at 4° c in a

Beckman SW 60 Ti rotor. 20 (200 ul) fractions were collected

using a model 640, density gradient fraction collector

(Instrumentation Specialties Company, Lincoln, Nebraska).

Binding studies were performed on the collected, pooled

fractions as follows. 0.5 nM [*H) sp1P was added to 600 ul

aliquots of the pooled fractions in the presence and absence

of 1 um d-butaclamol and incubated for 1 hr at 37° c. Bound

[*Hisp1P was separated from free using the charcoal separa

tion method described in Chapter l.

Gel filtration

Bio-Gel A-l. 5m columns (l. 6 cm x 95 cm) were equili

brated with isotonic buffer containing 100 mM. NaCl. All

separations were performed at a flow rate of l.2 ml/hr at

4o C. The columns were calibrated with standard proteins

obtained from Bio-Rad. The columns excluded proteins that

were larger than 670,000 daltons. The void volume (Vo) and

the total volume (Vt) were determined by elution profiles of

dextran blue and methyl red, respectively. Cytosol (l.5 ml)

was subjected to gel filtration and fractions of l. 5 ml were

collected. 600 ul aliquots of the eluted fractions were

assayed for specific [*hjspIP binding aS previously

described in Chapter l, to determine the elution profile of

the cytosol binding site. Protein concentration was deter

mined by the micro Bradford technique (Bradford, l976).
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Attempts were made to disaggregate the cytosol site by

adding cytochalasin B (l um), CHAPS (0.5%), Urea (5, 8 M),

Gpp (NH) p ( 100 um), Trypsin (1 mg/ml) or DTT (20 mM) to the

cytosol fraction and incubating the treated cytosol for l8

hrs at 4° c prior to chromatography. These reagents were

also added (often in a more dilute form) to the elution

buffer. Treated-cytosol (1.5 ml) was sujected to gel filtra

tion, fractions (1.5 ml) were collected, and binding studies

were performed as previously described.

Preparation of the cytosol fraction for HPLC

The cytosol fraction was prepared as above (See Sucrose

Density Gradient Analysis). The cytosol fraction was then

filtered through a 0.45 um Millipore filter to remove any

remaining particulate matter. Recovery of cytosol sites fol

lowing filtration was 98%. A 100 ul aliquot of filtered

cytosol was incubated with lo nM [*H) sp1P in the presence

or absence of l um d-butaclamol for 1.5 hrs at 37° c. This

cytosol preparation was then injected and chromatographed on

the TSK 4000 HPLC column. 32 fractions (0.5 ml) were col

lected, and subsequently counted.

High Performance Liquid Chromatography (HPLC)

Separation of the cytosol binding site was carried out

on a Waters model 204 HPLC equipped with a model U6K sample

injector with a 2 ml sample loop, a model 440 absorbance

detector and a Dohrmann chart recorder. The analyses were
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performed on a TSK 4000 protein analysis (7.5 mm x 30 cm) lo

um, column (Beckman). The column was calibrated with a gel

filtration standard consisting of thyroglobulin (670,000

daltons), gamma globulin (154,000), ovalbumin (44,000), myo

globin (l7,000) and vitamin B-l2 (1350) obtained from Bio

Rad. The resolution of proteins on the column was excellent

at a flow rate of l ml/min. All analyses were performed at

this flow rate, at room temperature. An average column run

was lo minutes. The elution buffer contained 50 mM Tris, 25

mM NaCl, l mM EDTA, pH = 7.4. The yield from the HPLC

column was 75% of the amount injected.

Results

A. Sucrose Density Gradient Analysis

Sucrose density gradient analysis was performed to

determine an approximate molecular size of the cytosol bind

ing site. The results of one experiment are shown in Figure

ll and are representative of three experiments. Since simi

lar peaks of specific [*H1sPIP binding were recovered from

the 6S region of individual gradients, fractions from four

gradients were pooled to obtain the maximum binding

activity. The majority of the specific [*H) sp1P binding

(solid line) migrated in a large peak in the 6S region of

the sucrose density gradient. This peak corresponds to a

protein of approximately 200,000 daltons in size. The first

peak in the protein profile (dashed line) cosed iments with
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**c-albumin while the second prote in peak corresponds to the

[*H1sPIP labeled cytosol binding site. Only 33% of the

labeled cytosol sites were recovered from the gradient.

B. Bio-Gel A-l.5m chromatography of the cytosol site

The cytosol fraction was subjected to gel filtration

on a Bio-Gel A-l. 5m column which was followed by a [*HispIP
binding assay on the column fractions. The column was cali

brated with a gel filtration standard (18 mg protein) con

taining five proteins ranging in molecular weight from

670,000 to 1350 daltons. The proteins eluted in five peaks

with a profile consistent with their molecular weights. The

results of the column calibration are shown in Figure l2.

