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ABSTRACT

ACTH 1-24 stimulated lipolysis in intact isolated rat epididymal fat

cells with a mean ED50 value of 3.45± 1.12 nM. The hormone also stimulated

adenylate cyclase activity in ghost and membrane preparations and the ACTH-

induced lipolysis was potentiated by dbcAMP and theophylline. This suggests

that cAMP is probably involved as a mediator in the action of ACTH on adipo-

cyte system. One possible role of cAMP is suspected to be the regulation of

the synthesis of proteins for ACTH-induced lipolysis as evident in the inhi-

bitory effect of actinomycin D and puromycin on ACTH-induced and dbcAMP-

induced lipolysis.

A discrepancy in the amount of hormone required for cAMP production and

lipolysis was observed. At 0.1 nM ACTH, lipolytic response was nearly maxi-

mal while cyclic AMP production remained at basal level. This observation

can be reconciled in either two ways, designated as the "Spare-receptor hypo-

thesis' and the "2-receptor hypothesis". This was studied by using the ACTH

analog, NAPS-ACTH. NAPS-ACTH was an antagonist for ACTH-induced lipolysis

but at the same time capable of stimulating adenylate cyclase. This result

alone would appear to favour the 2-receptor hypothesis. However, experi-

ments with photolysed intact adipocytes did not show a diminution in maxi-

mal lipolytic responsiveness and the spare receptor model cannot be ruled

out.

Direct labeling of ACTH receptor molecules on adipocytes is critical

to differentiate the spare receptor model from the 2-receptor model. However,

for various reasons, it has not been possible to label the receptor(s) in the

present series of experiments.
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INTRODUCTION

Historical Perspectives of Studies on Hormone Action Mechanism

The earliest attempts to elucidate hormone action involved the re-

moval of a particular gland and the subsequent observation of the changes

that were effected in the organism this approach was typified by A.A.

Berthold in the Castration experiments in 1849. Murray's adminstration

of sheep thyroid gland extracts to relieve the symptoms of hypothyroidism

provided the basis for substitution therapy in medical science and demon-

strated convincingly that hormones exert predictable effects in an organism.

That hormones act on specific tissues was demonstration by the action of

insulin on promoting the uptake of glucose across certain cell membranes

[Price et al., 1945 Levine et al., 1949].

Following the development of chemical and biochemical techniques,

investigations on hormone action were conducted on a much more mechanistic

basis. The identification of chemical nature of hormones the chemical

synthesis of hormone analogues and the discovery of cAMP as a mediator

in epinephrine or glucagon-induced glycogen phosphorylase stimulation in

liver homogenate [Sutherland and Rall, 1957] are important factors contri-

buting enormously to the investigation of hormone action mechanism.

The proposal of cAMP as hormonal second messenger challenges the

expertise of investigators to determine the steps and details which preceded

and followed the activation of adenylate cyclase to form cAMP. In the
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sixties and early seventies, it was widely accepted that most, if not all,

polypeptide or protein hormones interacted with surface receptors and ex-

erted biological effects via a change [usually an increase] of intracellular

cAMP level [Hittelman and Butcher, 1971]. However some observations were

reported that cAMP is not quantitatively related to the magnitude of the

relevant biological responses [Moyle and Ramachandran, 1973 Moyle et al.,

1973]. Since then, hypotheses have been put forward spare receptor model

[Beall and Sayers, 1972] and 2-receptor model [Moyle et al., 1973 Lee et

al., 19801 are major theories.

Nevertheless the fact that cAMP or its analogue and inhibitors for de-

gradation enzyme of cAMP, phosphodiesterase can mimic or potentiate the bio-

logical activity of the hormone still serves as the strongest evidence in

support of the hypothesis that biological effect is preceded by an increase

in intracellular cAMP level [Hittelman and Butcher, 1971]. The isolation

and characterization of a cAMP-dependent protein kinase from skeletal muscle

[Walsh et al., 1968] presented a breakthrough in cAMP research by generating

ingenious techniques in cAMP assay [Gilman, 1970]. Also it was found [Kuo

and Greengard,1969] that cAMP-dependent protein kinases were widely dis-

tributed in various mammalian tissues leading to the proposal that phospho-

rylation of specific substrate proteins may be a general mechanism through

which the diverse biological effects of cAMP are mediated. Recent studies

suggested that protein phosphorylation may be effected by cGMP [Casnellie

and Greengard, 1974] and Calcium [Krueger et al., 1977] in addition to cAMP.

Thus, in case that protein phosporylation is an intrinsic step of regulatory

agents for hormone-induced response, biological response would correlate morf



3

closely with the level cf phosphorylation of specific protein substrate

than with the level of second messengers [Greengard, 1978]. This is an

important aspect of studies on hormone action mechanism between the gen-

eration of regulatory agents and response.

Many hormones acquire tissue specificity via interaction with recep-

tors on the cell surface. Hormone receptor, in its broadest sense, was

defined as a molecular entity, consisting of a receptive site, an executive

site and a coupling mechanism [Wira et al., 1971]. The receptive site

lies on the outer surface of the membrane, serves as the-initial point of

hormone action by specifically recognising the hormone in the extracellular

medium. The executive site lies on the inner surface of the membrane, re-

ceives information from the receptive site and transmits the signals to

various compartments of the cell, thus activating subsequent biochemical

reactions such as protein phosphorylation to produce the end biological re-

sponse of the hormone. The coupling mechanism exists between the two sites,

responsible for tran'sducing hormone signals at the receptive sites to the

executive sites. Hormone receptor, in a restricted sense, refers to the

receptive site only. Adenylate cyclase is the best example of the membrane-

bound executive site, responsible for the formation of cAMP from ATP in the

presence of stoichiometric conc. of Mg2+ [Birnbaumer, 1970].

Recent studies indicated that GTP may be involoved in hormone-induced

adenylate cyclase activation [Rodbell et al., 1971 and 1975 Londos et al.,

1974 Pfeuffer and Helmreich, 1975]. A GTP-binding protein in pigeon ery-

throcytes has been identified [Pfeuffer, 1977]. Since then models for adeny-
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late cyclase activation have been Proposed to include GTP-binding protein

[Rodbell, 1980 Swillens, 1981]. Hormone-binding to receptors is thought

to create a permissive condition for GTP-binding protein activation of

adenylate cyclase. Such model places the GTP-binding proteins at the heart

of the coupling process where they regulate both adenylate cyclase and re-

ceptor activities. However the ultimate problem of coupling remains unsolved

and required further investigation.

So far the cell-specific response has been defined for many peptide

hormones including that of many anterior pituitary hormones. However the

exact mechanism remains to be elucidated. This includes the nature of re-

ceptive site, the coupling mechanism and the executive site and the gap

between the executive site and the terminal physiological response. Robison

et al., [1971] suggested that cAMP was not the only second messenger im-

plying that the identity of the executive site as adenylate cycl as e. wway not

always be true.

Adipocytes and Adrenocorticotropin as a Model system for Investigation of

the Hormone Action Mechanism

In oraer to investigate the mecnanism or action of polypeptide and

protein hormones, the system of adipocytes and adrenocorticotropin was se-

lected as a representative model from which experimental information could

be obtained and then extrapolated to other perhaps more complex systems.

This particular system is an attractive candidate for studying hormone action
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mechanism because of the extensive characterization of the adopocytes

response to hormone stimulation and the wealth of information on the

structure and chemistry of ACTH.

By the late 1950's and nearly 1960's it was demonstrated that several

hormones mobilized storage depot of triacylglycerols in adipose tissue.

This included epinephrine and norepinephrine [Gordon and Cherks, 1958],

and of course ACTH [White and Engel, 1958]. This attention was intensi-

fied by the discovery that lipolytic hormones also stimulated phosphory-

lase activity in adipose tissue [Vaughan, 1960] and epinephrine stimulated

adenylate cyclase in rat epididymal fat pad [Klainer et al., 1962]. The

development of a simple method for isolating homogeneous population of

adipocytes [Rodbell, 1964] further ensured that adipocytes was a promis-

ing biological system for mechanistic studies of hormone action. Rodbell

was also responsible for introducing a protocol for preparing a membrane

enriched fraction, the adipocyte ghosts which are visicles of intact

delipidated membranes containing mitochondria, endoplasmic reticula and

occasionally a nucleus [Rodbell, 1967]. As stated above, since cAMP is

apparently the mediator for lipolysis and adenylate cyclase is a membrane-

bound enzyme for cAMP formation, the ghost preparation presents prospects

for elucidating the primary action of hormone on target cells. The intro-

duction of a rapid method [Belsham, 1980] for the preparation of fat cell

plasma membrane with the use of density-gradient centrifugation in the

presence of percoll provides a simple system for measurement of the inter-

action of an hormone and its putative receptors. It is hoped that a combi-

nation of the newly developed photoaffinity labeling technique [Bayley and
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Knowles, 1977. and slab gel electrophoresis [AI11es,1974], will permit the

putative receptors to be identified and finally isolated for further charac-

terization.

Under the light microscope, adipocytes are characteristically spherical

in shape with an average diameter of approximately 50 microns. The cell

contains a plasma membrane, a large lipid inclusion and a flattened nucleus

in the periphery [Rodbell, 1964]. As stated previously, several hormones

have lipolytic action on adipose tissue and intact adipocytes moreover,

these hormones all seem to exert their effect via activation of the adenylatE

cyclase system [Butcher et al., 1968]. Studies with ghost preparation sug-

gested that the fat cell has multiple hormone receptors on the cell surface.

Each is unique for a specific hormone, but all activate the same adenylate

cyclase [Birnbaumer and Rodbell, 1969 Bar and Hechter, 1969 Rodbell et al,

1970]. Rodbell [1975] has recently demonstrated the synergistic effect of

GTP and ACTH on cAMP production by adipocyte ghosts.

Structure-function relationship of ACTH was studied after the first

isolation of this hormone from porcine [White, 1953] and ovine [Li et al.,

1954] pituitary glands. The amino acid sequences of ACTH from four mamma-

lian species were elucidated between 1954 and 1961 as a polypeptide of 39

amino acids, with the N-terminal 1-24 sequence precisely conserved from

species to species minor differences were found to occur between the 25th

to 33rd amino acids. In 1972, revised structures for as-ACTH and b- ACTH

were given [Li, 1972]. The structure of adrenocorticotropins in four mamma-

lian species are indicated in Fig.l.
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Ser-Tyr-Ser-Met-Glu-His-Phe Nrg-Irp-Gly-Lys-Pro

1 2 3 4 5 6 7 8 9 10 11 12

VaI-Glv-Lvs-Lvs-Arq-Arq-Pro-Val-Lys Val-Tyr-Pro-

2 1d 1L 1h 17 12 19 20 21 22 23 24

Human

Bovine

Ovine

Porcine

Asn

Asn

Asp

Asn

25

-Gly-Ala-Glu-Asp-Glu-

Ser

Ser

Ser

Leu

31

-Ala-

Glu

Gln

Gln

Glu

33

-Ala-Phe-Pro-Leu-Glu-Phe-COOH

39

Fig.1 Structure of adrenocorticotropins. The primary structure

of human, bovine, ovine and porcine adrenocorticotropins consists

of 39 amino acids. The N-terminal 1-24 sequence is conserved in

the four mammalian species. Minor differences are found in posi-

tions 25, 31 and 33.
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Total synthesis of porcine ACTH [Schwyser and Sieber, 1963], of ACTH1-24

and many other analogues of ACTH followed. These were tested for their bio-

logical actions on adrenal cells and fat cells to provide information on the

structural requirements of ACTH to express its biological activities.

Fat mobilization in adipocytes is one of the extra-adrenal activities

of ACTH. For the sake of brevity, only those aspects of ACTH's structure-

function relevant to its action on adipocytes will be introduced. Table 1

summarizes the results of various analogues on the stimulation of lipolysis

in rat adipocytes and of adenylate cyclase in rat fat cell ghosts [Ramachandran,

1970 and 1970a Schwyzer, 1974 Lang et al., 1976]. In order to be able to

compare the biological results, the relative ED50 and intrinsic activity of

ACTH1-24 were taken as reference values. Usually the ED50 values for adeny-

late cyclase stimulation is 10-100 fold higher than lipolysis. Three fea-

tures are illustrated in table 1:-

1. Trp9 is essential for biological activity. Modification of Trp9 renders

the hormone an antagonist for lipolysis and also adenylate cyclase

activation. This indicates that the unique Trp residue at position 9

is intimately involved in the interaction of the hormone with the receptor.

2. Lipolysis requires at least the residues 5-24 however deletion of Glu[5]

and His[6] did not affect substantially adenylate cyclase activation in

ghost preparations.

3. Structural changes do not evoke parallel changes between response and

adenylate cyclase stimulation. This indicates that the role of cAMP in

ACTH action may not be a simple causal relation: hormone-cAMP-response

as first postulated by the cAMP second messenger concept.
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LIPO

1(1)

100(0)

14(1)

250(0.6)

inhib.(0)

inhib.(0)

AC

1(1)

inhib.(0)

1(0.4)

1(0.3)

1(0.3)

1(0.3)

STRUCTURE

ACTH1-24

NInd-nitrophenylsulfenyl-Trp9-ah-ACTH

N(a)-benzyloxycarbonyl ACTH5-24

ACTH5-24

ACTH6-24

ACTH7-24

Table 1 Stimulation of rat adipocyte lipolysis (LIPO) and of ghost adeny-

late cyclase activation (AC) by ACTH and analogues. Relative ED50 and

relative maximal effect (in parentheses).
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Relevant Literature on the Studies of Adrenocorticotropin Receptors on

Adipocytes

White and Engel [1958] showed that ATCH has lipolytic action on adi-

pose tissue. Guided by the discovery of cAMP as mediator in glucagon or

epinephrine-induced glycogenolysis, and the experiment of Vaughan [1960]

on the stimulatory effects of ACTH [and other hormones] on phosphorylase

activity in adipose tissue, it was postulated that ACTH acted on lipase

via a similar mechanism as that of glucagon or epinephrine on glycogen

phosphorylase b. Introduction of methods for fat cell isolation and ghost

preparation [Rodbell, 1964 and 1967] facilitated research on this field.

Some of the data acquired are summarized as follows:-

1. Adrenocorticotropin receptors are distinct from other lipolytic hormone

receptors on adipocytes and are located on the cell surface. [Rodbell

et al., 1970]. Main evidence was the differential inactivating effect

on various hormone-induced lipolysis by trypsin when added together with

collagenase in fat cell isolation..

2. There is a single pool adenylate cyclase for various lipolytic hormone

receptors [Bar and Hechter, 1969]. Combination of maximal doses of

lipolytic hormones [glucagon, ACTH, epinephrine] failed to produce add-

itive stimulation of ghost adenylate cyclase.

3. Ca 2+ is required for ACTH-induced adenylate cyclase activation of ghosts

[Biinbaumer and Rodbell, 1969 Hechter and Braun, 1971 Lang and Schwyzer,

1976]. Addition of EGTA, a Ca 2+ chelator, selectively reduced adenylate

cyclase activity induced by ACTH.

4. Recently both Yarnamura et a1.[1977] and Cooper et a1.[1979] demonstrated



that GTP is involved in ACTH-induced adenylate cyclase activation by

exerting stimulatory effect at low conc. but inhibiting effect at high

cone.

