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Thesis Abstract

Hormonal Control of Adrenal Growth

by

Mark David Nixon

The amino terminal portion of pro-opiomelanocortin (N-

POMC) has been reported to contain sequences which stimulate

adrenal cortex mitogenesis. Peptides isolated from natural

sources may contain contaminants which could account for

this activity. Natural N-POMC 1-28 and 2-59 were reportedly

mitogenic, but N-POMC 1-49 is the most likely in vivo

adrenal mitogen. N-POMC 1-28 and 1-49 were synthesized by

solid phase peptide synthesis to obtain pure peptides for

investigation of mitogenic activity. Synthetic N-POMC 1-28

was purified by gel filtration, partition chromatography and

HPLC. The correct secondary structure, disulfide bonds from

residues 2-24 and 8-20, was determined by amino acid

analysis and mass spectrometry of protease V8-tryptic

digests. Synthetic N-POMC 1-49 was purified by gel

filtration chromatography, chromatofocusing and HPLC.

Correct disulfide bond arrangement was confirmed.

Biological activity was examined using rat, bovine, and Y-1

mouse tumor adrenocortical cells. Synthetic N-POMC peptides

did not stimulate tritiated thymidine incorporation in any

monolayer cultures. However, *H-thymidine incorporation

vi



into DNA was stimulated up to 75% in bovine adrenal cells in

suspension culture by N-POMC 1-28 and 1-49 (1-10 ug/ml, 0.2-

3 um). Trypsin use enhanced responsiveness to N-POMC

peptides. Synthetic IGF-1 stimulated Y-1, rat and bovine

cells in monolayer and suspension cultures. IGF-1 was

active under 1 ng/ml (0.1 nM), with EDso 2-10 ng/ml (0.2-1

nM) and maximal activity 100 ng/ml (10 nM). Insulin was

100-fold less active versus IGF-1. Both stimulated cells

50% to 20-fold. In vivo, injections of N-POMC 1-28 or 1-49

at 5-10 pg/day for 4-5 days did not change adrenal weight or

DNA in untreated or dexamethasone-treated rats.

Compensatory adrenal growth in unilaterally adrenalectomized

rats was unchanged by anti-N-POMC 1-49 antiserum treatment.

N-POMC radioimmunoassay was developed using anti-N-POMC 1-49

antiserum, radioiodinated N-POMC 1-49 (modified with Bolton

Hunter reagent), and second antibody precipitation

technique. N-POMC was detected at 10 fimol/0.1 ml (55

pg/tube), EDso 100 fimol/0.1 ml (550 pg/tube). The

radioimmunoassay measured N-POMC secretion by human

corticotropinoma cells, with suppression by cortisol and

stimulation by CRF and AVP. ***I-N-POMC 1-28 radioligand was

developed for binding studies, but no specific binding to

adrenal cells or plasma membranes was detected.
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CHAPTER 13 ADRENAL GROWTH

INTRODUCTION

This thesis is concerned with the control of adrenal

cortical growth. A sizable body of literature indicates

that this is a complex, multifactorial process. The search

for specific growth regulators has utilized a wide variety

of experimental approaches over the years. No clear,

unified theory has emerged from these studies. This is due

in large part to the variety of approaches used to

investigate different aspects of adrenal growth. Among the

different variables are stages during the lifetime of the

adrenal, species, zones or types of adrenocortical cells, in

vivo and in vitro conditions, surgical manipulations, and

many others. Different controls may exist for different

facets of adrenal growth. The primary focus of this thesis

is on proliferation of adrenal cells rather than increase in

cell size, i.e. on hyperplasia rather than hypertrophy.