When the cytosol fraction (15 mg protein) was subjected

to gel filtration, approximately 90% of the cytosol binding

sites were found in fractions corresponding to the void

volume of the agarose column. The recovery of these sites

from the column was excellent (80-90%) and these results

were observed repeatedly (n = 5). No specific binding was

detected in fractions corresponding to a 200,000 dalton pro

tein.

Numerous reagents were added to the cytosol fraction in

an attempt to determine whether the large size of the cyto

sol binding site was the result of aggregation (Table 7).

Incubation of the cytosol fraction with l um cytochalasin B,

a concentration previously shown to disrupt microfilaments
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in adrenal cells (MacPher son and Ramachandran, 1980) had no

effect on the molecular size of the cytosol binding site.

CHAPS (8 mM), a non-denaturing zwitter ionic detergent which

is often used to solublize membrane-bound receptors, also

had no effect on the molecular size of the cytosol site. Two

concentrations of urea, which dissociates proteins and des

tabilizes their native conformations, was also ineffective

in disaggregating the cytosol site. The non-hydrolyzable

guanine nucleotide, Gpp (NH) p, which was shown to dissociate

the B-adrenergic receptor from the N binding protein (Lim

bird et al., 1979) was also without effect. The cytosol frac

tion was then incubated with trypsin, a proteolytic enzyme,

and DTT, a reducing agent, in the absence of baci tracin.

(Bacitracin, a potent anti-protease (Silman et al., 1979) was

shown to interfere with tryps in activity.) Although some

specific [*H) sp1P binding appeared to be retained by the

agarose column after lengthy incubation with each of these

reagents, the peaks of binding activity were distributed in

a random, non-reproducible manner. When the cytosol fraction

was incubated overnight without bacitracin, in the absence

of any added reagent, identical results were obtained (n =

2). It was concluded that in the absence of baci tracin,

non-specific proteolytic degradation of the cytosol fraction

occured. Neither trypsin nor DTT decreased the molecular

size of the cytosol binding site in a specific manner.

C. HPLC of the cytosol binding site





71

Figure 13 illustrates the results of HPLC of the cyto

sol binding site. [*Hisp1P binding in the absence of d

butaclamol (solid line) comprises a large peak in fractions

corresponding to the void volume of the column. This is

accompanied by a shoulder of binding corresponding to pro

teins between l90,000 and 670,000 daltons in molecular

weight. The third peak of [*Hisp1P represents unbound

ligand. [*hjspIP binding in the presence of d-butaclamol

(dashed line) comprises a small peak in the void volume por

tion of the column and a much larger peak corresponding to

unbound [*Hisp1p. Specific binding comprises 80% of the

total [*H) sp1P bound, and is associated with both a large

prote in aggregate and a smaller protein moiety. In addi

tional studies (results not shown), the precipitated cytosol

fraction was incubated with l um cytochalas in B and 100 um

Gpp (NH) p, respectively, for 18 hrs at 4° C. Results identi

cal to those seen in Figure l3 were obtained after treatment

with these reagents.
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TABLE 7. Effects of various reagents on the molecular weight of the

cytosol binding site

Specific (*H)SPIP binding
Reagents (% in void volume) n

CHAPS (.5%)* > 80 3

Cytochalasin B (1 um) > 90 3

Urea (5M)* > 80 3

Urea (8M) > 80 1

Gpp (NH)p (100 um) > 90 l

Trypsin (1 mg/ml) 30 — 50 3

DTT (20 mM) > 50 2

The cytosol fraction (15 – 20 mg protein) was incubated with the above

reagents for 16 hr at 49c prior to chromatography on a Bio-Gel A-1.5m

column. Flow rate: 12 ml/hr. Buffer: 304 mM Sucrose, 50 mM Tris,

1 mM EDTA, 100 mM NaC1, pH=7.4.

*Pituitaries were homogenized but not incubated with this reagent.
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DISCUSSION

Hormone receptors have been solubilized from the parti

culate fraction of numerous tissues using detergents such as

lubrol, Triton X-l90, digiton in and CHAPS. However, deter

gent solubilization often alters the biochemical and struc

tural properties of the membrane-bound receptor (Clement

Cormier , 1981). In addition, our laboratory attempted to

solubilize the membrane-bound dopamine receptor from the

anterior pituitary in order to purify the receptor and

obtain monoclonal antibodies. However, solubilization of the

anterior pituitary membrane fraction using 8 mM CHAPS, l?

n-octylglucopyrano side or lº Triton X-l90 did not extract

membrane-bound sites.