5. Binding Studies by Lang et al-l1974], of Phe, 4,5-dehydro[4,5-H]

norvaline4-ACTH1-24[7.42 Cimmole, potency 10% of native hormone; full

agonist for lipolysis] on intact adipocytes and ghosts indicated the

presence of multiple orders of binding sites. One of them has a dis-

sociation constant of 1.2x10 M with a total number of 2.12x10 per

adipocyte and paralleled closely with the ED value of the analogue

for lipolysis [8.7xlOM]. However, Behrens and Ramachandran [1981]

demonstrated only a single class of receptors with a Kd of 5.23±1.92nM,

and a total number of 16300 per adipocyte in the binding studies [3,5- H]-

Tyr5 a-ACTH [90 Cimmole, EDq=2 .09±0.35nM, full agonist for lipo¬

lysis] on intact adipocytes.

6. A mcromolecular component of the adipocyte membrane was labelled cova-

lently and selectively by the photolabile ACTH analog DNAPS-H-ACTH

[Ramachandran et al., 1980] as evident in the slab gel electrophoretic

pattern. This macromolecule component was stained for carbohydrate.

However it was demonstrated [Bel sham et al., 1980] that SDS-PAGE of

proteins in washed piasma-membrane fractions gave only 2 prominent

periodateSchiff-Staining bands of molecular weight 80,000 and 94,000.

Similar bands were shown by Rosenblit and Levy [1977] with an estimated

molecular weight of 78,000 and 94,000.

7. The EDvalue of ACTH on rat fat cell ghosts was reported to be

1.3xlO~M [Hechter and Braun, 1971]. Immunoreactive plasma ACTH con¬

centration in resting male rat of size 200-250g was determined as



between 19-72 pgml [in the order of pM to lOpM] by Rees 'et al., [1971].

8. Braun and Hechter [1970] and Allen and Beck [1972] demonstrated that

adrenalectomy selectively reduced ACTH-induced adenylate cyclase act¬

ivity. And adrenalectomized dexamethazone-treated rats or sham operated

dexamethasone-treated rats selectively increased the ACTH effect on ghost

adenylate cyclase; however, this was abolished by inhibitors of protein

synthesis such as actinomycin D and cycloheximide. They proposed that

glucocorticoids were possibly involved in the ACTH-induced response by

positively regulating biosynthesis of ACTH-receptor or coupling factor.

If so, this would be an attractive experimental system for study and

characterization of ACTH receptor. However, direct binding studies

[Behrens and Ramachandran, 1981] indicated that there are no differences

among treated and sham operated rats in parameters for ACTH receptors in

terms of number and affinity of the binding reaction between intact adi¬

pocytes and H-ACTH.

9. cAMP burst with a peak value reached in 3-7 min was observed either in

adipose tissue segment [Schimmel, R.J-. 1974] or in intact cell

[Manganiello et al., 1971] incubated with ACTH in the absence of phos¬

phodiesterase inhibitor. Similar cAMP burst was reported by Butcher

et al. [1968] and Ho and Sutherland [1971] in intact adipocytes incu¬

bated with lipolytic agents in the presence of caffeine. Lipolysis in

all cases remains activated up to at least 1 hour.

10. dbcAMP, a cAMP analogue, which can penetrate the cell membrane, showed

a dose-response effect on adipocyte lipolysis in the range 0.1 to 5mM

[Jarett et al., 1972].

11. Theohphyl1ine, a phosphodiesterase inhibitor alone had lipolytic effect



in adipocytes in the conc. range 0.1 to lOmM [Allen and Beck 1972].

12. A cAMP-dependent protein kinase of adipose tissue had been partially

purified by substrate affinity chromatography [Corbin et al., 1972]

and this kinase was found to be similar to skeletal muscle protein

kinase on the basis of specificity, Km for ATP, metal ion requirement

and other properties. The molecular weight of the inactive form was

reported to be 140,000 and that of the active catalytic form 42,000.

Muscle protein kinase inhibitor prepared according to Walsh et al. [1968]

also inhibited the catalytic form of adipocyte protein kinase either

in the presence or absence of cAMP.

13. In cell-free system, lipolytic activity of adipocyte homogenate assayed

with exogeneous triacylglycerol substrate showed an increasing response

to increasing concentration of muscle protein kinase catalytic unit

in the presence of ATP and Mg [Corbin et al., 1972].

14. The hormone-sensitive lipase of rat adipose tissue was purified by

Fredrikson et al. [1981] and was characterized as a protein of molecular

weight 84,000. It was selectively labeled with[ H]-diisopropylfluoro

phosphate and served as protein substrate for the catalytic unit of

cAMP-dependent protein kinase of adipose tissue. They also demonstrated

parallel relationship between extent of P-incorporation from P-y-ATP

in the presence of cAMP-dependent protein kinase of adipose tissue and

lipase activity.



Current Models to Explain the Discrepancy in EDq values of cAMP Production

and Biological Response

As stated previously, several lines of evidence have been reported

that in hormone-induced biological response cAMP production is not quanti¬

tatively related to the magnitude of the relevant biological response.

Such evidences include kinetic data in lipolysis and cAMP accumulation

[with theophylline in the incubation medium] of rat adipose tissue in res¬

ponse to ACTH [Schimmel ,1974], and similar data of rat adipocytes to epi¬

nephrine [Ho and Sutherland ,1971]; dose response data showing discrepancies

in ACTH concentration required to elicit steroidogenesis and cAMP accumu¬

lation [without theophylline in incubation medium] in adrenal cells [Moyle

et ai. ,1973] and in luteinising hormone concentration in rat Leydig cells

[Moyle and Ramachandran, 1973]. NPS-ACTH which has been shown to be anta¬

gonistic towards ACTH-induced lipolysis [Ramachandran and Lee,1970] and

ACTH-induced adenylate cyclase activation in rat adipocyte ghosts [Rama¬

chandran and Lee,1970a] and which caused no significant increase in cAMP

accumulation in adrenal cell even at a concentration of 10yM [Moyle et ai.,

1973], was found to have intrinsic steroidogenic activity comparable to

that of the native hormone [Moyle et al., 1973].

The conclusion that hormone-mediated increase in cAMP production is

an intrinsic step in some polypeptidyl or protein hormone action mechanism

is questionable and by then two major hypotheses in terms of identity of

hormone receptor have been proposed to explain the experimental observation.

They are Spare receptor Hypothesis and the Two receptor Hypothesis.



The idea of spare receptor was introduced by Hechter and Braun[1971] which

states that receptors in the intact cell transduces hormonal information

to adenylate cyclase activation and exhibits redundancy at the level of

adenylate cyclase-cAMP system, in the sense that the cell has capacity to

produce much more cAMP than can be expressed in biological action. The

salient points of the idea are the existence of a single homogeneous popu¬

lation of receptors and maximal response could be accomplished even though

only a tiny fraction of the receptors present is stimulated and most recep

-tors are spare.

The Two receptor or Dual affinity site hypothesis proposed by Moyle

et ai. ,[1973] on studies of ACTH on adrenal cells was different in that

more than one type of receptors are proposed: the high affinity, low capa

-city type and the low affinity, high capacity type. Binding of hormone

[at high concentration] with the low affinity, high capacity receptors

leads to formation of large amount of cAMP. Binding of hormone [at low

concentration] with the high affinity,'low capacity receptor is respon¬

sible for biological response. If cAMP is involved as mediator in the

latter, the compartment concerned must be so small compared with the total

cAMP compartments that the change is undetectable. In case that cAMP not

as mediator, biological response and cAMP formation are independent of

each other.

The original criteria established by Sutherland and his associates

[quoted by Fain,1978] for cAMP as mediator in a given hormone action are

as follows:-



1. Adenylate cyclase activity of membrane enriched fractions should be

stimulated by the hormone.

2. The dose-response curve for the physiological response and for eleva¬

tion of cAMP should be identical. Kinetically, the elevation in cAMP

should precede the physiological response.

3. The response to the hormone should be potentiated by inhibitors of cAMP

phosphodiesterase such as theophylline.

4. Exogeneous cAMP or its analogue dibutyryl cAMP should mimic the action

of the hormone.

5. If the enzymes responsible for the response to the hormone can be iden¬

tified and isolated, it should be activated by the addition of cAMP

and protein kinase.

Among the five points, items 3 and 4 serve as the strongest criteria

in testing the involvement of cAMP as mediator. Clearly, if a hormone

tested for the above criteria gives negative results in items 3 and 4 even

though it gives positive result in item 1, the existence of more than one

receptor type is highly postulated. And cAMP is not involved in mediating

the physiological response.

In case that cAMP is involved as mediator [by criteria 3 and 4], but

cAMP production and physiological response are not linearly related, this

may be reconciled as follows:-

Case 1: cAMP is the only mediator for biological response.



The simple casual relation of hormone -»cAMP- response is

accepted and the existence of different cAMP compartments is assumed.

i. There is only single type of receptor [according to spare

receptor model]. At physiological conc. of hormone, only a

small fraction of receptors are occupied and this is sufficient

to give maximal 1 response. High hormone conc. is responsible

for formation of detectable amount of cAMP. This is depicted

as:

Receptor— adenylate— cAMP» response

cyclase

activation

other function or

non-physiological event

ii. There are at least two types of receptor [according to 2-

receptor model]. cAMP is compartmentalized at least as cAMP

and cAMP. Only cAMP is responsible for response. At low

hormone conc., receptor preferentially stimulated are those

high affinity, low capacity type for biological response. Be¬

cause of limited number, cAMP production is barely above back¬

ground. High hormone conc. is responsible for formation of de¬

tectable amount of cAMP through stimulation of low affinity,

high capacity receptors. This is depicted as:



Receptor adenylate—-» cAMP— response

high affinity,

low capacity

cyclase

activation

Receptor adenylate cAMP—» other functior

low affinity,

high capacity

cyclase

activation

Case 2: cAMP is one of several mediators for biological response.

Identity of mediators for hormone-induced response includes cAMP

alone, and some unknown factors. This originates from the ideas

suggested by Schwyzer [1976], Greengard [1978] and Bristow et ai.

[1981].

In the review by Greengard [1978], it was suggested that

protein phosphorylation may be a final common pathway for many

biological regulatory agents. cAMP is only one of them. Bristow

et ai. [1981] prosposed hormone may exert effect on target cells

through both cAMP-dependent and cAMP-independent machanism. Lang

and Schwyzer [1976] proposed the existence of several aporeceptors

[equivalent to executive sites] such as membrane-bound kinase

and adenylate cyclase capable of responding to a single discri¬

minator [equivalent to receptive site]. They also suggested that

the coupling efficiency between individual aporeceptors and dis¬

criminators may not be the same.



The beauty of case 2 lies on the combination of mediators

to effect a single response.

i. There is only single type of receptor [according to

spare receptor model]. Maximal biological response is accom¬

plished at physiological conc. of hormone via the mediation

of both cAMP and unknown factor. High hormone conc. intiates

the negatively feedback regulation of the system on the coup¬

ling efficiency between receptor and formation of unknown

factor. Formation of cAMP is not affected. So at high hormone

conc. cAMP level increased without increments in further bio¬

logical response. This may be depicted as:

Receptor

. cAMP

Response

unknown factor

I

Negatively feedback

at high [hormone]

ii. There are at least two types of receptor [according to

2-receptor model]. Formation of unknown factor and produc¬

tion of cAMP are elicited by 2 different types of receptor.

Biological response requires the mediation of unknown factor

alone or both cAMP and unknown factor. At low conc. of hor¬

mone, the high affinity, low capacity receptor for forma¬

tion of unknown factor is preferentially stimulated and this



alone can mediate biological response. At physiological

conc. of hormone, a tiny fraction of low affinity, high

capacity receptor for cAMP production is also stimulated.

This potentiates the unknown factor-mediated response to

maximal response. At high hormone conc., formation of un¬

known factor is saturating while cAMP production still in¬

creases. As the unknown factor is limiting, further incre¬

ments in hormone-induced response is not possible. However

large amount of cAMP is detectable. This may be depicted

as:

Receptor unknown factor response

high affinity,

low capacity

Receptor cAMP mother function

low affinity,

high capacity

The differential coupling efficiency between a single recep¬

tor site and 2 executive sites as suggested in Case 2, item i, is

speculative. Birnbaumer [1973] has suggested that phospholipids

occupy a critical position in the coupling mechanism. However, the

coupling mechanism is still not clear and requires further studies.

Various aspects of hormone-stimulated response need be elucidated to

give a complete picture for the nonlinear relationship of cAMP production



and physiological response. In the present studies, focus will be mainly

on the nature of ACTH receptors on adipocytes and the possibility of cAMP

as mediator for lipolysis will also be studied. A photosensitive analogue

of ACTH is used as a tool for identification of the receptor sites.

Photoaffinity Labeling —A brief Description of this Technique and its

Devel opnient.

The idea of using photolabile reagent to study biological systems was

first introduced by Singh et ai.[1962], in the preparation of diazoacetyl

chymotrypsin. The essential feature of a photosensitive reagent lies in

its chemical stability in the dark but susceptibility of the photolabile

group towards light [of appropriate wavelengh] irradiation to form species

of very high reactivity. Since then, photolabile reagents have been used

widely as a tool for studying molecular interaction of a ligand and its

putative receptor molecule within a biological system, which is largely

noncovalent in nature. Technically, this requires the modification of

the natural ligand by the incorporation of a chemically inert but photo¬

chemical ly labile group. After equilibrium is established, at a time

determined by the experimenter, the system is irradiated and photolabile

group is converted to reactive species to form covalent linkage between

the ligand and its receptor molecule. If the ligand is tagged with radio-

3 125
active atoms[ H or I], the identification of the receptor molecule is

facilitated after covalent attachment of the radioactive ligand to the

target molecule, and analysis by SDS-PA gel electrophoresis. Such a tech-



nique of demonstrating a receptor molecule has been illustrated in detail

in the review by Bayley and Knowles[1977].

Several receptors have been identified by this technique. This includes

insulin receptors of rat adipocytes [Yip et al.,1978; Berhanu et al. ,1982],

adrenocorticotropin receptors of rat adipocytes [Ramachandran et al. ,1980],

ACTH receptors of rat adrenal cells [Ramachandran et aT ,1980a], glucagon

receptors of rat liver cells (Demoliou-Mason and Epand, 1982], and gonado-

tropin-releasing hormone receptors of rat ovarian granulosa cells [Hazum

and Nimrod ,1982].

In addition to photoaffinity labeling of specific receptors, photo¬

sensitive reagents have been used in recent hormone researches on the study

of functional consequences of covalent attachment of hormones to target

tissues. In several biological systems, persistent stimulation of responses

after covalent linking of an agonistic hormone derivative to its putative

receptors on target tissue has been reported [DeGraan and Eberle,1980;

Brandenburg et al. ,1980; Ramachandran,1981; Demoliou-Mason and Epand, 1982a].

Covalent blockade of D-glucose transporter with an antagonistic D-glucose

analogue was reported to result in irreversible transport inhibition[Fannin

et al.j1982].

In present studies, ACTH analogues used are adrenocorticotropin 1-24

[ACTH] and [2-nitro-5-azidophenylsulfenyl]-Trp-ACTH 1-39 [NAPS-ACTH].