Two basic approaches have been used to elucidate

important factors controlling adrenal growth. The in vivo

approach was the first approach used and is still very

important. More recently in vitro experiments have gained

wider application. There are advantages and disadvantages

to each approach. In vivo conditions typically are more

reflective of physiologically relevant states, depending on

what experimental manipulations are performed. The vascular



and nervous systems inside and outside the adrenal are

intact, the three dimensional architecture and extracellular

environment are intact, the gland is supplied with a complex

set of nutrients, hormones, growth factors, etc., from the

circulation, and feedback relationships are intact. It is

often difficult under these conditions to rigorously control

variables or to precisely determine the cause and effect

relationships from experimental manipulations. The in vitro

approach offers greater control over experimental

conditions. Cell culture is a particularly powerful tool

for finding factors important for the growth and function of

cells, but the extrapolation of results to the

physiologically relevant in vivo situation must be done

cautiously. Advances in identification and purification of

polypeptides and other macromolecules, development of more

physiological growth substrates, improved methods for

purification of cell types and cell lines, and use of more

completely defined culture media have all contributed to

advances in identifying factors important for regulating

adrenal cell proliferation.

This chapter will review some of the in vivo and in

vitro investigations into adrenal growth. Particular

attention will be directed towards the role of peptides

derived from pro-opiomelanocortin, especially the amino

terminal region.



In vivo INVESTIGATIONS

THE ADRENAL GLAND

Development. The development of the human adrenal has

been extensively studied (Neville and O'Hare, 1982). The

adrenal cortex originates from mesodermal tissue, the

coelomic mesothelium, at about day 25 of gestation. Early

in embryogenesis it becomes surrounded by a mesenchymal

capsule. Primitive sympathetic cells from the neural crest

invade the mesodermal tissue between the 35th and 45th day

of gestation, and later form the adrenal medulla. By this

time the gland weighs 4-6 mg and the cortex has developed

two zones, the outer definitive or "adult" and inner "fetal"

zones. The fetal zone is much larger, accounting for 70-80%

of adrenal mass. Proliferation occurs primarily in the

definitive zone (Crowder, 1957; Johannisson, 1979) with

centripetal migration of cells to the fetal zone. Growth

proceeds very rapidly in the third month, relative to total

fetal weight, to 80 mg. Adrenal weight increases steadily

in the second trimester to 4 g/kg of body weight (over 30

times the adult value). The adrenal reaches its maximum

weight, about 8 g, at the time of birth, while gradually

assuming a more flattened adult shape.

The postnatal period is characterized by a dramatic

involution of the adrenal (Winter, 1985). Typically,

adrenal weight drops in half by one month and in half again

by one year. Early autopsy studies postulated that



extensive degeneration and necrosis of the fetal zone

occurred (Benner, 1940), followed by enlargement and

extension of the definitive zone, which replaced the fetal

zone with adult glomerulosa and fasciculata cells. More

recently this view was challenged as an artifact due to

antemortem stress (DeSa, 1978). In monkeys a centripetal

wave of transformation of fetal zone cells to zona

fasciculata cells was observed with rare mitotic figures and

no collapse, hemorrhage or fibrosis (McNulty, 1981).

After postnatal involution the adrenal grows slowly,

consistent with general body growth (Neville and O'Hare,

1982). The cortex has the adult zonation pattern. In the

absence of significant disease or stress, the major change

in the adrenal cortex is adrenarche, which precedes puberty

by one or two years. The innermost zone, the reticularis,

expands and produces more adrenal androgens.

Adrenal Structure. The adult gland consists of a tough

connective tissue capsule, three concentric zones in the

cortex, and the central medulla (Arnold, 1866). The medulla

stores and secretes catecholamines, and is a neurally

derived tissue. The three cortical zones secrete steroid

hormones. The outermost layer is named the zona

glomerulosa, due to the ball-like or "glomus" arrangement of

the cells. The middle layer is named the zona fasciculata,

due to the bundles or "fascicles" of cells. The innermost

layer is named the zona reticularis for the net-like or



"rete" arrangement of cells. The primary steroid hormones

produced are mineralocorticoids by the zona glomerulosa,

glucocorticoids by the zona fasciculata, and adrenal

androgens by the zona reticularis (Ganong, 1983).

The blood supply of the adrenal is unique among

endocrine glands (Neville and O'Hare, 1982). The main

arteries and veins follow separate courses. The adrenal

arteries enter the capsule where most branch into a network

of arterioles, and a few penetrate directly to the medulla.