The discovery of high affinity dopamine binding sites

in the cytosol fraction of the steer anterior pituitary

offered a different methodological approach to study the

dopamine receptor. The existence of a water-soluble macro

molecule which binds dopamine in a specific manner raises

two important questions: 1) What is the chemical nature of

this dopamine binding site?, and 2) What is the biological

significance of this macromolecule? Although there are no

clear-cut answers to these questions at present, both demand

a comparison of binding characteristics and physiochemical

properties of the cytosol sites with those parameters of the

membrane-bound dopamine receptor. This comparison may

enable us to obtain information about the possible cellular
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function of the cytosol dopamine binding sites and their

relationship to the membrane-bound receptor, as well as to

give insight for future studies.

The dissociation constant (Kd) obtained for [*H) sp1P
binding to the cytosol fraction (0. ll nM) strongly resembles

the Kd obtained for [*Hispie binding to the particulate

receptor (0.38 nM, Cronin et al., 1979). Although the cytosol

binding sites manifest a greater rate of association (k1)
for [*HispIP than the membrane-bound receptor (l.8 x 108 VS e

2. lº■ x 107 M-4 min-"), the rate of dissociation (k2) is
identical (0.02 min-"). The more rapid association rate of

the cytosol binding sites may be due to the lack of steric

hind rance from proteins and lipids normally associated with

the membrane-bound receptor. In addition, the level of

specific binding at Kd (the concentration of free [*hjspIP
needed to occupy half of the receptors) is 90% for the cyto

sol binding components and only 60% for the membrane-bound

receptor. [*H) sp1P is a hydrophobic ligand and binds non

specifically to lipids present in the membrane. Therefore,

it is possible that the absence of lipid contaminants may

account for the extremely low levels of non-specific binding

obtained in the cytosol fraction when compared with the par

ticulate fraction.

The rank order of potency of dopamine agonists and

antagonists in competition experiments is identical to that

of the membrane-bound receptor. The shallow, biphasic agon
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ist competition curves for [*H1sPIP binding in the cytosol

fraction closely resemble those obtained for [*H) splp bind

ing to the membrane-bound receptor. In both fractions, an

equal proportion of high and low affinity binding sites are

observed. However, in the presence of high concentrations of

the guanine nucleotide, Gpp (NH) p, the high affinity form of

the agonist-receptor complex is abolished in the particulate

fraction (Sibley and Creese, 1983), but remains unchanged in

the cytosol fraction. Apparently, guanine nucleotides pro

mote an interconversion of the high affinity agonist binding

state to the low affinity binding state in the membrane

fraction, but are ineffective in the cytosol fraction. One

possible explanation for the absence of a guanine nucleotide

effect on the cytosol binding sites is the absence of the N

regulatory protein. However, this explanation may be

incorrect since both high and low affinity agonist binding

sites are observed in the cytosol fraction. It is generally

accepted that an interaction between the agonist, D-2 recep

tor and N regulatory protein results in the formation of a

ternary complex which is responsible for the high affinity

binding site in the anterior pituitary. Assuming this theory

is correct, it is possible that a proportion of the cytosol

binding sites are associated with N regulatory proteins

allowing the formation of high affinity binding sites. The

N proteins apparently exist in a conformation in which they

are incapable of binding guanine nucleotides. In Rodbell's

model (1980, 1981), which is based on the rat liver cyclase
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system, an oligomer of RN units (700,000 daltons) represents

the high affinity state of the receptor which is unable to

bind guanyl nucleotides. Hormones induce a conformational

change in this oligomer which allows the oligomer to bind

guanine nucleotides. The RN oligomer dissociates into RN

monomers as the result of the combined action of hormone and

guanine nucleotide. These monomers represent the low affin

ity state of the receptor, and interact with the catalytic

subunit of cyclase. RN oligomers in equilibrium with RN

monomers may be present in the particulate fraction of the

anterior pituitary, giving rise to equal numbers of high and

low affinity membrane binding sites. When hormone and guan

ine nucleotides are added, the oligomers dissociate into

monomers and become the low affinity state of the dopamine

receptor. Specialized membrane components may be required

for the guanine nucleotide-induced dissociation of the

membrane-bound oligomers into monomers. It is possible that

RN oligomers and monomers are also in equilibrium in the

cytosol fraction, but the oligomers are unable to undergo

conformational changes and disaggregate, even in the pres

ence of hormone and guanine nucleotides. It is also possible

that the monomers, which represent the low affinity sites,

become aggregated or altered when subjected to HPLC . This

might explain why only 20 to 30% of the total number of

cytosol sites are detected in the low molecular weight form.

This model is attractive because the RN oligomers in the rat

liver and adipocyte systems are 700,000 to 1.3 million
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daltons in size (Rodbell, 1980) which is consistent with the

large size of the majority of the cytosol binding sites.