1-24

Studies by Seelig et al-[1975] showed that ACTH is more potent than

1- 3Q
ACTH in experiments with isolated adrenal cortex cells. NAPS-ACTH is



made by covalent attachment of nitroazidophenyl group to the indole ring

1-39
of the unique Trp residue at position 9 of ACTH through S-bridge. Its

structure is shown in Fig. 2.

This analog contains the photolabile group, the azido group at position

5 of the phenylsulfenyl ring. The azido group is chemically inert in the

dark. Upon UV irradiation with light of wavelengh 360nm, the aryl azide

changes to a nitrene group by liberating a nitrogen molecule. The forma¬

tion of nitrene by UV is referred as photoactivation. The free radical is

very reactive and attacks 0-H or C-H bond of receptor moiety forming new

covalent bonds. The process can be summarized as in Fig. 3.

A point to be noted is that the two tyrosine residues at position 2

and 23 can be iodinated at the phenolic ring to form radioactive ligand.

Iodine incorporation into polypeptidyl or protein hormone is usually

conducted by chloramine-T [Landon, 1967] or 1actoperoxidase [Mclhinney and

Schulster,1974] methods. One of the most serious limitation of the above

methods of incorporation 1-125 into a hormone molecule is oxidative

damage. Tn case of iodination of ACTH, oxidation of the methionine residues

in position 4 to the sulfoxide [Shechter et a J, 1975] occurs in the hormone

as a result of intimate contact with the excess oxidizing agent in solution.

Iodogen [Fraker and Speck, 1978] is an alternative oxidizing agent

for the incorporation of 1-125 to ACTH and its analogue. Being an insoluble

solid in aqueous media, the reagent is therefore not directly exposed to

the polypeptide in solution. The iodide ion is oxidized in situ, probably

by dissolving in or reacting with the surface of the reagent. After the



Fig.2 Structure of NAPS-ACTH. The primary structure of this analog

is similar to native adrenocorticotropin except that a nitroazido-

phenyl group is attached to the indole ring of the unique Trp via

S-bridge.

Fig.3 Formation of covalent complex of NAPS-ACTH and receptor via

photoactivation.



incorporation of radioactive iodine, iodination can be terminated by remo¬

ving the reacting solution from the solid iodogen. No reducing agent is

required. In addition to the advantage of simplicity, there is minimal

side reactions and damage to polypeptide. Moreover, the iodinated

polypeptide could be used directly after removal of excess iodine,

without further purification.

In the studies, NAPS-ACTH will be iodinated by the iodogen method.

The iodinated NAPS-ACTH will be used as a photoaffinity label for ACTH

receptors on adipocytes.

Aspects of the Present Studies

A feasible description of the action of ACTH on adipocytes would be

as in Fig. 4. However it seems difficult to explain the kinetic data on

cAMP burst and sustained lipolytic activity in response to ACTH and also

the fact that the values of ED for native hormone on lipolysis and on

adenylate cyclase activation are usually different by 1-2 orderof magni¬

tude.

In order to understand more about the action of ACTH on its target

cells, one approach would be to identify, and, if possible, isolate the

1 ?S
ACTH receptors for further characterization. I-NAPS-ACTH from iodina-

tion of NAPS-ACTH using the iodogen method [Salacinski et ai.,1979] is

used as a photoaffinity probe.
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The importance of dibutyryl cAMP and theophylline for testing cAMP

as a mediator in hormone-induced response rests upon the rationale that if

cAMP is not the mediator, then there should be at least two kinds of receptors.

Actinomycin D was demonstrated to have stimulatory effect on the bind¬

ing of ACTH, lipolysis and adenylate cyclase activity induced by ACTH. And

presumably the point of action is through the phenoxazone ring system at

receptor level [Lang and Schwyzer,1976]. However the role of actinomycin

D as a protein synthesis inhibitor at the transcription level is known.

So as a preliminary test on possible protein turnover in hormone-induced

lipolysis, both actinomycin D and puromycin are tested for their effect on

lipolysis.

The role of GTP in hormone-induced adenylate cyclase activation has

been shown by Cooper et ai •[1979] and Yamamura et ai.[1977]. In the present

work, the effect of GTP on adenylate cyclase activity and lipolysis has

been studied.

One aspect of the project is the use of the photoaffinity probe,

NAPS-ACTH. The intrinsic biological activities of this analog on intact

rat fat cells, ghosts and membrane preparations are character!zed before

photolysis. Functional consequences of covalent attachment of the photo-

affinity label to ACTH specific receptors on adipocytes and ghosts are

studied; hopefully, this will provide information on the type of receptors

on fat cells. Theoretical results are shown in Fig. 5.
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Fig. 5 Hypothetical patterns of lipolytic response of cells with covalent

blockage of some lipolytic receptors by photosensitive ACTH antagonist.



Experiments on photoaffinity labeling of ACTH receptors of adipocytes

125
by I-NAPS-ACTH are conducted in an attempt to identify the receptors

by SDS-PAGE.
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MATERIALS AND METHODS

Materials

Highly purified synthetic adrenocorticotropin-[1-24]-tetracosapeptide

[ACTH] was purchased from Calbiochem. [(2-nitro-5-azidophenylsulfenyl)-Trp9]

ACTH [NAPS-ACTH] was kindly provided by Prof. J. Ramachandran. Collagenase

[Type I] was a product of Worthington. Percoll was a product of Pharmacia

Fine Chemicals. Bovine serum albumin fraction V, lima bean trypsin inhibitor,

diethylthiocarbamic acid [sodium salt], palmitic acid, Folin-Phenol reagent,

adenosine-3':5'-cyclic monophosphate [acid form], theophylline, phosphocreatine,

creatine kinase, puromycin, actinomycin D, N6,02 -dibutyryl adenosine-3':5'-

cyclic monophosphate [sodium salt], guanine 5'-triphosphate [Typell, sodium

salt] were all products of Sigma. 3H-cAMP [ammonium salt][39.2C/mmole] was

obtained from New England Nuclear. Norit A charcoal was a product of Serva.

For HPLC [High performance liquid chromatography], trifluoroacetic acid

[TFA] was purchased from Serva acetonitrile of chrom. A.R. grade from

Mallinckrot. Water was glass-distilled deionized. The HPLC assembly [Lab-

oratory Data Control, Florida, USA] consists of a Model I and Model II G

solvent delivery pumps, a Model 1601 solvent programmer for gradient elution,

a Model 7125 [Rheodyne, California, USA] injector and a reversed-phase Nucleosil

C18 Column [250x4mm, particle size 10um]. LDC variable-wavelength monitor

[Model III] equipped with an 8-ul flow cell and a two channel range recorder

[Okura, Japan] were used for monitoring.
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For photolysis, long wavelength ultraviolet lamp [Blak Ray] was a

product of Ultra-Violet Products, Inc. [San Gabriel, CA].

For the iodination experiments, 1, 3 ,4 ,6-tetrachl oro-3a, 6ct-di phenyl

glycoluril [IODO-GENTM] was obtained from Pierce, carrier-free Na125I in

NaOH [100 mC/ml] from New England Nuclear, octadecylsilyl silica [ODS]

cartridges [SEP-PAK C18] from Waters Associates. Trifluoroacetic acid

[TFA] was purchased from Serva AR grade methanol from Merck Polypep and

Dowex [2x8-400] from Sigma.

For the slab gel system, acrylamide was purchased from Bio-rad, sodium

dodecyl sulfate [SDS-sequenal grade] from Pierce ammonium persulfate from

Serva, Tris and bromophenol blue from Merck, glycerol from Unilab. N,N'-

methylene bis acrylamide[Bis], N,N,N',N'-tetramethyl-ethylene-diamine

[TEMED], glycine, -mercaptoethanol, Coomassie blue, were obtained from

Sigma. Molecular weight standards were obtained either from Sigma or

Pharmacia. For periodic-acid-Schiff staining of glycoproteins, periodic

acid was from BDH pararosanidine hydrochloride from Sigma sodium metabi-

sulfite from Bio-rad. X-ray films[HP5, 8.2x10.8 cm] was purchased from

Ilford, D-76 developer from Kodak.

All other chemicals and reagents used were of analytical grade.
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Methods

Fat Cell Isolation

Isolated fat cells were prepared as described by Rodbell [1964]. Epi-

didymal fat pads were isolated from Sprague-Dawley rats '[170-200g] fed with

normal diet. Rats were killed by decapitation, fat pads were removed and

rinsed in 0.9% NaCl solution. After boltting with paper, each fat pad was

cut into small pieces and transferred to Krebs-ringer bicarbonate buffer

containing one-half the usual amount of calcium, 4% BSA, and 0.2% collagenase

in a 50-ml Falcon polypropylene tube. After aeration for 1 min, the tube

was stoppered and incubated at 37E lengthwise with vigorous shaking until

the fat pads disintegrated. Collagenase digestion was stopped with 20ml

aerated Krebs buffer [2Ca2+ 4% BSA w/v]. Then entire content was filtered

through four layers of cheese cloth. The total filtrate was centrifuged at

100xg for 1 min. The infranate was aspirated using a pasteur-pipette. The

cells were washed 2-3 times with Krebs buffer and centrifuged at 100xg for

30 sec. Finally fat cells were resuspended in the Krebs buffer to a total

volume of 10 ml with 0.01% Trypsin inhibitor. For lipolytic assay, fat cell

number was determined by counting in a hemocytometer.

Fat cell ghost preparation

Fat cell ghost was prepared as described by Rodbell [1967]. All opera-

tions were carried out at 4°C. Stock lysing medium was prepared in the fol-

lowing manner: 2.5mM MgCl,, 0.1mM CaCl0, 1mM KHCO, were dissolved in 2mM Tris
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HCI5 pH7.4. On day of use, 2.5mM ATP was added to the stock medium. Iso-

lated adipocytes from 6-8 rats were washed twice with lysing medium [5ml].

Cell lysis was accomplished by inverting the swollen cells in the lysing

medium 20 times/min for 1 min, followed by centrifugation and removal of the

turbid infranate containing the released ghosts. This procedure was repeated

at least 4 times to ensure complete cell lysis. The pooled infranates were

then centrifuged at 900xg with IEC clinical centrifuge for 30 min. Supernates

were discarded the pellets were resuspended in 5ml 1mM KHCO3 and centrifuged

again at 900xg for 30 min. The resulatnat pellet was dissolved with 1mMKHCO3.

Ghost protein was determined according to the method of Lowry [Lowry et al.,

1951] using BSA as standard.

Fat Geli Membrane Nreparation

Purified membranes were isolated from the adipocyte ghosts with the use

of density-gradient centrifugation in the presence of Percoll [Bel sham et al,,

1980]. All procedures were carried out at'4°C. On day of use, percoll gradi-

ent.medium was prepared by mixing percoll with 80mM Tris HCl/8mM EDTA, pH7.4

and 10mM Tris HCl/2mM EDTA, pH7.4 in the proportions 7:1:32 [by vol.] with

the addition of sucrose of 1.5 m mole in a final volume of 8ml. The density

of this solution was 1.05. Ghost [1-5mg protein] in 0.4m1 1mM KHCO3 was

dispersed in 8m1 of the percoll gradient medium and the mixture was centri-

fuged in a fixed-angle rotor at 10,000xg for 15 min. The gradient resolved

two major fractions: one just below the surface [plasma membranes at-density

1.04] and one very close to the bottom [mitochondria at density 1.08]. The

wer band was removed in a total volume of about iml with an automatic
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pipette to 5m1 sodium chloride based medium [0.15MNaCl /lOmMTri s HCl/ 1mM EDTA,

pH7.4] followed by centrifugation at 10,000xg for 15 min. The supernate was

discarded and the pellet was washed with a further 5m1 NaCl based medium to

remove Percoll. The purified membrane fraction was resuspended in 1mM KHCO3

and membrane protein content was determined according to the method of Lowry

[Lowry et ai.,1951] with BSA as standard.

Assay of Lipolytic Activity in Intact Adipocytes

Intact adipocytes were diluted to a concentration of 2.5x10- cells/ml

in Krebs Ringer Bicarbonate buffer [2Ca2+]-BSA [4% w/v]-0.01% trypsin inhi-

bitor. Under constant stirring, 1 ml aliquots of the cell suspension were

distributed in triplicates in 16x100 mm polystyrene tubes. Additives such

as ACTH, NAPS-ACTH, dibutyryl cAMP, theophylline, puromycin and actinomycin

D were then added in a volume of 50 iil 0.001N HCl to a final conc. as speci-

fied in the corresponding experiments. In case of NAPS-ACTH, additives were

added to aliquots of cell suspensions in d'im red light condition. Incubat-

ion was performed at 37°C under an atmosphere of 95% 02:5% CO2 with moderate

shaking for 2 hr. in a Dubnoff Metabolic Shaking Incubator. At the end of

the incubation, the whole tube was decanted into a 15 or l0ml chloroform

extraction tube containing lml 0.1M potassium phosphate buffer, pH6.8, and

5ml CHCl3. Lipolytic activity of intact adipocytes incubated with different

additives was related to the amount of free fatty acid released from the

triglyceride according to the equation:
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Free fatty acid released during the incubation was extracted to the

chloroform layer. Procedures for free fatty acid determination were accord¬

ing to Corbin et al. [1972] adapted from Duncombe [1963]. After mixing ten

times, the tubes were placed in a shaking incubator and shaken lengthwise

at moderate speed for 15 min at room temp. After 10 min the upper aqueous

phase was aspirated and 3ml of a solution containing a 10:9:1 volume ratio

of 6.45% Cu[N03]2,1M triethanolamine, and IN acetic acid was added to the

chloroform phase. The tubes were shaken lengthwise for a further 7 min and

allowed to stand 15 min before aspirating the upper phase. The chloroform

phase was then filtered through Whatman No.l filter paper previously soaked

in chloroform. An aliquot [0.2ml] of the filtrate was added to a 2.5ml sol-



ution of chloroform and diethyl.-thiocarbamate [sodium] lmgml of butan-l-ol

[10:1 by volume]. The samples were read immediately at 440nm. The free

fatty acid content was determined from a palmitic acid standard curve. Li¬

polytic activity of intact adipocytes was expressed as y moles free fatty

acid released per 2.5x10 cells per 2 hrs.

Assay of Adenylate Cyclase Activity in Ghost and Membrane Preparations

Ghost preparation was diluted to a concentration of 3mgrnl in ImM KHCO;

membrane to 2mgml in ImM KHCO. Adenylate cyclase activity of the prepara¬

tion was measured according to the method of Birnbaumer et ai., [1969], ad¬

apted as follows. A stock incubation medium consists of MgCllOmM], theo-

phylline[20mM], KHC02[0.2 mM] in the tris-HCl buffer [50mM, pH7.4] was kept

stored in refrigerator. On day of use, ATP[6.4mM],BSA[0.2%wv], and an ATP

regenerating system of phosphocreatine [20mM] and creatine kinase [52Uml]

were added to the stock solution. Hormones and GTP in a volume of 50yl

o.OOINHCI were added to the incubation medium [50y1] in a 12x75 mm poly¬

styrene tube, and the reaction was initiated by the addition of ghosts or

membranes[50yl]. After incubation at 37°C for 15 min with gentle shaking,

the reaction was terminated by the addition of 0.2ml ice cold 0.1M Na acetate

buffer pH4.0 to each tube, and stored at -200 for cAMP determination.