Another possibility is that the cytosol binding protein

is not associated with an N regulatory protein but interacts

with another regulatory protein whose identity is not yet

determined. This regulatory protein "X", present in both

the membrane and cytosol fraction, may be responsible for

inducing the high affinity state of the receptor but is

unresponsive to guanine nucleotides. X might represent a

link between the receptor and the N regulatory protein.

Another potential regulatory factor for the formation

of the high affinity receptor state (RH) is the presence of

2 and Mn”?divalent cations in the assay medium. Both Mg”
have been shown to increase the proportion of membrane-bound

receptors in the RH form, and their affinity constants for

agonists in the anterior pituitary gland (Sibley and

Creese, 1983) and the beta-adrenergic system in the turkey

erythrocyte (Limbird et al., 1979).

In cytosol prepared with Tris buffer, 2 mM Mn”?

increased the proportion but not the affinity of RH.
Gpp (NH) p reversed these effects and returned the percentage

Of RH to control values. These results should be inter

preted with caution because 2 mM Mn”? had no effect on the

affinity or the percentage of RH in isotonic-cytosol. Mn”?
is capable of acting as an oxidant (Limbird et al., 1979) and

its effects in Tris-cytosol may have been the result of an
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ionic interaction with the cytosol binding protein that

could be blocked by guanine nucleotides (which have multiple

effects in the cell, Hill et. al., 1976) and masked by the

high level of sucrose in the isotonic buffer.

Divalent cations have been shown to have no effect on

antagonist binding to the membrane-bound dopamine receptor

(Sibley and Creese, 1983). ca”, at all the concentrations

tested, had no effect on [*hjspIP binding in the cytosol

fraction. In this manner, the cytosol binding protein

closely resembles the membrane-bound receptor. These results

are in contrast with studies by Tsudsuki (1983) in which 0.2

+2 significantly decreased *H-Dopamine binding toto 10 mM Ca

a cytoplasmic glycoprotein isolated from rat brain. But

antagonist binding differs greatly from agonist binding as

indicated in the competition studies previously mentioned.

ca”.2 might be required for the formation of the high

affinity agonist-binding state.

Although there are many similarities between the cyto

sol binding protein and the membrane-bound dopamine recep

tor, there is a great deal of evidence to suggest that the

cytosol sites are not artifacts of the homogenization pro

cedure, nor the result of proteolytic release or degradation

of the membrane-bound receptor.

We (Kerdlehue et al., 1981) reported no difference in

the number or affinity of the cytosol binding sites when

pituitaries were homogenized in hypotonic, isotonic or
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hypertonic buffer. Vigorous rehomogenization of the parti

culate fraction did not extract additional sites into the

cytosol fraction. In addition, if the homogenization pro

cedure (which is identical for both cow and steer pitui

taries) was extracting sites into the cytosol, one might

expect to see an equivalent number of cytosol sites in the

cow pituitary gland. It is possible that the association

between receptor and membrane in the steer is less avid due

to the absence of estrogen (there is a negligible amount of

estrogen in bull urine or spermatic blood, Pearson and Mar

tin, 1966) or androgen, and this accounts for the six-fold

increase in cytosol binding sites. However, it can be argued

that homogenization of the pituitary does not extract sites

into the cytosol fraction.

Carbon-coated grids are used as supports for soluble

proteins or small cellular organelles in transmission elec

tron microscopy. Coated-vesicles, which are smaller than

secretory granules or synaptic vesicles, were carefully iso

lated and fixed on carbon-coated grids for comparison with

the globular proteins present in the cytosol fraction. This

study indicated the absence of membrane fragments or small

vesicles in the cytosol fraction. This suggests that the

cytosol binding proteins are not associated with membrane

fragments or intracellular organelles.

Experiments were performed to determine if cytosol

binding sites were the result of proteolysis of the
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membrane-bound receptor. Pituitaries were homogenized in an

anti-protease buffer used by Silman et al. (1978) to isolate

intact acetylcholinesterase from skeletal muscle. This

buffer contained EGTA, an inhibitor of ca”? -activated pro

teases, leupeptin and pepstatin, inhibitors of lysosomal

proteases (Dean et al. , 1976), and benzamidine HCL and

bacitracin, inhibitors of collagen (Bymers et al. , 1975)

and peptide hormone (Dayton et al., 1976) degradation,

respectively. Although these anti-proteases significantly

decreased the affinity of the cytosol binding sites, they

had no effect on the number of sites found in the cytosol

fraction. This was evidence that the cytosol binding sites

were not the result of membrane-bound receptor degradation.

The decrease in binding protein affinity is consistent with

studies by Szego and Pietras (1981) in which leupeptin

decreased the affinity of the cytosolic estrogen receptor in

uterine tissue.

The observation that the cow anterior pituitary gland

has only lot of the cytosol binding sites found in the steer

anterior pituitary might lend insight into a physiological

role of the cytosol binding sites. The hormonal environment

of the pituitary gland may mediate the intracellular distri

bution of the dopamine receptor. The role of estrogen in the

dopaminergic inhibition of prolactin secretion is complex

and species-dependent. In the rat, estrogen plays a major

role in the regulation of prolactin synthesis, causing a
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300-500+ increase in prolactin synthesis both in vivo and in

vitro (Maurer et al., 1977, Lieberman et al., 1978). In the

bovine, there is little relationship between estrogen and

prolactin synthesis (Baxter and Gorski, 1981). Neither the

sex of the animal (cow, bull, steer) nor the reproductive

state of the female alters the levels of prolactin syn

thesis. Also, reduction of endogenous estrogen levels by

ovariectomy or adrenalectomy has no effect on prolactin syn

thesis. These studies contradict work by Padmanabhan and

Convey (1979) who showed that estrogen administration to

bovine pituitary cells in culture stimulates prolactin

release and increases prolactin accumulation in the cell

system. But these investigators used 1000 times the concen

tration of estrogen necessary to saturate bovine pituitary

cell estrogen receptors. Therefore the physiological signi

ficance of these studies is questionable.

In addition to regulating rat prolactin synthesis,

estrogen stimulates basal prolactin secretion and reverses

the inhibitory effects of dopamine on prolactin secretion in

cultured rat pituitary cells (Raymond et al., 1978). Mammo

trophs have been shown to bind estradiol (Keefer et

al., 1976) and recent work by Heiman and Ben-Jonathan (1982)

indicates that estradiol decreases the number but not the

affinity of dopamine receptors in rat anterior pituitaries.

In addition, separation of lactating mothers from pups,

which increases maternal dopamine biosynthesis, also signi
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ficantly decreased the number of dopamine receptors. These

authors conclude that estradiol either acts directly on the

pituitary gland or indirectly decreases the number of dopam

ine receptors by increasing dopamine biosynthesis. This

study differs from the work of DiPaolo et al. (1979) in

which the number of dopamine receptors was unchanged by

estradiol treatment.

As previously mentioned, the bovine pituitary is the

least responsive to estrogen's effects on prolactin syn

thesis and this observation is correlated with low concen

trations of bovine estrogen receptors (Gorski, 1981). In

addition, little is known about the effects of estrogen on

bovine pituitary dopamine receptors. Although estrogen may

not play a role in prolactin synthesis, estrogen may affect

the cytoskeletal architecture of bovine anterior pituitary

cells. Estrogen has been shown to stimulate Na"/k* ATPase

activity, CAMP accumulation and ca” distribution in

estrogen-sensitive cells (Szego and Pietras, 1981). Accord

ing to these investigators, these estrogen-induced cellular

events can lead to alterations in the cytoskeletal com

ponents. Estradiol has been shown to induce clustering of

Con A binding sites on endometrial cells and this redistri

bution of Con A sites can be blocked by colchicine, a drug

which disrupts microtubules (Pietras and Szego, 1977, 1981).

Estrogen has been shown to induce alterations in rough endo

plasmic reticulum and increase the number of secretory
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granules and tonofilaments in canine prostate cells (Merk et

al., 1980). It is therefore possible that estrogen is capable

of inducing ultrastructural changes in the anterior pitui

tary. Estrogen inhibits both the uptake of dopamine into

prolactin secretory granules (Gudelsky et al., 1980) and

dopamine's stimulation of lysosomal activity (Gudelsky et

al., 1981). Estrogen may induce changes in the cytoskeletal

components of bovine pituitary cells such that receptor

internalization, recycling and degradation is altered. These

changes may result in an intracellular distribution of

dopamine receptors that is different from that in the steer

pituitary.

It is also possible that the absence of and rogen in the

steer is responsible for the different intracellular distri

bution of the cytosol binding sites. Perhaps the presence of

reproductive hormones is required for membrane stability in

the anterior pituitary. Estrogen and and rogen might stabil

ize the membrane so that the rate of receptor recycling and

intracellular transport is reduced. The absence of these

hormones might result in an increased movement of receptors

from membrane compartments to the cytoplasmic compartment.

Little is known about the effects of androgen on bovine pro

lactin secretion, membrane-bound dopamine receptors, or

cytoskeletal elements. Studies involving these parameters

might lend insight into the role of and rogen in dopamine's

mechanism of action in the bovine anterior pituitary.
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Biochemical studies were performed on the cytosol bind

ing sites in an attempt to determine their structure and

possible function in the anterior pituitary gland. Enzyme

studies revealed that the cytosol binding sites were sensi

tive to viokase and pronase, slightly sensitive to trypsin

and completely insensitive to RNAase and DNAase. These

results indicate that ligand binding is not dependent upon

nucleic acids and is, at least in part, protein in nature.