Adenylate cyclase activity in the presence of excess phosphodiesterase

inhibitor, theophylline [6.7mM] was directly related to the amount of cAMP

production according to the equation:

ATP+ H20
cAMP+ PP.

Adenylate

cyclase



cAMP level was determined by a modification of the Gil man competitive

protein binding procedure [1970], with cAMP-binding protein prepared from

rabbit skeletal muscle according to Walsh et ai.[1968], using the 0.3M,

potassium phosphate eluate from DEAE-cel1ulose column and protein kinase

inhibitor prepared as described by Gilman [1970]. Briefly, aliquots [0.1ml]

of the incubation mixture were mixed with 0.1ml of tritiated cAMP[approxi-

mately 30,000cpm] in Na Acetate [0.1M, pH4.0] in a microfuge tube. Protein

kinase inhibitor [0.1ml] and protein kinase[0.lml] were then added. After

mixing, the tubes were incubated at 0°C for 2 hrs. Separation of bound from

free tritiated cAMP was accomplished by charcoal adsorption of the free nu¬

cleotide as follows. An aliquot [0.5ml] of ice cold charcoal suspension

[Norit A, 4mgml potassium phosphate buffer, 0.02M, pH6.0 with 0.5% BSA]

was added; each tube was vortexed. After standing at 0°C for a period

not less than 5 min to a maximum of 10 min, the microfuge tube was cent-

rifuged in an Eppendorf microfuge for 7 min. An aliquot [0.7ml] of the

supernate was mixed with 0.3ml water and 7ml toluene: triton-X [2:lvv]

scintillant cocktail containing 0.4% [wv]-PP0 and 0.04% [wv] P0P0P and

counted in a Beckman LS 7000 liquid scintillation counter. Adenylate

cyclase activity was expressed as nmoles cAMP produced per mg protein per

15 min.

High Performance Liquid Chromatography of NAPS-ACTH

Solvent A [0.02% TFA, pH2.5] and solvent B [acetonitri1e] were degassed

by ultrasonification before use. Samples were chromatographed at ambient

temperature by gradient elution with solvent A and solvent B. Upon inject-



ion of a peptide sample, the column was eluted at 1.5 mlmin with a linear

gradient from 5% B[95% A] to 40% B [60% A] for a few min. The column eff¬

luent was monitored continously for absorbance at 220 nm [A.U.F.S. 0.2] or

at 360 nm [A.U.F.S. 0.05] with a chart speed of lcmmin.

Photolysis of Intact Adipocytes

Aliquots [13.5ml] of adipocytes [3.7x10 cellsml] were distributed to

two 50-ml Falcon polypropylene tubes. Under dim red light, NAPS-ACTH [50yl,

7.5yg0.001NHC1] was added to one of them. For a control, 50yl of 0.001NHC1

was added to the other one. Both tubes were wrapped in tin foil and placed hori¬

zontally in a Dubnoff Metabolic Shaking Incubator for incubation at 37°C

with gentle shaking for 30 min. At the end of the incubation, both tubes

were irradiated with ultraviolet lamp for 4 min twice with a 2-min pause at

room temp. After irradiation ,the fractions were washed free of unreacted

NAPS-ACTH and photogenerated intermediates of NAPS-ACTH by centrifugation

at lOOxq for 1 min twice. The washed fractions were then diluted to a cell

5 2+
conc. of 2.5x10 cellsml with aerated Krebs Ringer bicarbonate buffer [£Ca]-

BSA [4% wv]. The cells were then examined for responsiveness towards ACTH

in terms of lipolytic activity.

Photolysis of Ghost Preparations

Under dim red light, NAPS-ACTH [7. 5y g] was mixed with BSA [0.-5mg] in

a total volume of 0.1ml 0.001NHC1 in 4 separate microfuge tubes at room temp.

Two of the samples were irradiated with ultraviolet light for 4 mins twice



with a 2-min pause. Similar procedures were carried out for the other tubes,

except that they were wrapped with tin foil. The former were referred to as

prephotolysed NAPS-ACTH tubes; the latter as NAPS-ACTH tubes.

These four tubes and an additional control tube containing 0.1ml 0.001N

HC1 were placed on ice. Aliquots [0.4ml] of ghost preparations [6.25mg per

ml ImM KHCO] were added to these five tubes; the tubes were then wrapped

with tin foil and incubated at 0°C for 30min. One of the correspond]'ng

NAPS-ACTH tubes and prephotolysed NAPS-ACTH tubes were irradiated twice for

4 min with a 2-min pause [NAPS-ACTH-UV tube and prephotolysed NAPS-ACTH-UV

tubes.]. The remaining 3 tubes were also irradiated in the same manner

except that the tubes were wrapped in tin foil [NAPS-ACTH-dark, prephoto¬

lysed NAPS-ACTH-dark and control-dark]. All five tubes were then washed

free of unreacted and reactive photogenerated intermediates of NAPS-ACTH

twice with 1 ml ImM KHCO; and the washed ghosts were then resuspended in

0.83ml ImM KHCO. The response towards different conc. of ACTH in the

presence of 1 M GTP was tested in terms of adenylate cyclase activity.

Iodination of NAPS-ACTH

125
I was incorporated into NAPS-ACTH under dim red light by the iodogen

methods as described by Salacinski et ai. [1979], adapted as follows. Iodogen

coated tubes were prepared by pipetting 50yl of iodogen solution -in dichlo-

methane [lmg25ml] to microfuge tubes followed by drying in oven at 50°C for

3 hrs. Tubes were then stored at -20°C. On day of use, 10y1 of 50mM sodium



phosphate buffer, pH7.4, were added to the bottom of the iodogen tube, fol-

lowed by Na I [10 y1, lmC, 50 pM]. Iodination was initiated by pipetting

an aliquot of NAPS-ACTH[10 yl, 300 ygml] to the iodination mixture. After

3 min, the reaction was terminated by adding 0.5ml 50mM sodium phosphate

buffer, ph 7 .4. After staining for a period of 15 min. to allow any unincor¬

porated iodous ions to return to molecular iodine, 0.5 ml of the iodinated

mixture was withdrawn and applied to an 0DS column previously primed with

polypep as follows.

0DS cartridge [SEP-PAK C-g], fitted to a 1ml Terumo syringe, was washed

with an aqueous solution [0.8 ml] of TFA [1% vv] using the plunge of the

syringe, followed by 80% methanol [0.8 ml] of methanol: HO: TFA [80:19:1

vv]. Excess methanol was washed by another aliquot [0.8 ml] of 1% TFA.

Afterwards the column was primed with polypep [1% wv in 1% TFA, 0.5ml],

washed with another aliquot [0.8ml] of 80% methanol and re-equi1ibrated

with 1% TFA [0.8ml] prior to use.

Monitored by a scintillation meter [type 5.4, Mine-Instruments], the

column was washed with aliquots [0.8ml] of 1% TFA to remove unincorporated

iodine until the radioactivity has returned to basal level. The column was

then eluted with 10% stepwise increments in methanol conc. in 1% TFA up to

80% methanol conc. The radioactivity profile of the iodinated mixture was

estimated by counting an aliquot [5 yl] from each fraction in a Beckman

Gamma 4000 counter.



De-iodination Test for Iodinated I -NAPS-ACTH

125'
To ensure that the radioactivity was not due to unincorporated I,

an aliquot [20yl] of the fraction correspond!ng to each radioactivity

peak was added to a microfuge tube containing 0.2 ml suspension of Dowex

2x8 in 0.1N acetic acid [0.36 gml]. After vortexing for 10 sec., the

tubes were allowed to stand for 5 min, followed by centrifugation in an

Eppendorf microfuge for 5min. Aliquots [20 yl] of the supernate were co¬

unted. Control tubes contained 0.2 ml 0.1N acetic acid instead of resin.

1 25
Binding of I-NAPS-ACTH to Adipocyte Ghost and Membrane Preparations

Purified ghosts [400 yg] or membranes [300 yg] in 50 yl ImM KHCO were

distributed to 4 microfuge tubes. ACTH [20 yg in 50 yl 0.001N HC1] was

added to two of the tubes [Set A], with 50 yl 0.001N HC1 to the other tubes

[Set B]. I-NAPS-ACTH [2xl0cpm] was added to each tube. To all tubes,

phosphate-buffered saline [PBS] containing 0.5% BSA was added to give a

final volume of 300 yl. After incubation overnight at 0°C, one tube from

each set was irradiated at 0°C twice for 4 min with a 2-min pause. Similar

procedure was repeated for the remaining tubes which were wrapped in tin

foil. Fractions were washed three times to remove the unbound hormone

125
analogue and the photogenerated reactive intermediates of I-NAPS-ACTH

by ice cold PBS containing 0.5% BSA in a cold dark room. Radioactivity

present in the pellet was determined by counting in a Beckman Gamma .4000

counter.



1 25
To visualize the covalent linkage of the I-NAPS-ACTH with the adi-

pocyto ghost or membrane after photolysis, the pellets were then sol utilized

in sample solubilizing solution containing 2% SDS, 10% glycerol and 5%

mercaptoethanol in 0.0625M Tris-HCl buffer, pH6.8; and subjected to SDS-

PAGE [7.5% acrylamide].

SDS-PAGE of Ghost and Membrane Preparation

a. Slab Gel Electrophoresis Set-up

Slab gel electrophoresis apparatus was assembled according to

Studier [1973], and described in detail by Ames [1974]. The gel sy¬

stem is adapted from the Laemmli procedure [1970]. Stock solutions

were prepared, stored at 0°C and found to be stable over several mon¬

ths of use; the acrylamide stock was stored in a dark glass bottle.

Solution A

Solution B

Solution C

Solution D

30% acrylamide, 0.8% Bis

1.5M Tris HC1, pH8.8

10% SDS

0.5M Tris HC1, pH6.8

The separating gel [7.5%] was mixed according to the following schedule:

Solution A

Solution B

Solution C

Temed

Ammonium persulfate

Water

6.25 ml

6.25 ml

0.25 ml

9 y 1

15 mg

12.25 ml

42



Immediately after mixing the reagents, the separating gel sol¬

ution was pipetted to the space between the two glass plates to the

previously marked level. It was overlayered with 1 ml of water. When

gelation was confirmed, the gel surface was rinsed with water and

drained well before the addition of stacking gel solution with the

following composition [3%].

Solution A

Solution D

Solution C

Temed

Ammonium persulfate

Water

0.6 ml

1.5 ml

60 yl

4 yl

6 mg

3.84 ml

Stacking gel solution was pipetted to the top of the separating

gel, followed by the insertion of a 'comb' of 13 teeth in the free

edge of the sandwich, taking care to avoid introducing air bubbles.

After the stacking gel has polymerized, the bottom spacer was

removed and the slab apparatus was positioned vertically with the

lower end immersed in running buffer of Tris [3gl], glycine [14.4 g1]

and SDS [1 g1]. After clamping firmly to the electrophoresis appa¬

ratus, the comb was removed with subsequent filling with running

buffer to the empty wells.

Solubilized sample was added to the corresponding well. After

filling the upper buffer chamber with running buffer, electrophoresis



was run at constant voltage of about 150 Volts for 2 hrs at room temp

The gel slab was removed from the sandwich at the end of the run for

Coomassie blue staining for 2 hrs.

b. Coomassie Blue Staining

The staining solution was composed of 0.25% Coomassie blue in

methanol-acetic acid-HO [5:1:5 vv]. Gel destaining was completed

with 3 changes of acetic acid-ethanol-HO [1:3:10 vv] within 24 hrs

Gels were air dried by sandwiching between two large sheets of dia¬

lysis membrane and placed on a clean glass plate. After drying the

electrophoretic pattern was recorded photographically.

c. Autoradiography

For radioactive electrophoretic pattern, the gel was placed in

close contact with an X-ray film for'an exposure time of 2 weeks.

The film was then developed in a D-76 developer for 8 min and fixed

for 10 min with F-5. For quantitation of the radioactive pattern,

corresponding channel was cut into slips of 1.5 mm wide, and counted

for radioactivity in a Beckman Gamma Counter.

d. Periodic-Acid-Schiff Staining

In addition to Coomassie blue staining, some gels were stained

with the periodic-acid-Schiff procedure for glycoproteins. The two



working solutions were periodic acid solution consisting of 0.625 ml

50% periodic acid in 100 ml 7% acetic acid; and the Schiff reagent

consisting of 0.5% pararosanidine hydrochloride and 1% Na metabi-

sulfite acidified with IN HC1 [110 vv], followed by decoloration

with activated charcoal [lg per 110 ml crude solution]. The procedure

was as described by Glossmann and Neville [1971]. The gel was fixed

in Methanol-acetic acid-HO [40:7:60] overnight, oxidized with per¬

iodic acid solution for 1 hr, washed with 7% acetic acid overnight,

further oxidized with Schiff-reagent for 1 hr and finally washed free

of oxidizing agent with 1% Na metabisulfite in 0.1N HC1.



RESULTS AND DISCUSSIQf

Time Courses of ACTH-induced lipolysis and Adenylate Cyclase Activation

In preliminary tests, the time courses of ACTH-induced lipolysis in

intact adipocytes and of ACTH-induced adenylate cyclase activation in fat

cell ghost were studied. Fig.6 and Fig.7 showed the respective results.

For ACTH-induced lipolysis [Fig.6], at an ACTH concentration of 0.84

yM, intact adipocytes showed a time-dependent lipolytic response up to 3

hrs. However the rate of increase in lipolytic response was greater for

the first 2 hrs and showed linear relationship. Control cells in the ab¬

sence of ACTH did not show any significant change in lipolytic response

within an incubation time of 3 hrs. Thus for subsequent experiments on

lipolytic response, an incubation time of 2 hrs was chosen.

Fig.7 shows that exposed to 2.25yM ACTH, ghost adenylate cyclase was

activated. The rate of increase in cAMP production was greater in the

first 15 mins than in the subsequent 15 mins. The rate of increase in

cANP formation was greatest between 10 and 15 mins. of incubation. Basal

synthesis of cAMP was negligible during the full 30 mins. incubation. So

subsequent experiments on adenylate cyclase activation was performed with

an incubation time of 15 mins.

Dose-response Studies of ACTH on Lipolysis and Adenylate Cyclase Activity
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Fig. 6 Time course studies on ACTH-induced lipolysis. Isolated fat

cells (2.5x10 cellsml) were incubated at 37°C in Krebs-Ringer

bicarbonate buffer 'in the presence of 4% BSA. At the time specified,

1 ml of the above medium was transferred to the tubes containing

chloroform for free fatty acid determination as described under

Materials and Methods. Incubation medium contained 0.84yM ACTH

or no ACTH
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Fig. 7 Time course studies of ACTH-induced adenylate cyclase activation

in rat fat cell ghosts. Fat cell ghosts (1 mgml) were incubated at

37°C in medium containing ATP-regenerating system, theophylline and

(i) 2.25 yM ACTH (-2— 2-) and (ii) no additives(-•—•-). At time

specified, 0.1 ml of the above medium was transferred to 0.2 ml ice

cold 0.1M sodium acetate, pH4.0. cAMP production was measured using

the competitive protein binding procedure as described under Materials

and Methods.



Fig.8 shows the dose-dependent lipolytic response of intact rat

epididymal adipocytes to various concentration of ACTH. Values are from

one representative experiment out of six which showed similar results.

The mean EDrnvalue from the 6 determinations is 3.45±1.12 nM.
bU

Fig.9 shows the dose-dependent activation of adenylate cyclase in

ghost preparations by ACTH. The reaction was carried out in the presence

of 6.7 mM theophylline for a period of 15 mins. Enzyme activity increas¬

ed with increasing ACTH concentration. However even at 5.6yM ACTH, no

saturating maximal response was observed; the ED values of ACTH for

ghost adenylate cyclase activation could not be determined. However,this

value is clearly above lyM-

A comparison of Fig.8 and Fig,9 shows that adenylate cyclase activa¬

tion requires at least 100 fold higher hormone concentrations than for

activation of lipolysis. Firstly, at a hormone conc. of O.lnM, lipolytic

response was nearly maximal while adenylate cyclase activity remained at

basal level. Secondly, the estimated EDq value for lipolysis was 3.45nM

but that for adenylate cyclase activation was in the yM range. Similar

discrepancies between the concentration of hormone required to elicit

cAMP formation and physiological response have been observed in other

cell systems. Moyle et ai.,[1973] reported that ACTH stimulated cAMP

accumulation and corticosterone production in isolated intact adrenal

cortex cells with EDq values of 2.14nM and 0.13nM respectively. Moyle

and Ramachandran [1973] reported the same trend in the action of lutein¬

izing hormone on rat Leydig cell preparations or on mouse tumor Leydig
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9 Log dose-response curve of ACTH on adenylate cyclase act¬

ivity in rat fat cell ghosts. To 50yl incubation medium, various

amounts of ACTH in 50 yl 0.00IN HC1 were added. Incubation was

initiated by addition of 150 yg ghosts suspended in 50 yl 1 mM

KHCO. After incubation at 37°C for 15 min., reaction was terminate

by addition of 0.2 ml ice-cold 0.1M Na acetate buffer (pH4.0) and

cAMP production was determined as described under Materials and

Methods. Values are mean± S.D. from triplicate incubations.



cells. Ramachandran and Lee [1976] demonstrated that in intact adipocytes,

maximal lipolytic response was observed at lOnM ACTH while cAMP production

was slightly above basal at lOnM ACTH and continued to rise with increas¬

ing hormone concentration.

Effect of dbcAMP and Theophylline on Lipolysis

Since discrepancy in ED values was observed between the physiolo¬

gical response of lipolysis and adenylate cyclase activation, experiments

were designed to test whether ACTH-mediated increase in cAMP production

was an intrinsic step in the lipolytic mechanism. Fig. 10 indicates that

dbcAMP would stimulate lipolytic activity of intact adipocytes in a dose-

dependent manner. The magnitude of maximal lipolytic response induced

by dbcAMP was higher than that induced by ACTH. This suggests that per¬

haps part of the lipolytic action of dbcAMP is pharmacological. Intra¬

cellular cAMP in rat fat cells induced by various lipolytic hormones are

in the order of lOnmoles per gram of eel.1 dry weight [Butcher et al., 1968;

Ho and Sutherland, 1971; Jarett et al., 1972;Lang and Schwyzer, 1972; Lang et

al.,1974]. Lang et al.[1974] reported that an intact adipocyte of 50-y

diameter would be expected to weigh about 130ng [dry weight]. In experi¬

ments with dbcAMP, the amount of dbcAMP was in the range of 50 nmoles-2500

nmoles per 2.5x10 cells. This is roughly estimated as 1.5x10 -7,7x10

nmoles dbcAMP per gram dry cell. Thus even though exogeneous dbcAMP has

been shown to exert lipolytic action on intact adipocytes, the effect may

be pharmacological in origin and result may not be extrapolated for the

physiological role of cAMP as mediator for lipolysis.
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Fig. 10 Effect of dibutyryl cAMP on lipolysis in rat fat cells. Isolated

rat fat cells (2.5x10 cells in 1 ml Krebs-Ringer buffer containing 4%

BSA) were incubated either with dbcAMP(-©—®-) or ACTH (-g—(£)-).

After incubation at 37°C for 2 hrs, free fatty acid released were deter¬

mined as described under Materials and Methods.
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Fig. 11 Effect of db'cAMP and theophylline on ACTH-induced lipolysis

in isolated rat fat cells. Isolated rat fat cells (2.5x10 cells)

were incubated with various additives as follows: I none; II ACTH

(77nM); III dbcAMP (0.5mM); IV theophylline (0.5mM); V ACTH (77nM)

TdbcAMP (0.5mM); VI ACTH (77nM)+ theophylline (0.5mM). After incu¬

bation at 37°C for 2 hrs., free fatty acid released was determined

as described under Materials and Methods. Values are mean! S.D.

of triplicate incubations.



Fig.11 is a histogram for effects of dbcAMP and theophylline on ACTH-

induced lipolysis in rat adipocytes. Again 0.5 mM dbcAMP alone is seen

to exert significant lipolytic action on adipocytes. However in the pre¬

sence of 0.5 mM theophylline, lipolytic activity of adipocytes was only

marginally above the control value. Theophylline, a methyl xanthine, is

a phosphodiesterase inhibitor [Sheppard and Wiggan, 1971] and phosphodi¬

esterase has been reported to exert hysteretic effect on the continuously

fluctuating intracel1ular cAMP level via a shift in Km and Vmax for cAMP

degradation [Russel, 1972]. The drug itself even at 1 mM has very slight,

if any, effect on intracel1ular cAMP level [Butcher et ai.,1968] indicat¬

ing that both basal cAMP and phosphodiesterase activity were low in the ab¬

sence of hormone.

The combined effect of ACTH and either dbcAMP or theophylline on li¬

polysis in adipocytes is shown in the last two lanes of Fig. 11. Both dbcAMP

and theophylline exerted potentiating effect on ACTH-induced lipolysis [com¬

pared with lane II]. Cells showed similar maximally stimulated lipolytic

activity when incubated either with 0.5 mM dbcAMP [lane III] or a combina¬

tion of 0.5 mM dbcAMP plus ACTH at maximally stimulating conc. of 77 nM

[lane V]. This suggests that ACTH acts on surface receptors to exert lipo¬

lytic action via mobilization of lipolytic mechanism where the last steps

probably also involves dbcAMP. Perhaps dbcAMP entered the special cAMP comp¬

artment for lipolysis, caused the dissociation of cAMP-dependent protein

kinase; and the catalytic subunit of this protein kinase activated hormone-

sensitive lipase via phosphorylation as suggested by Fredrickson et ai.[1981].

Alternatively, the potentiating effect of dbcAMP on ACTH-induced lipolysis



might have resulted from a pharmacological effect

Theophylline and ACTH exerted additive effect on hydrolysis of tri-

acylglycerol in intact adipocytes[ lanes II, IV and VI]. Similar sy¬

nergistic effect of theophylline on ACTH-induced cAMP accumulation in adi¬

pocytes was observed by Allen and Beck [1972]. The later phenomenon str¬

ongly suggested that ACTH is also capable of stimulating adenylate cyclase

in intact cells. Since theophylline also has additive effects on ACTH-

induced lipolysis, cAMP is most likely involved as a mediator in the hor¬

mone induced response. ACTH stimulates adenylate cyclase resulting in

the formation of cAMP above basal. A rise in cAMP increases enzymatic

activity of phosphodiesterase; so in the presence of theophylline as an

inhibitor, cAMP accumulation is higher than that in the absence of theo¬

phylline. This net increase in cAMP accumulated further mobilizes the

fat depot of intact adipocytes and this may be the crucial factor res¬

ponsible for the synergistic effect of theophylline on ACTH-induced lipo¬

lysis. Results of dbcAMP and theophylline on adipocytes suggest that ACTH-

mediated increase in cAMP production may be an intrinsic step in the lipo¬

lytic mechanism.

Effect of Actinomycin D and Puromycin on ACTH-induced and dbcAMP-induced

Li polysis

The effect of actinomycin D and puromycin on lipolysis in rat fat

cells were studied. The results presented in Fig.12 indicate that 5yM
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Fig. 1 Effect of actinomycin D and puromycin on ACTH-induced and dbcAMP-

induced lipolysis in isolated rat fat cells. Isolated rat fat cells

5
(2.5x10 cells in 1ml buffer) were incubated with various additives

present in 0.1ml 0.001NHC1 as follows: I none; II actinomycin D(5yM);

III puromycin(5yM); IV actinomycin D(5yM)+puromycin(5iiM); V ACTH(77nM);

VI ACTH(77nM)+actinomycin D(5pM); VII ACTH(77nM)+puromycin(5pM);

VIII dbcAMP(0.5mM); IX dbcAMP(0.5mM)+actinomycin D(5yM); X dbcAMP(0.5mM)

+puromycin(5yM). After incubation at 37°C for 2 hrs, free fatty acid

released were determined as described under Materials and Methods.

Values are mean± S.D. of triplicate incubations.



actinomycin D alone, 5yM puromycin alone or a combination of 5 yM actino-

mycin D plus 5yM puromycin did not affect lipolytic activity of fat cells

very much as compared with control [lanes I, II, III and IV]. Actinomycin

D and puromycin seem to suppress ACTH-induced lipolysis, a difference of

17% and 23% respectively [lanes VI, VII and V] was observed. This diff¬

erence is statistically significant [p0.05]. DbcAMP-induced lipolysis

was also suppressed by actinomycin D and puromycin. The presence of actino¬

mycin A reduced the dbcAMP-induced lipolysis to only 62.5%; presence of

puromycin reduced to only 71.8%. The difference is also highly signifi¬

cant [p0.05].

As both actinomycin D and puromycin have suppressive effect on ACTH-

induced and dbcAMP-induced lipolysis, this suggested that ACTH and dbcAMP

might have employed similar lipolytic mechanism which was inhibited by

actinomycin D and puromycin in some unknown manner.

The involvement of cAMP in the hormonal regulation of protein synthe¬

sis in rat adipocytes was studied by Jarett et al. [1972]. They reported

that dbcAMP and lipolytic hormones such as ACTH produced a dose-dependent

increasing rate of lipolysis with a concomitant decrease in the rate of

incorporation of C-histidine into protein. However a causal relation¬

ship between cAMP elevations and inhibition of protein synthesis could not

be established because insulin stimulated histidine incorporation into pro¬

tein without altering basal levels of cAMP. One point definitely shown

14
was that in normal untreated cells incorporation of C-histidine into

protein was linear for over 1 hr while change in lipolytic activity was



not observed. This suggests that protein synthesis of a wide spectrum

of protein molecules including those involved in lipolytic mechanism takes

place in the basal state. Lipolytic agents mobilize the proteins by acti-

vation.

The suppressive action of actinomycin D and puromycin on ACTH-induced

or dbcAMP-induced lipolysis may have resulted from the protein non-specific

inhibitory effect of actinomycin D and puromycin [Vazquez, 1974] on syn¬

thesis of proteins.

Lang et ai. [1974] reported that the phenoxazine ring system of acti¬

nomycin D [5yM] increased, rather than decreased, ACTH-induced lipolytic

response accompanied with an increase in active ACTH-bindirig sites through

rapid conversion of dormant discriminators [receptor] to the hormone re¬

ceptive states. However at the same time, it was said that it is not the

concentration of the antibiotics that is decisive but its absolute amount

to cell dry weight; 0.1-100 pmoles of actinomycin D [phenxazone] per mg

of cell dry weight caused enhancement in ACTH-induced lipolysis; 100-1000

pmole per mg cell caused a reduction. In the present studies 5 nmoles of

actinomycin D per 2.5x10 cells were used; and this is roughly estimated

as 150 pmoles per mg cell dry weight; and a reduction in ACTH-induced

lipolysis was shown in Fig.12. The concommitant decrease in ACTH-induced

and dbcAMP-induced lipolysis by either actinomycin D or puromycin suggests

that the role of actinomycin D as an inhibitor of protein synthesis at the

transcriptional level is at least as important as a mobilization agent

for dormant discriminator to receptive site.



Effect of GTP on ACTH-induced Lipolysis, Adenylate Cyclase Activation in

Ghost and Membrane Preparation

Fig.13 shows the effect of GTP on ACTH-induced lipolysis in intact

adipocytes. GTP [lyM] alone did not affect lipolytic activity in iso¬

lated adipocytes. The inclusion of lyM GTP to the cell suspension with

77nM ACTH caused a significant reduction [p0.05] in ACTH-induced lipo¬

lysis [lane IV as compared with lane II].

Fig. 14 showed the effect of GTP on ghost preparation. Again lyM GTP

alone did not affect the system [lane III vs lane I]. However in contrast

to results in intact adipocytes, lyM GTP had a potentiating effect on ACTH-

induced adenylate cyclase activation [lane IV vs lane II]. The same po¬

tentiating effect was observed in membrane preparation [lane III vs lane

II] as shown in Fig.15.

Fig.16 is a dose-response curve of-GTP on adenylate cyclase activa¬

tion of rat fat cell ghost showing that GTP can activate adenylate cy¬

clase and at 10yM GTP, adenylate cyclase activity is significantly ele¬

vated by GTP! Similar concentration dependency of an GTP analog G [NH]

on adenylate cyclase activation was reported by Londos et ai. [1974].

The potentiating effect of GTP on ACTH-induced adenylate cyclase activa¬

tion was shown in Fig.17. It is clearly seen that GTP brought about an

enhancement of the ACTH-stimulated adenylate cyclase activity. In- subse¬

quent experiments on adenylate cyclase activation, lyM GTP was routinely

included in the incubation medium.
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Fig. i: Effect of GTP on ACTH-induced lipolysis in isolated rat

fat cells. Isolated fat cells (2.5x10 cells in 1ml buffer) were

incubated with various additives present in 0.1ml 0.001NHC1 as

follows: I none; II ACTH(77nM); III GTP(lyM); IV ACTH(77nM)+GTP

(lyM). After incubation at 37°C for 2 hrs, free fatty acid released

were determined as described under Materials and Methods. Values

are mean± S.D. of triplicate incubations.
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Fig. 14 Effect of GTP on ACTH-induced adenylate cyclase activation in rat

fat cell ghosts. To tubes qontaining 50yl incubation medium, additives

in a total volume of 50yl 0.001NHC1 were added. Incubation was initiated

by the addition of 150yg ghost suspended in 50yl ImM KHC03. After incu¬

bation at 37°C for 15 min, the reaction was terminated by 0.2ml ice-cold

Na acetate, pH4.0 cAMP production was determined as described under Mat¬

erials and Methods. Values are mean± S.D. of triplicate incubations.