The conformation of the cytosol sites may be such that

arginine and lysine residues are unexposed or are sterically

unavailable for cleavage by trypsin.

The sulfhydryl-alkylating reagent, NEM, significantly

decreased specific [*hjsp1P binding in the cytosol fraction

in a dose-dependent manner. Dialysis of the NEM-treated

cytosol did not reverse the NEM-induced inhibition of

specific binding. The decrease in binding could be

prevented by coincubation with ligand or DTT. These studies

are in complete agreement with work by Sibley and Creese

(1982) in which NEM pretreatment of anterior pituitary mem

branes decreased specific [*Hisp1P binding except in the

presence of ligand or DTT. These results indicate that an

intact sulfhydryl group is required for ligand binding and

is located within, or in close proximity to, the active site

of the membrane-bound receptor and the cytosol binding

sites. Additional work by Sibley and Creese (1982) revealed

that NEM pretreatment decreased agonist ([*H1NPA) binding to
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anterior pituitary membranes and neither agonist nor anta

gonists could protect against the inactivation. According to

these investigators, the presence of a second sulfhydryl

group, believed to be located on the Ni regulatory protein,

plays a role in regulating the formation of the high affin

ity agonist-binding state in the anterior pituitary.

These findings differ somewhat from the role described

for sulfhydryl groups in regulating ligand binding to beta

(Korner et al., 1981) and alpha ad renergic receptors (Jakobs

et al., 1981). In these systems, free sulfhydryl groups are

not required for ligand occupancy of the receptor-binding

site, and NEM alone does not inactivate agonist binding. But

recent evidence suggests that a reactive sulfhydryl group is

also located on the N regulatory proteins that regulate beta

ad renergic agonist binding, alpha ad renergic receptor

mediated cyclase inhibition, and striatal dopamine

receptor-mediated cyclase activation (Suen et al., 1982). The

effects of NEM on agonist binding to the cytosol binding

sites were not studied in the present work, so no conclu

sions can be drawn about the existence of a second reactive

sulfhydryl group.

DTT only decreased specific [*Hisp1P binding to the

cytosol sites to a small degree. DTT had no effect on

[*H]spIP binding to anterior pituitary membranes (Sibley and

Creese, l982). This suggests that intact disulfide bonds are

not required for antagonist binding to either the membrane
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bound dopamine receptor or the cytosol binding sites.

To determine whether the cytosol binding sites con

tained a carbohydrate moiety, affinity chromatography was

performed using Glycogel B and Concanavalin A-Sepharose.

Glycogel B, composed of immobilized boronic acid on an

agarose matrix, binds glycoproteins with high affinity and

capacity via a boronate cis-glycol interaction. The cytosol

binding sites were not retained by this affinity resin.

Progesterone binding globulin (PBG), approximately 70% car

bohydrate, was retained but only 20% of l25 I-LH, approxi

mately lS$ carbohydrate, was retained by this affinity

resin. It is possible that Glycogel B can only bind

glycoproteins with a fairly high carbohydrate content.

Concanavalin A (Con A) is a lectin isolated from jack

beans which specifically binds a-D-mannose and a-D-glucose

residues (So, L. L. and Goldstein, I.H., 1967). Con A is often

used in affinity resins to purify glycoproteins. Con A

affinity columns have been shown to bind detergent

solubilized insulin, Ach, prolactin and LH/hCG receptors

(Cuatrecasas and Tell, 1967, Brockes and Hall, 1975, Batta

charya and Vonderhaar, l982, Azhar and Menon, l981). In con

trast to these solubilized membrane receptors, the cytosol

binding sites were not retained by the Con A-Sepharose

column. Cortisol binding globulin (CBG) which is approxi

mately 20% carbohydrate (Personal communication from Dr.

Robert Kuhn) was retained by this column but PBG, composed
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of 70% carbohydrate, was not. Although both the Glycogel B

and Con A-Sepharose columns were unable to bind all

glycoproteins, the fact that neither column was able to

retain the cytosol binding activity strongly suggests that

the cytosol sites lack an accessible carbohydrate moiety.