Additives are: I none; II ACTH(4.5yM); III GTP(lyM); IV ACTH(4.5yM)+GTP

(lyM).
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Effect of GTP on ACTH-induced adenylate cyclase activation

in membrane preparation. To 50yl incubation medium, 50yl 0.001N

HC1 containing various additives as specified below and lOOyg mem¬

brane suspension in 50yl ImM KHCO was added. After incubation at

37°C for 15 min,the reaction was terminated by the addition of 0.2

ml ice-cold Na acetate (pH4.0). cAMP production was determined as

described under Materials and Methods. Values are mean± S.D. o

triplicate incubations. Additives are: I none; II ACTH(4.5yM);

TTT ACTH(4.SuMl+GTP M uMl.
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Fig. It Effect of GTP on adenylate cyclase activity of rat fat cell

ghosts. GTP in a total volume of 50yl 0.001N HC1 was added to 50yl

incubation medium. Incubation was initiated by the addition of 150

yg ghost suspended in 50yl ImM KHCO. After incubation at 37 C for

15 min, the reaction was terminated by the addition of 0.2ml ice-

cold 0.1M Na acetate (pHA.0). cAMP accumulated was determined as

described under Materials and Methods. Values are mean± S.D.

of triplicate incubations.
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Fig. 17 Effect of GTP on ACTH-induced adenylate cyclase activation in

rat fat cell ghosts. Dose response of ACTH on adenylate cyclase of

ghost was observed in the presence(-®—©-) or in the absence of

(-®—®-) lyM GTP. Combinations of GTP and ACTH in a total volume

of 50y1 0.00IN HC1 were added to 50pl incubation medium. Incubation

was initiated by the addition of 150pg ghosts suspended in 50yl ImM

KHCO. Reaction was terminated by addition of 0.2ml ice-cold 0.1M

Na acetate (pHA.O). After incubation at 37°C for 15 min, cAMP accumu¬

lated was determined as described under Materials and Methods.



Although both Yamamura et al. [1977] and Cooper et al. [1979] reported

that low cone. of GTP stimulated and high conc. of GTP inhibits adenylate

cyclase in fat cell membranes with turning points at 10yM GTP for 10yM

ACTH-induced response at 37 and at O.lyM GTP for lyM ACTH-induced response

at 24C respectively, only a single activation phase was observed in the

range of GTP conc. of 0.1 to 10yM [Fig.16]. This may have been due to the

difference in assay conditions of the present studies with that of Yamamura

et al. [1977] and Cooper et al. [1979]. Both assay media for adenylate cyclase

contained ATP as substrate, Mg ions, ATP-regenerating system of phospho-

creatine and creatine kinase, and BSA, but theophylline was absent in the

medium used by Yamamura et al.and Cooper et al., Perhaps assay conditions

may modify the sensitivity or the amplitude of the GTP effect.

Both Yamamura et al. [1977] and Cooper et al.[1979] provided evidence

to support the existence of bimodal regulation of adenylate cyclase by

GTP in fat cell membrane preparation. It is however not clear if the

result can be extrapolated to intact fat-cell system. In Fig.13, lyM

GTP is shown to reduce the ACTFI-induced lipolysis by 26% but 1 yM GTP

alone has no effect on the basal lipolytic activity. It was speculated

that in intact cells via some unknown mechanism, the activation mode for

GTP action was abolished and GTP action of a purely inhibitory mode

remained intact. This GTP action on intact cells caused a reduction in

cAMP production and in turn lipolytic activity. Further investigation

on the role of GTP in the coupling mechanism is required.



High Performanee Liquid Chromatography of NAPS-ACTH and AC7T

The purity of the NAPS-ACTH sample was examined by reverse-phase

high performance liquid chromatography and eluates were monitored at both

220 nm for the peptide skeleton of ACTH and 360nm for the nitroazido-

9
phenyl ring S-1 inked to the indole ring of Trp. Aliquots of ACTH were

chromatographed in similar manner as a control. Fig.18 shows the elu-

tion profiles for chromatography of NAPS-ACTH and ACTH monitored at 220nrr

[panel A] and at 360nm [panel B]. Chart direction was from right to left

with a speed of 1 cmmin.. NAPS-ACTH was chromatographed prior to ACTH.

Full scale of panel A was 0.2 absorbance unit at 220nm and that of panel

B 0.05 unit at 360nm. Elution was by the use of a linear gradient rang¬

ing from 5% acetonitrile [95% 0.05% TFA, pH2.5] to 40% acetonitrile [60%

0.05% TFA,pH2.5] as indicated.

Panel A shows that both NAPS-ACTH and ACTH were eluted as a sharp

peak as monitored by 220nm. This indicates that both peptide preparations

were very pure as far as the integrity of the peptide skeleton was con¬

cerned. Otherwise, a variety of peaks would be observed in accordance

with the polarity of the corresponding degradative products. NAPS-ACTH

was eluted at 40% acetonitrile while ACTH at less than 40% acetonitrile.

This suggests that the introduction of the nitroazidophenyl group S-linked

1 -39
to ACTH increases the hydrophobicity of the native hormone; a higher

concentration of acetonitrile is therefore required to dislodge the NAPS-

ACTH from the column.



Fig. 18 Elution profiles of NAPS-ACTH and ACTH in high'performance

liquid chromatography monitored at 220nm (panel A) and at 360nm(

panel B). A linear acetonitrile gradient from 5% acetonitrile(95%

0.05% TFA,pH2) to 40% acetonitrile (60% 0.05% TFA,pH2) was used.

Details are described in the text.



Panel B shows that when the eluate was monitored at 360nm, only

NAPS-ACTH was detected as a single peak; chromatography of ACTH did not

give detectable peak. This indicates the selectivity of 360nm for the

nitroazidophenyl group. The position of peak was identical with that

when monitored with 220nm, suggesting that nitroazidophenyl group re¬

mained attached to the single type of peptide skeleton.

Biological Activities of NAPS-ACTH

The photoreactivity of NAPS-ACTH has been characterized by amino

acid analysis, peptide mapping and ultraviolet absorption spectroscopy

[Muramoto and Ramachandran, 1980]. The biological activities of this

photoreactive derivative of ACTH on isolated rat adrenocortical cells

have been studied and reported [Ramachandran et ai-, 1980a]. NAPS-ACTH

is a partial agonist in stimulating steroidogenesis and an antagonist

of ACTH-stimulated cAMP accumulation in isolated rat adrenocortical cells.

In this investigation, the biological activities of NAPS-ACTH upon the

fat cell system was examined, in order to gain some insight on the lipo¬

lytic mechanism as well as on the interaction between the photolabile

analogue and the ACTH receptors on rat adipocytes. Investigation on in¬

trinsic biological activities of NAPS-ACTH was done in dim red light con¬

ditions except otherwise stated.

a. Effect on Intact Adipocytes

Fig.19 shows the log dose-lypolysis relationship for NAPS-ACTH
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Fig. 1
9 Log dose-response curve? of NAPS-ACTH and ACTH on lipolysis in isolatec

rat fat cells. In dim red light conditions, rat adipocytes (2.5x10 cells in

lml buffer) were incubated with either ACTH (-2— 2~) or NAPS-ACTH(-©—©-)

of final conc. as specified. After incubation at 37°C for 2 hrs, free fatty

acid released was determined as described under Materials and Methods.
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Fig. 20 Antagonistic effect of NAPS-ACTH on ACTH-induced lipolysis

in isolated rat fat cells. In dim red light conditions, isolated

fat cells were incubated with various amount of ACTH in the pre¬

sence(-•—•-) or in the absence(-®— £g~) of 185nM NAPS-ACTH.

After incubation at 37°C for 2 hrs, free fatty acid released was

determined as described under Materials and Methods. Values

are mean± standard deviation of triplicate incubations.



ACT1 NAPS-ACTH FFA releasee Pprrpnt

(NT (F (umole2.5x10 cells2hrs inhibition

7.7x10

7.7x10'

7.7x10'

C

lxlO'7

lxlO6

0.736±0.054

0.709±0.004

0.442+0.026

3.7±7.1

40.0±5.6

Table 2 Effect of NAPS-ACTH on ACTH-induced lipolysis. In dim red light

conditions, isolated rat fat cells (2.5x10 cells in 1ml buffer) were

incubated with a combination of ACTH and NAPS-ACTH at the specified

concentration. After incubation at 37°C for 2 hrs, free fatty acid

released was determined as described under Materials and Methods.

Values are mean± standard deviation of triplicate incubations.



As can be seen NAPS-ACTH, in dim red light conditions, caused

no stimulation of free fatty acid release even at 630nM, whereas 46nN

ACTH maximally stimulated lipolytic activity nearly 11-fold.

NAPS-ACTH, however, is a competitive inhibitor of ACTH-induced

lipolysis. Fig.20 shows that in the presence of 185nM NAPS-ACTH, the

dose response curve of ACTH-induced lipolysis was shifted towards the

right while the values of maximal response were the same either in

the presence or in the absence of NAPS-ACTH. This indicates that

both ACTH and NAPS-ACTH competed reversibly for the same set of recep¬

tors leading to lipolysis. Binding of NAPS-ACTH with the receptor

did not lead to lipolysis while higher concentration of ACTH would

displace the NAPS-ACTH from the ACTH receptor and thus reduced its

anti-1ipolytic activity.

Table 2 further illustrates the anti-1ipolytic potency of this

analogue. In the presence of 77nM-ACTH [capable of maximally stimu¬

lating lipolysis] increasing concentration of NAPS-ACTH caused a

progressive inhibition of ACTH-induced lipolysis. This is in accor¬

dance with the result reported for similar ACTH derivative— [(2-nitro-

phenylsulfenyl)-Trp9]-a -ACTH139 [NPS-ACTH] which is a potent inhi-

bitor of lipolysis in isolated rat and rabbit adipocytes [Ramachan-

dran and Lee,1970]. Table 2 shows that NAPS-ACTH caused a 40% inhi¬

bition of ACTH-induced lipolysis at a molar ratio of 13:1 indicating

that the affinity of the analogue for ACTH receptor is smaller than

that of the native hormone by at least one order of magnitude.



b. Effect on Ghost Preparation

Fig.21 illustrates the effect of NAPS-ACTH on the activation

of adenylate cyclase of rat adipocyte ghost preparation. Dose res¬

ponse studies of NAPS-ACTH on the system shows that NAPS-ACTH has a

stimulating effect on adenylate cyclase at hormone concentration a-

bove lyM. However for a givin hormone concentration, NAPS-ACTH is

less potent than ACTH in stimulating adenylate cyclase of ghost pre¬

paration. No maximal response could be observed with either hormone

under the experimental conditions used suggesting that the receptors

were not yet saturable even at the 4.5yM hormone concentration.

The fact that NAPS-ACTH can activate adenylate cyclase of rat

fat cell ghosts is in contrast to results of similar ACTH analogues

9
with modification at the indole ring of Trp of native hormones. Re¬

sults include the antagonistic action of NPS-ACTH on rat fat cell

ghost [Ramachandran and Lee, 1970a] -and of DNAPS-ACTH on the same

system [Ramachandran et al., 1980]. However, the results shown in

Fig.21 are highly reproducible. ACTH derivatives besides NAPS-ACTH

capable of stimulating adenylate cyclase without stimulating lipoly-

7-24
sis in intact rat adipocytes have also been reported. ACFH is a

typical example [Lang et al., 1976]. The dissociation of lipolytic

activity from cAMP-generating ability in the same analogue further

raises the question of whether both responses are mediated by the

same receptor or if two different receptors are involved.
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Fig. 2 Log dose-response curves of NAPS-ACTH and ACTH on adenylate

cyclase activity in rat fat cell ghosts. In dim red light conditions,

ACTH— or NAPS-ACTH(-•—«-) in a total volume of 50yl 0.001N

HC1 was added to 50yl incubation medium. Incubation was initiated by

the addition of 150yg ghosts suspended in 50yl ImM KHCO. After incu¬

bation at 37°C for 15 min, the reaction was terminated by the addition

of 0.2ml ice-cold 0. 1M Na acetate (pH4.0) and the reaction mixture was

assayed for cAMP as described under Materials and Methods. Values

are mean of triplicate incubations.



Fig.22 shows the additive effect of NAPS-ACTH and ACTH on ad¬

enylate cyclase activation of rat adipocyte ghosts. Again the stimu¬

latory effect of 3.7yM NAPS-ACTH on adenylate cyclase was observed

[lane III]. Addition of O.lyM ACTH caused a small increase [10%] on

NAPS-ACTH-induced adenylate cyclase stimulation [lane IV vs lane III]

and O.lyM ACTH alone was less potent than 3.7yM NAPS-ACTH [Lane II and

III]. This suggests that at 3.7yM NAPS-ACTH the available ACTH re¬

ceptors are not saturable and the additional O.lyM ACTH is freely

accessible to the unoccupied receptors. Since the effective concen¬

tration of unoccupied receptors is less in the presence of 3.7yM NAPS-

ACTH than in the absence, this accounts for the smaller increase ob¬

served than expected for the additional O.lyM ACTH. However addition

of lyM ACTH caused a further 50% increase in the 3.7yM NAPS-ACTH-induced

adenylate cyclase stimulation [lane VI vs Lane III] and lyM ACTH alone

was as potent a lyM ACTH plus 3.7yM NAPS-ACTH as far as adenylate cy¬

clase activation was concerned.

An increase in ACTH from O.lyM to lyM causes the available un¬

occupied receptors to become limiting. Both ACTH and NAPS-ACTH can

compete reversibly for the ACTH-specific receptors but at comparable

hormone concentration ACTH, having a higher affinity for receptor,

can displace NAPS-ACTH from the receptors. Results shown by lanes VI

and IV may be accounted for by supposing an increasing ACTH-receptor

interaction coupled with a decreasing NAPS-ACTH-receptor interaction.

c. Effect on Membrane preparation
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Fig. 22 Additive effect of NAPS-ACTH and ACTH on adenylate cyclase

activity in rat fat cell ghosts. 'In dim red light conditions, hor¬

mone additives in a total volume of 50yl 0.001N HC1 were added to

50j.il incubation medium. Incubation was initiated by the addition

of 15Oyg ghosts suspended in 50pl ImM KHCO. Termination of reac¬

tion and cAMP determination were as described under Materials and

Methods. Hormone additives are: I none; II ACTH(0.lyM); III NAPS

-ACTH (3.7 jjM); IV ACTH(0.lpM)+NAPS-ACTH(3.7pM); V ACTH(lpM);

VI ACTH (lyM)-fNAPS-ACTH(3. 7pM). Values are mean± S.D. of triplicate

incubations.
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Fig. 23 Effect of ACTH and NAPS-ACTH on adenylate cyclase

activity in rat fat cell membrane preparation. In dim red

light conditions, additives in 50yl 0.001N HC1 were added to

50yl incubation medium. Incubation was initiated by the add¬

ition of lOOyg membrane in 50yl ImM KHC0n. After incubation

at 37°C for 15 min,reaction was terminated by 0.2ml ice-cold

0. 1M Na acetate buffer (pH4.0) and cAMP production was deter¬

mined as described under Materials and Methods. Values

are mean± S.D. of triplicate incubations. Additives are:

I none; II ACTH(1.6yM); III NAPS-ACTH(2.6yM).



Fig.23 shows that both ACTH and NAPS-ACTH can stimulate adeny¬

late cyclase in membrane preparation. The fact that ACTH can acti¬

vate adenylate cyclase in membrane indicates that the ACTH-receptors

on the membrane preparation remain intact. NAPS-ACTH again was shown

to stimulate adenylate cyclase even though the amplitude was less

than that eventuated by a comparable ACTH concentration.

The results shown in Fig.19 to Fig.23 indicate that NAPS-ACTH is an

antagonist for ACTH-induced lipolysis but is able to stimulate adenylate

cyclase activity in both ghost and membrane preparations.

Photolysis Experiment with Isolated Rat Fat Cells

Fig.24 illustrates that fat cells after preincubation with O.lyM

NAPS-ACTH and UV irradiation showed no discernible change in lipolytic

response towards subsequent ACTH stimulation as compared with the control

without NAPS-ACTH. This result was interesting. Since previous results

suggested that NAPS-ACTH is about 10 fold magnitude lower in binding af¬

finity for ACTH-receptor, exess NAPS-ACTH [O.lyM] was used in the prein¬

cubation steps.

The result would seem to favour the spare-receptor hypothesis for

ACTH-induced lipolysis since the covalent blockage of over 95% of the

total membrane receptors is necessary before any decrease in lipolysis

becomes observable. However the possibility that the quantum yield of

the photolytic reaction is so low that only a tiny percent of the lipo-
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Fig. 24 Effect of NAPS-ACTH preincubation and UV-irradiation on ACTH-induced

lipolysis in isolated rat fat cells. Fat cells (3.7xl05 cellsml buffer)

were incubated at 37°C in the dark with(-©—•-) or without (--(g)—®-)

O.lpM NAPS-ACTH for 30 mins. The cells were then irradiated twice for

4 min. with a 2-min pause at room temp., washed twice and resuspended in

Krebs-Ringer bicarbonate buffer Ca, 4% BSA) to a cell cone. of 2.5xl05

cells per ml. Aliquots were incubated with different conc. of ACTH at 37°C

for 2 hrs. and free fatty acid was assayed as described under Materials

and Methods. Values are mean of triplicate incubations.



lysis-specific receptors [according to the two-receptor model] becomes cova-

valently blocked under the experimental conditions used cannot be ruled out.

Perhaps the steady state conc. of the receptor and NAPS-ACTH complex is low;

not all the receptor and NAPS-ACTH complexes are photoactivated by UV to

form covalently linked complex because of the screening effect of floating

fat cell mass to UV penetration. Another possibility, though highly specu¬

lative, may have been that fresh receptors might have been recruited to the

cell membrane during the 2-hour period of incubation. The translocation of

glucose receptors to the plasma membrane during insulin stimulation of iso¬

lated rat adipocytes is a well known phenomenon [Karnieli et al.,1981]

Photolysis Experiment with Adipocyte Ghost Preparation

The effect of NAPS-ACTH with and without UV-irradiation on ghost aden-

late cyclase actvity was examined. As a preliminary experiment, the effect

of UV-irradiation alone was tested. Fig.25 shows that UV-irradiated ghosts

generally had higher response than non-irradiated ghosts at a given hormone

concentration. However the differences were not statistically significant

[p0.05].

Fig.26 illustrates the events after photolysis of ghost preparations

in the presence of photosensitive analogue, NAPS-ACTH. The inclusion of

prephotolysed NAPS-ACTH in the system was to serve as an additional control

factor. BSA [0.5 mg] was expected to act as a scavenger to remove excess

NAPS-ACTH [7.5yg] used in the irradiation step for preparation of prephoto¬

lysed NAPS-ACTH. The NAPS-ACTH1 would covalently complex with BSA and
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Fig. 25 Effect of UV irradiation on ACTH-induced adenylate cyclase acti¬

vation of rat fat cell ghosts. Ghosts were equilibrated at 0°C for 30

mins., irradiated with tubes either wrapped with(-(£)—£-) or without

(-©—©-) tin foil twice for 4 min. with a 2-min pause. After washing

as in normal photolysis procedure, the ghosts were incubated with various

concentration of ACTH. Adenylate cyclase activity was assessed as des¬

cribed under Materials and Methods. Points are mean of triplicate

incubations. Differences between groups are not statistically signi¬

ficant (p0.05).
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Fig.26 Effect of preincubation with NAPS-ACTH and UV irradiation on ACTH-

induced adenylate cyclase activation in rat fat cell ghosts. In dark con¬

ditions, ghosts were incubated with 1(-£—£)-) no addition; 2(-—o-) and

3(-(§—-) 2.77yM NAPS-ACTH;— m~) and 5(— (g)— S~) 2.77yM prephotolysed

NAPS-ACTH as detailed in the text. After incubation at 0°C for 30min.,

samples 2(-o—»-) and 4(~®— 0-) were irradiated as usual. The remaining

3 groups were also irradiated except that the tubes were wrapped in tin

foil. After washing, aliquots of treated ghosts were reincubated with var¬

ious concentrations of ACTH at 37°C for 15min. cAMP determination was as

described under Materials and Methods. Values are mean of triplicate

incubations.



renders it inactive towards binding for ACTH receptors. No significant

blockage of ACTH receptors resulted in subsequent photolysis with ghosts.

And no significant reduction in responsiveness, compared with control group

without any NAPS-ACTH, towards subsequent ACTH stimulation should be expected

for groups with prephotolysed NAPS-ACTH.

However as seen in Fig.26, cAMP production in groups with prephotolysed

NAPS-ACTH [curves 4 and 5] were significantly [p 0.05] lower than that in

the control group without any NAPS-ACTH [curve 1]. Also cAMP production appears

to decrease with the number of exposure to UV-light [curve 4 vs curve 5].

Presumably a reduction in hormonal stimulation is the result of covalent block¬

age of some receptors in photolysis. This indicates that not all NAPS-ACTH

had complexed with BSA prior to incubation with ghosts. This suggests that

the efficiency of photolysis was low. Alternatively BSA at amount used

is not a very efficient scavenger. Additional UV light exposure might have

brought about further covalent attachment of the active NAPS-ACTH to receptors.

REsults for groups without prephotolysis [curves 2 and 3] were also

significantly different [p0.05] from the dark control [curve 1]. Ghosts

photolysed in the presence of NAPS-ACTH showed a reduction in response to

subsequent ACTH stimulation as compared to its non-irradiated counterpart

and the dark control. Photolysis resulted in permanent attachment of NAPS-

ACTH to some ACTH receptors, and in the number of available receptor sites

for subsequent hormonal stimulation. The drop in responsiveness of the

non-irradiated-NAPS-ACTH group compared with dark control is difficult to

explain at this stage.



As far as results in Fig.25 and Fig.26 are concerned, UV irradiation

for 10 min. does not cause significant change in hormonal response, but is

insufficient to produce complete photolysis. Nevertheless, partial selec¬

tive blockage of receptors appears to have been accomplished with photolysi

in the presence of NAPS-ACTH, leading to a reduction in subsequent hormonal

stimulation in all the treated groups except the non-irradiated set with

NAPS-ACTH preincubation.

Covalent attachment of a photoreactive hormone analogue with intrinsic

biological activity could result either in abolishment of biological response

or in irreversible activation of response [DeGraan and Eberle,1980; Branden-

berg et al.,1980; Demoliou-Mason and Epan,1982a]. In the present case, when

ghosts were photolysed in the presence of NAPS-ACTH at 0°C, the responsive¬

ness of the treated ghosts to subsequent stimulation with ACTH was decreased.

The same situation has been reported in photolysis of adrenocortical cells

in the presence of NAPS-ACTH at 0°C [Ramachandran et ai., 1981]. In order

125
to elucidate this further, the photosens-i ti ve NAPS-ACTH was tagged with I

at the phenolic ring of tyrosine residues at position 2 and 23 of NAPS-ACTH,

1? R
and this~ I-NAPS-ACTH was equilibrated with ghost [and also membrane]

preparations, followed by photolysis. Photolysed adipocyte ghost and mem¬

brane were then subjected to SDS PAGE. This serves to demonstrate that

photolysis of ghosts in the presence of NAPS-ACTH results in covalent

attachment of the analogue to ACTH specific receptors. Reduction in res¬

ponse to subsequent ACTH stimulation may be due to change in steric inter¬

action between receptor and hormone.



Iodination of NAPS-ACTH and De-iodination Test for Iodinated NAPS-ACT

Fig.27 shows a typical elution profile of the products from an ODS

cartridge after iodination of NAPS-ACTH by the iodogen method. The shar[

peak eluted by 1% TFA in the absence of methanol contains in all likeli-

125
hood unincorporated I, as high polarity compounds would be removed

first from the SEP-PAK Cg cartridge by washing with th polar solvent.

The major radioactivity peak at 70% methanol concentration probably re-

presents 125I-NAPS-ACTH.

A simple way to check whether the radioactivity present in each fra-

125
tion is due to unincorporated I or not is by using anion exchange resin

125
[Lefkowitz et ai. ,1970]. In an acidic medium [0.1N acetic acid], I-

NAPS-ACTH is positively charged and has no affinity towards Dowex 2x8, while

I would be strongly absorbed. As indicated in Table 3, materials in peak

eluted by 70% methanol has virtually no affinity for the resin, while the

radioactivity from an aliquot of the 0% methanol peak decreased 5 fold upon

addition of the resin. These results clearly demonstrated that the radio-

125
activity eluted by 70% methanol was not due to unincorporated I, and that

the ODS-methanol-TFA system was highly efficient in separating unincorporated

1 from the iodinated NAPS-ACTH.

The time of reacting NAPS-ACTH and 1-125 in the presence of iodogen is

the most critical factor to consider. Preliminary experiments [results not

shown] have shown that three mins was the optimal reaction time for the in¬

corporation of 1-125 into NAPS-ACTH.
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Fig.27 Elution profile of the products obtained after the Iodogen iodination

of NAPS-ACTH (3yg) from an ODS cartridge. Elution was carried out by step¬

wise (10%) increments in methanol concentration in 1% TFA. An aliquot (5pl)

from each fraction was counted.



CONCENTRATION OF MeOH com

at

RADIOACTIVITY PEAf CONTROL DOWE;

0

70

133271±17 391 26961±2445

13114±2891 337 54±371f

Table 3
125

De-iodination test for iodinated I-NAPS-ACTH using Dowex

2x8. An aliquot of the fraction corresponding to radioactivity peak

at 0% methanol (MeOH) and 70% methanol was added to a microfuge. tube

containing 0.2ml suspension of Dowex 2x8 in 0.1N acetic acid. After

vortexing for 10 sec., the tubes were allowed to stand for 5 min..

followed by centrifugation for 5 min.. Aliquots of the supernate

were counted. Control tubes contained 0.1ml 0.IN acetic acid with¬

out resin. Values are meaniS.D. of quadriplicates.



The iodogen method and SEP-PAK cartridge chromatography yielded

1 9C. 7

I-NAPS-ACTH of high specific activity [7.58± 1.62x10 cpmnmole, 2 exp¬

eriments].

1 26
Binding of I-NAPS-ACTH to Adipocyte Ghost and Membrane Preparations

1 25
Table 4 illustrates the binding of I-NAPS-ACTH to the adipocyte

ghost and membrane preparations. ACTH could displace the tracer from both

fractions; however non-specific binding accounted for 86%-97% of total bind

ing. This suggests that data from binding experiments using this system

are less likely to give accurate parameters for the ACTH receptors on adi¬

pocytes. Nevertheless, for a given ghost or membrane preparation and batch

125
of I-NAPS-ACTH UV irradiation caused a substantial increase in specific

binding as compared with the non-irradiated counterpart. This increase

possibly represents covalent linkage of the iodinated tracer to cell mem¬

brane receptor upon irradiation. However the possility of non-specific

covalent linkage with other macromolecules in photolysis also exists.

Results of Table 4 indicate that iodinated NAPS-ACTH can be used as

a photoaffinity label for ACTH-receptor on adipocyte membrane.

SDS-PAGE of Ghost and Membrane Preparations

Preliminary trials on the use of slab gel electrophoresis of adipocyte
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1 Ghost

Membrane

654338

609028

589030

570271

666322

567596
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547369

596400

574603

571769

558030

578211

514308

503308

493988

57938

3442 E

17261

12241

88111

53288

82413

53381

2 Ghost

Membrane

Table 4
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Binding of I-NAPS-ACTH to adipocyte ghosts and membranes. 400

yg ghosts or 300yg membranes suspended in 50yl ImM KHCO were incubated
ioc A

in the dark at 0°C overnight with I-NAPS-ACTH 2x10 cpm either in the

presence of 20yg ACTH in 50yl 0.001N HC1() or in the presence of acid

buffer(). To all tubes, PBS with 0.5% BSA was added to a final volume

of 300yl. After incubation, one tube from each set was irradiated(+)

at 0°C twice for 4 mins with a 2-min pause. Similar procedure- was re¬

peated for the remaining tubes which were wrapped with tin foil(-).

All tubes were washed three times with ice-cold PBS with 0.5% BSA by

centrifugation. Radioactivity present in the pellet was determined.



ghost and membrane preparations show that when 7.5% acrylamide was used

as running gel, both ghost and membrane preparations gave similar Coomas-

sie blue staining and periodic-acid-Schiff reagent staining patterns. This

indicates that 7.5% gel could not give a differential electrophoretic pattern

for ghost and membrane preparation although a depletion of low molecular

weight material in membrane fractions from parametria! adipose tissue has

been reported with 8.5% acrylamide gel of column form [Czech and Lynn, 1973],

Fig.28 shows the SDS-PAGE pattern of rat epididymal fat cell ghost

and membrane preparations. At least 15 major protein components were re¬

solved for both ghost and membrane preparati ons. Among these 15 components,

two were positively stained by periodic-acid-Schiff reagent suggesting fat

cell plasma membranes contained two major glycopeptides of molecular weight

between 67K and 94K. Similar glycoprotein bands were reported in rat peri¬

renal and perimetrial adipose tissues. [Kawai and Spirs,1977; Czech and

Lynn ,1973].

a. SDS PAGE of Rat Fat Cell Ghost and Membrane Preparations after Photo-

lysis with 125I-NAPS-ACTH

In a representative experiment, at a volume of 0.3ml, 400yg ghosts

ioc 7

or 300yg membranes were incubated with 33.6pmoles I-NAPS-ACTH [5.96x10

cpmnmoles] either in the presence or in the absence of 6.8 nmoles ACTH.
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After photolysis and washing free of non-covalently bound .I-NAPS-ACTH

and photogenerated intermediates, the washed pellets were so I utilized

in the presence of 2% SDS and 5% p-mercaptoethanol for 5 hrs to complete



1 2 3 5 6 7 8

Fig. 28 SDS PAGE pattern of fat cell ghost and membrane preparations.

Electrophores was carried out as described under Materials and

Methods. After electrophoresis, Lanes 1-3 were stained with per-

iodic-acid-Schiff reagent and 5-8 with Coomassie blue. Keys: 1,6

=membrane (50g); 2,3,7= ghost (100g); 5,8= standard molecular

weight marker. Starting from origin the molecular weight standards

in lane 5 are 67K, 43K and 18.5K; that in lane 8 are 94K, 67K and

20K. Arrows indicate the position of bands in lanes 1-3.
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B.

Fig. 29 SDS PAGE pattern of rat fat cell ghost and membrane pre-

1 25
parations after photolysis with I-NAPS-ACTH as revealed by

A. autoradiography; B. Coomassie blue staining. Treatment of

sample, electrophoresis, staining, and autoradiography were detailed

under Materials and Methods. Membranes was abbreviated as M, ghost

as G, incubation in the presence of 20vg ACTH as A+, in the absence

of ACTH as A-, UV irradiation as U+, no UV irradiation as U-. Keys:

1=GA+U+; 3=GA-U+; 5-MA+U+; 7=MA-U+; 9=GA+U-; 10=GA-U-; 11=MA+U-;

12=MA-U-; 2,4,6,8=standard molecular weight markers. Molecular

weight as indicated by the arrows starting from origin: 200K, 94K,

67K, 43(+36)K, 18.5K.



solubilization prior to electrophoresis in 7.5% acrylamide SDS slab

gel. The gel was stained with Coomassie blue and dried for autoradio¬

graphy. The electrophoretic pattern is presented in Fig.29 such that

panel A is the autoradiogram and panel B Coomassie blue staining pro¬

tein profile.