At present, no studies have been performed to determine

the carbohydrate content of the membrane-bound dopamine

receptor. But it is generally accepted that most integral

proteins are glycosylated in the endoplasmic reticulum. A

complex oligosaccharide composed of N-acetylglucosamine,

mannose and glucose is transferred to an amide group on an

asparagine residue of the newly synthesized protein. Exten

sive modification of this precursor structure occurs in the

Golgi complex. In contrast, soluble proteins synthesized on

free ribosomes in the cytoplasm are not glycosylated (Wagh

and Bahl, l981). The carbohydrate moieties of membrane pro

teins have been shown to play an important role in intercel

lular recognition (Szego and Pietras, l981). It is also pos

tulated that carbohydrate groups orient glycoproteins in

membranes. Since sugars are highly hydrophilic, the sugar

residues are located at the membrane surface rather than the

hydrophobic core of the membrane. The free energy required

to insert an oligosaccharide moiety into the hydrophobic

core is very high. Therefore, carbohydrate moieties prevent

the rotation of glycoproteins in membranes and help to main

tain the assymetric character of biological membranes
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(Stryer, l981). If one assumes that the membrane-bound

dopamine receptor contains a carbohydrate moiety, the non

glycosylated cytosol binding sites may represent recycled or

partially degraded forms of the membrane-bound receptor, or

completely different macromolecules.

55% of the cytosol dopamine binding sites were retained

on a phenyl-sepharose column. The phenyl groups are attached

to the separose matrix via an ether linkage, and bind hydro

phobic proteins by forming non-covalent, hydrophobic bonds.

It is commonly accepted that when a prote in molecule assumes

its native three-dimensional structure in an aqueous

environment, its hydrophobic side-chains are pushed into the

interior of the molecule, and its hydrophilic or polar

side-chains arrange themselves around the external surface

of the protein molecule where they can interact with water

and other polar molecules. Ammonium sulfate, which is used

to precipitate proteins out of solution, alters the struc

ture of water (personal communication from Dr. Robert Kuhn).

Proteins no longer interact with the polar water molecules,

but interact with each other and form hydrophobic protein

aggregates. It appears that the majority of the cytosol

dopamine binding sites, following ammonium sulfate precipi

tation, manifest a hydrophobic surface that binds to

phenyl-sepharose.

Three different methods were used in an attempt to

determine the molecular size of the cytosol binding protein:
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sucrose density gradient centrifugation, gel filtration on a

Bio-Gel A 1.5m column, and High Performance Liquid Chroma

tography (HPLC) on a TSK 4000 column. Sucrose density gra

dient analysis revealed that the cytosol binding prote in

migrated in the 6S region of the gradient suggesting it was

approximately 200,000 daltons in size. However, only 33% of

the cytosol binding sites were recovered from the gradient.

Two possibilities might explain this relatively poor

recovery. The remaining cytosol sites were either large pro

teins or aggregated and pelleted to the bottom of the gra

dient, or the cytosol sites became altered by the conditions

of the gradient such that they were unable to bind ligand.

To determine which of these explanations were correct,

further sizing experiments were performed on a Bio-Gel A

l.5m column.

Bio-Gel A-l. 5m is composed of agarose gel beads with an

exclusion limit of approximately 700,000 daltons. This

agarose gel was chosen for its ability to resolve proteins

over an extensive range of molecular weights in the presence

of isotonic buffer. As previously mentioned, 90% of the

cytosol binding sites were excluded by the column and the

recovery from this column was excellent (80-90%). Interest

ingly, no specific binding was detected in fractions

corresponding to a 200,000 dalton protein. Similar results

were obtained in studies by Sherman et al. (1970). Pro

gesterone binding components isolated from chick oviduct
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cytoplasm manifested a smaller molecular weight when

analyzed with sucrose density gradient centrifugation then

when analyzed on an agarose 0.5m column. These investiga

tors concluded that the binding components were either large

assy metrical proteins which appear small because they sedi

ment slowly on sucrose gradients, or were small proteins

that aggregated when subjected to gel filtration on an

agarose sizing column. In the sizing experiments involving

the cytosol binding protein, it is possible that the 200,000

dalton protein aggregated due to the column conditions, and

was eluted in the void volume. It is unlikely that the

200,000 dalton protein is a large, assymetrical protein

which sediments slowly on sucrose density gradients. If this

were the case, the recovery of cytosol sites from the

sucrose density gradients would be much greater than 33%.

In summary, the results of these sizing experiments indi

cated that the majority of the cytosol binding sites are

associated with large proteins or protein aggregates.

In an attempt to determine if the cytosol binding sites

could be reduced in size, numerous reagents were added to

the cytosol fraction. Recent evidence has indicated that LH,

nerve growth factor (NGF), and Ach receptors are associated

with the cell cytoskeleton (Zor, 1983, Schecter and

Bothwell, 1982, Prives et al., 1982). Therefore, it was pos

sible that the cytosol binding protein was associated with ,

or embedded within, cytoskeletal elements (i.e. microfila
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ments). This association might increase the molecular size

of the cytosol sites and cause them to be excluded by the

Bio-Gel A-l.5m column. Cytochalas in B, isolated from hel

minthosporium dematioideum, is an agent which disrupts

microfilaments in numerous cell types (Davies and Allison,

1978). Unfortunately, incubation of the cytosol fraction

with cytochalas in B had no effect on the molecular size of

the cytosol binding sites. This suggests that the cytosol

binding sites are not associated with intact actin fila

ments. CHAPS, a zwitter ionic detergent which disrupts

lipid : protein interactions, had no effect on the size of the

cytosol binding sites. These results indicate that the cyto

sol sites are not closely associated with lipids. Urea,

which interferes with protein: protein interactions by

unfolding proteins, was also without effect. Gpp (NH) p, the

non-hydrolyzable GTP analog which was shown to disaggregate

the beta-adrenergic receptor from the N regulatory protein

(Limbird et al., 1979) was also ineffective. This suggests

that the N regulatory protein is not associated with the

cytosol binding protein or is in a conformation such that it

is unable to bind guanine nucleotides. Trypsin, a proteo

lytic enzyme which specifically cleaves the bonds between

arginine and lysine residues, did not alter the size of the

cytosol binding sites. DTT also was relatively ineffective

which suggests that intact disulfide bonds are not required

to maintain the large size of the cytosol binding sites.
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Similar results were obtained in recent studies involv

ing detergent-resistant Ach receptor subunits (Blobel and

Ander son , 1983). These investigators revealed that newly

synthesized Ach receptor subunits form homo-oligomers

approximately four to eight monomers in size (l-2 million

daltons). These homo-oligomers are completely resistant to

treatment with lº Triton X-l90, n-octylglucopyranoside,

deoxycholate and 0.3 M salt. Therefore, it is possible that

the cytosol dopamine binding sites represent homo-oligomers

of the membrane-bound dopamine receptor which become struc

turally altered after their insertion into membranes.

Recently, specialized HPLC gel filtration columns (TSK

4000) were developed for the molecular weight determination

of large globular proteins and detergent-solubilized mem

brane receptors. Consequently, HPLC was implemented to

determine the molecular size of the cytosol dopamine binding

sites. HPLC is a more rapid and efficient method of protein

separation. Dilution of the injected sample can be minim

ized, resolution of proteins is excellent and reproducible,

and the time required for a column run is reduced from 20

hrs on an agarose column to l8 minutes on a TSK 4000 column.

In addition, the cytosol binding sites could be prelabeled

with [*hjspIP because of the rapidity of protein separation

on the TSK 4000 column. The HPLC results obtained with both

pre-labeled and post-labeled cytosol binding sites were

identical and suggested that ligand does not induce an
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aggregation/disaggregation phenomenon. Additional HPLC

experiments indicated that the majority (70-80%) of the

cytosol binding sites are larger than 670,000 daltons but

that 20-30% of the cytosol binding sites are proteins

between l90,000 and 670,000 daltons in size. These results

are in agreement with the results obtained from both sucrose

density gradient analysis and the Bio-Gel A-l.5m column.

In summary, water-soluble dopamine binding sites in the

steer anterior pituitary gland have been extensively charac

terized. The cytosol sites bind [*Hisplp in a saturable,

stereoselective, and highly specific manner. The rank order

potency of dopamine agonists and antagonists for the cytosol

sites is identical to that of the membrane receptor. The

binding protein is unaffected by guanine nucleotides and

divalent cations, and does not appear to be an artifact of

tissue preparation or a degradation product Of the

membrane-bound receptor. The cytosol sites are protease

sensitive, require an intact sulfhydryl group for ligand

binding, and appear to be a hydrophobic proteins which lack

a carbohydrate moiety. The majority of the cytosol sites are

large proteins (oligomers) or are protein aggregates, and a

small proportion appear to exist as monomers of approxi

mately 200,000 daltons in size. The dramatic six-fold

difference in the number of cytosol sites between the steer

and the cow suggests that steroids may play a role in the

formation of cytosol sites. This finding may suggest a phy
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siological role for cytosol receptors and provides an obvi

ous route for future studies.

Although the exact role of the cytosol dopamine binding

sites is still unclear, the cytosol sites may represent

hydrophobic proteins which are present in the cytoplasm

because of their association with cytoskeletal elements or

other intracellular organelles. These binding sites might be

precursors of the membrane-bound receptors which are being

shuttled to the cell surface via microtubule or intermediate

filament pathways. Homogenization of the anterior pituitary

disrupts the cell cytoskeleton which releases the hydropho

bic binding sites into the cytosol. Once these sites are no

longer constrained, they are able to form large protein

aggregates. These cytosol sites might also represent recy

cled, internalized or partially degraded forms of the

membrane-bound receptor or they may be entirely unique pro

teins. More research must be performed to obtain information

regarding the origin and function of these cytosol dopamine

binding sites. This information may lend insight into

dopamine's mechanism of action in the anterior pituitary

gland.
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