The diffused dark stretch around the gel front [panel A] indicates

that despite extensive washing, a large portion of radioactivity attri¬

butable to the non-covalently bound tracer was still present. This

accounts for the large extent of non-specific binding in Table 4. The

presence of radioactivity throughout lanes 7,9,11 and 13 suggests that

covalent attachment of radioactive NAPS-ACTH to macromolecule components

did occur upon UV irradiation. No incorporation of radioactivity was

observed in the control groups that were not irradiated as indicated

by lanes 2-5 of panel A in Fig.29. There is no radioactivity bands in¬

corporated within the gel matrix for the dark controls, while distinct

bands are observed for samples that-were irradiated. However ACTH-

displaceable bands could not be observed. The radioactivity band at

the position correspond!'ng to a molecular weight of approximately 72000

daltons was not ACTH-displaceable but reproducibly demonstrated in

lanes containing irradiated samples. This very probably represents

the BSA- I-NAPS-ACTH complex since photolysis was conducted in the

presence of excess BSA [MW:67000] which acted as scavenger. The iden¬

tity of the weaker radioactivity band towards the gel front is not clear

and the band cannot be reproducibly demonstrated. Quantitation of the

radioactive pattern [results not shown] also gave similar information.



b. SDS PAGE of' I-NAPS-ACTH Photolysed Ghost and Membrane Pellet Sol-

ubilized in the Absence of 3-mercaptoethanol

Later it was suspected that 3-mercaptoethanol which served to dis¬

sociate inter and intra chain disulfide bond in the sample solubilization

step prior to electrophoresis, could also cleave the receptor- I-

NAPS-ACTH, if present, at the sulfide bridge between the iodinated

NAPS-ACTH and the nitrophenyl group linked to the receptor as depicted

in Fig.30. Structure I [Fig.30] co-electrophoresed with receptor mol¬

ecule but was undetectable as the radioactive label was absent in this

thiolysed product. The radioactive label was in structure II which

freely passed through the gel matrix because of its low molecular weight.

Complete cleavage of DNPS-tryptophan at S-bridge has been reported by

Wilchek and Miron[1972] at pH8 for 4 hrs at room temperature with 100

fold molar excess of 3-mercaptoethanol.

Thus experiments were carried'out with similar protocol as Fig.29

except in the absence of 5% 3-mercaptoethanol in the SDS-solubi1ization

step. In a total volume of 0.3ml of incubation mixture, I-NAPS-ACTH

amounted to 21.7 pmoles [2x10 cpm; 9.20x10 cpmnmoles] and ACTH, if

present, 6.8nmoles. Results are presented in Fig.31. The Coomassie

blue staining protein profile was quite different from the correspond]'ng

one in Fig.29 suggesting that the absence of 3-mercaptoethanol caused

some protein electrophoresed as an aggregate form and some protein com-

plexed randomly with SDS with varying charge to mass ratio. In the auto-

radiogram, the radioactivity band tentatively identifiable with BSA- I-
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Cleavage of Receptor- I-NAPS-ACTH in the presence of 3~mercapto-

ethanol. p-mercaptoethanol could cleave at the sulfide bridge between
9

the indole ring of Trp pf the iodinated NAPS-ACTH and the nitrophenyl

group linked to the receptor as indicated. Structure I and Structure II

were the thiolysed products.
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Fig. 31 SDS PAGE pattern of rat cell ghost and membrane prepa-
1? 5

ration after photolysis with I-NAPS-ACTH in the absence of

3-mercap toe than ol as revealed by A. autoradiography; B. Coom-

assie blue staining. Symbols were as used in fig.29. Keys.

1=MA-U-; 2 =MA+U-; 3=GA-U-; 4=GA+U~; 6=MA-U+; 8=MA+U+; 10=GA+U+;

12=GA-U+; 5,7,9,1l=standard molecular weight markers.



NAPS-ACTH was again observed around the position correspond!'ng to the

intense BSA band as revealed in the Coomassie blue staining protein

profile. An extra radioactivity band near the mid-point of the lane,

though weak, was observed in photolysed ghost [GA-U+] as compared with

in the presence of ACTH [GA+U+]. Similar band was observed in photo¬

lysed membrane [MA-U+] which was undetected in the presence of ACTH

[MA+U+]. The radioactivity band seems to correspond to ACTH-specific

binding site. This however needs to be confirmed.

Direct labeling of ACTH-receptor molecules on adipocytes is critical

to differentiate Spare-receptor Model from Two-receptor Model. However,

this objective has not been met in the present study. The photosenstive

9
nitroazidophenyl group S-linked to the Trp of ACTH is susceptible to photo-

activation using the Blak-Ray UV lamp as evident in the appearance of dis¬

tinct radioactivity band in lanes containing irradiated samples and the

absence of radioactivity throughout the gel matrix of the lanes containing

non-irradiated controls. Even though 5% p-mercaptoethanol is able to cause

thiolysis of complex of iodinated NAPS-ACTH and macromolecules, the distinct

1 25
band with the identity highly possibly as BSA- I-NAPS-ACTH were persis-

125
tently observed. This suggests that if the amount of receptor- I-NAPS-ACTF

were sufficiently high, sample treatment in the presence of 5% p-mercapto-

ethanol would not have completely abolished the appearance of radioactive

1 25
peak(s) of receptor- I-NAPS-ACTH.

Results of Fig.29 have served to establish that the amount of covalent

125
complex of receptor and v I-NAPS-ACTH is too low to be detected while that



125
of BSA [as a scavenger] and I-NAPS-ACTH is too high as a background noise

Low extents of labeling and non-specific labeling have been the two major

difficulties encountered in; phTTtoaffi ni ty labeling studies.

Low extents of labeling may be the result of one or a combination of

the following factors:-

1. Only a finite number of ACTH receptors exists. Current literature

shows that the number of ACTH receptors on adipocytes to be from 16300

6
sites [Behrens and Ramachandran,1981] to 2.12x10 sites [Lang et ai.,

1974] per cell. This is comparable to the number of binding sites

found for other hormones [Kahn,1976].

1 25

2. Binding affinity of I-NAPS-ACTH towards the ACTH-specific receptor

is very low. NAPS-ACTH was roughly estimated as 13 times lower than

ACTH in competing for the same set of receptors in previous studies

on the antagonitic action of NAPS-ACTH on ACTH-induced lipolysis.

2 1 -29
Also Lemaire et ai.[1977] found that 3 ,5-diiodo-Tyr'-ACTH had a

1-39
steroidogenic potency of less than.3% compared to ACTH, whereas

23 139
3,5-diiodo-Tyr -ACTH~ was as potent as the native hormone. We

2 23
are not sure of the fate of the bulky iodine atoms to Tyr or Tyr

125
in iodination of NAPS-ACTH. Further character!zation of I-NAPS-ACTH

should be carried out.

3. At equilibrium, the steady state conc. of non-covalent complex of

1 25
I-NAPS-ACTH and receptor is very low. This can be inferred by

experimental determination on the rate constants for the association

1 25
and dissociation of ACTH with its receptor assuming that I-NAPS-ACTH

is equally potent as ACTH in competing ACTH binding site.



If the low binding affinity of JI-NAPS-ACTH towards the receptors

was the decisive factor, then the use of another photosensitive and high

potency ACTH analogue of very high specific radioactivity may be required

to obtain useful labeling levels. In case that the steady state conc. of

reversible hormone-receptor complex is the limiting factor, either repeated

irradiation of the system or partial purification of the radioactive tightly

bound hormone-receptor complex prior to electrophoresis may be a promising

approach. Nevertheless, a great deal of problems remain to be solved before

the use of photoaffinity labeling technique of ACTH receptors on adipocyte

is feasible. This technique can be utilize to test the validity of models,

concerning the types of receptor, in explaining the discrepancy in EDq

values for cAMP production and for biological response. Furthermore, the

technique can be utilized in studying the functional consequence(s) of

covalent attachment of a hormone agonist to the putative receptors on

target tissues.



GENERAL DISCUSSIOI

Experiments with pharmacological dose of dbcAMP and theophylline sug¬

gest that cAMP is very probably involved as a mediator in the ACTH-induced

lipolysis of rat fat cell system. The inhibitory effect of actinomycin D

and puromycin on ACTH-induced and dbcAMP-induced lipolysis in intact rat

adipocytes implies that certain protein essential for lipolysis are hor-

monally regulated through cAMP mediation at the biosynthesis level.

By the cAMP-second messenger hypothesis, it is imperative that cAMP

production data be related to data from physiological response measurements.

However, in the rat fat cell system, dose response studies indicate that

increased cAMP production was observed for ACTH concentration of lOnM up¬

wards in ghost preparation and also in intact cell preparation as reported

by Ramachandran and Lee[1976]; while at lOnM ACTH, maxima1 lipolytic res¬

ponse was accomplished. This discrepancy can be reconciled in two ways,

designated as the Spare-receptor Hypothesis and the Two-receptor Hypo¬

thesis.

According to the Spare receptor hypothesis, only a very small fraction

of the total receptors present on the cell membrane need be stimulated by

hormone to give maximal physiological response [Beall and Sayers, 1972].

The receptors in excess of the number required to elicit a maximal response

by a full agonist have been designated as spare receptors. In the present

case, it would mean that maximal lipolysis will be accomplished even though



only a tiny fraction of the receptors present is stimulated by ACTH. And

because only a tiny fraction of the receptors are activated, the amount of

cAMP produced is barely above background level and virtually undetectable.

The cellular concentration of cAMP rises as the amount of hormone added in¬

creases and more receptors are occupied. The physiological implication of

this receptor redundancy phenomenon may be a fail-safe mechanism for

the target cells to ensure a hormonal response in the target tissue [Hechter

and Braun ,1971].

By contrast, the Two-receptor hypothesis suggests that each target cell

contains at least two types of receptors with different affinities for the

same hormone and leading to different terminal responses after binding with

the same hormone. In this context, it is stipulated that ACTH receptors on

adipocytes should be classified as the high affinity, low capacity type

for lipolysis and the low affinity, high capacity type for adenylate cyclase

activation only. At low ACTH concentration, receptors preferentially sti¬

mulated are those for lipolysis. Stimulation of these high affinity, low

capacity receptors by ACTH leads to the formation of trace amount of cAMP

in a special compartment [Moyle et ai.,1973]. This compartmentalized cAMP

is responsible for the observed lipolytic action of ACTH. At increasing

ACTH concentration, extent of stimulation of the other low affinity, high

capacity receptors is enhanced resulting in the generation of large amount

of cAMP.

Results on the biological activities of NAPS-ACTH obtained in this in¬

vestigation appear to favour the 2-receptor hypothesis. NAPS-ACTH is able



to antagonise ACTH-induced lipolysis, suggesting that structural similarity

exists between NAPS-ACTH and ACTH for binding with ACTH-receptors. However

the analogue is an agonist to ACTH where cAMP production is concerned, indi¬

cating that the effects of ACTH on cAMP production and lipolysis might involve

the interaction of the hormone with at least two types of receptors on the

fat cell, one being the receptors responsible for lipolysis and the other

for the production of cAMP. One point worth noticing is that cAMP as the

unique mediator in lipolysis is assumed for the sake of simplicity.

The spare-receptor hypothesis for ACTH-induced lipolysis seems to gain

support from the experiments on covalent blockage of lipolytic receptor in

intact fat cells. According to this model, even though a certain fraction

of the total number of receptors available is blocked by covalent attach¬

ment of the hormone analogue onto the receptor; there should not be a de¬

crease in maximal lipolytic response in subsequent hormone stimulation,

since the number of receptors is not limiting. However the possibility

that the quantum yield of the photolytic reaction is so low that only a tiny

percent [undetectable] of the 1ipolytic~specific receptors [according to the

two-receptor model] becomes covalently blocked under the experimental con¬

ditions used cannot be ruled out.

For the ghost fraction, the large extent of inhibition to subsequent

hormone stimulation with the same photolysis procedure employed for block¬

ing ACTH-receptor is highly possible because of increasing steady state

concentration of receptor and NAPS-ACTH complex and the homogeneous nature

of ghost suspension as compared with intact fat cell suspension which tends



to float. The possibility of insufficient extent of photolysis in receptor

blockage experiment with ghost also exists and is partially responsible for

the large radioactive diffused band in the gel front illustrated in the

autoradiogram of SDS PAGE pattern. As far as NAPS-ACTH action on ghost

adenylate cyclase is concerned, covalent attachment of an hormone agonist

to the receptor does not guarantee a persistent activation in the target

tissue. It all depends on the precise interaction of the analogue and its

putative receptor to trigger off the response. Nevertheless, target cells

with receptors covalently occupied by hormone will certainly provide inter¬

esting tool to investigate the functional consequence of binding of hormone

to receptor.

Recently Behrens and Ramachandran [1981] found that saturation of bind¬

ing of tritiated ACTH to intact adipocytes and maximal stimulation of lipo-

lysis are obtained at comparable concentrations of the hormone. These re¬

sults suggest that for the lipolytic response there are no spare receptors

for ACTH on rat adipocytes.

The two-receptor hypothesis received more support from the fact that

Lineweaver-Burk and Hill equations revealed the existence of two types of

ACTH binding sites with different affinities in fat cells on analysis of

data from binding studies [Lang and Schwyzer, 1976].

However more experimental evidence are necessary to sustain the argu¬

ment that there is at least one more type of ACTH receptor in addition to

the one for lipolysis in rat fat cell system. It is unwise to propose



models which are based solely on information obtained from binding studies

even with radioligand of comparable biological activity as native hormone

especially in light of the difficulty in assessing non-specific binding of

radioactive ACTH to various types of membranes commonly employed in bind¬

ing studies [Lemaire et ai.,1977].

Direct photoaffinity labeling of ACTH-receptor is one of the promising

techniques to identify the existence of different types of ACTH-receptor.

However, in this investigation using I-NAPS-ACTH, no ACTH-di spl aceabl e

radioactivity peak can be demonstrated. The most direct explanation is low

steady concentration of I-NAPS-ACTH and receptor complex prior to photo-

lysis. The amounts of I-NAPS-ACTH used were 33.6 pmoles in Fig.29 and

21.7 pmoles in Fig.31 [equivalent to 112nM and 72nM). And at lOOOnM NAPS-ACTH,

40% of ACTH-receptor for lipolysis was displaced by this photosensitive

analogue [Table 2]. This suggests that the amount of I-NAPS-ACTH may be

too low to label detectable amount of receptors. However, in view of the

high radioactivity of 1-125 for detection and the possible radiation damage

to the biological system, a radiation dose of 2x10 cpm per aliquot is con¬

sidered to be the maximal usable level.

In light of the fact that the introduction of the bulky iodine atom to

the phenolic ring of tyrosine at position 2 caused a reduction in potency

for biological activities [Lemaire et ai.,1977], perhaps the only way to in¬

crease photoaffinity labeling of receptors is to employ a tritiated NAPS-ACTH

or I-NAPS-ACTH with the Tyr replaced by Phe. Hopefully the existence

of two types of receptors on the adipocyte'could be unequivocally demonstrated.
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