The arteriolar network gives rise to capillaries which

traverse the cortex, supplying the adrenocortical cells,

then form a plexus at the corticomedullary junction (Ohtani,

1983). The capillaries drain into the large adrenal central

vein. The limitations imposed by this arrangement of

centripetal flow may account for the relatively constant

width of cortex, even while the gland grows with increased

body size (Hornsby, 1985). In addition, Hornsby (1985) has

proposed that the long-term regulation of adrenocortical

steroidogenesis is due to a "gradient substance" (probably

adrenocortical steroids), carried by centripetal flow, which

controls the cell type, zonation pattern, zonal masses, and

steroidogenic characteristics.

ADRENAL GROWTH WITH INCREASED BODY SIZE

A number of studies have explored the growth of the

adrenal with age in both humans and experimental animals.



The regulation of this type of growth is less well

understood than growth under specialized in vivo conditions

such as after unilateral adrenalectomy or adrenal

enucleation. In young rats there is a fairly linear

relationship between adrenal wet weight and age (Holzwarth

et al., 1980) and between wet weight and adrenal cell number

(Fiala et al., 1956). The rate of adrenal growth and

proliferation is most rapid in the early "stress

nonresponsive" period in a rat's lifetime (Milkovic and

Milkovic, 1969), when it is difficult to stimulate ACTH

release, and decreases when this period is over. This has

led to the idea that low level ACTH may have an on-going

inhibitory effect on proliferation in vivo (Dallman, 1985).

Dallman (1985) has suggested that growth hormone, perhaps

via somatomedin, may be involved in long-term stimulation of

adrenal growth. Evidence for a role for growth hormone in

increasing the adrenal mitotic index and DNA content in

animals was first obtained many years ago (Cater and Stack

Dunne, 1955; Tepperman et al., 1943; Bransome and Reddy,

1961). Support for this hypothesis is provided by a recent

report that somatomedin C (IGF-1) stimulates adrenocortical

cell growth in vitro (Li et al., 1983).

The centripetal migration theory was first advanced

long ago (Gottschau, 1883). The most active proliferative

zone is the zona glomerulosa, and cells from this zone are

precursors for the zona fasciculata and zona reticularis

:{



(Skelton, 1959; Reiter and Pizzarello, 1966). Adrenal cell

degeneration and death occurs primarily in the zona

reticularis. In simple terms, adrenal cells are thought to

originate from the subcapsular region, then "migrate" to the

zona fasciculata and then to the zona reticularis (Neville

and O'Hare, 1982). Hornsby (1985) has suggested that

greater degeneration in the zona reticularis may be due to

cell aging and increased oxidative damage to cells and/or to

impaired nutrition due to greater distance from the arterial

circulation.

EFFECT OF ACTH IN VIVO.

ACTH has a major effect on the growth and function of

the adrenal cortex. Theories of control of adrenal growth

must take into account the effect of ACTH. In this section,

and those that follow on adrenal enucleation and

adrenalectomy, the role of ACTH and other factors will be

discussed.

Many experiments have demonstrated that ACTH stimulates

hypertrophy of adrenocortical cells, both in vivo and in

vitro (Neville and O'Hare, 1982). Hypophysectomy removes

the source of ACTH, and other pituitary factors, and results

in adrenal atrophy (Cater and Stack-Dunne, 1955). Rao et

al. (1978), treated intact rats with antiserum to ACTH to

selectively neutralize endogenous ACTH and found that

adrenal weight was not affected, but steroidogenesis



decreased both in vivo and in vitro. In addition, the usual

compensatory adrenal proliferation in response to unilateral

adrenalectomy was not prevented by neutralizing endogenous

ACTH. These results were consistent with the view that ACTH

primarily regulates differentiated adrenal function, not

mitogenesis. However, other studies demonstrate that long

term infusions or injections of ACTH result in cellular

hypertrophy followed later by hyperplasia of the adrenal

cortex (Farese and Reddy, 1963). Use of either a synthetic

analog of ACTH or purified natural ACTH resulted in an

increased mitotic index in the zona glomerulosa (Payet et

al., 1980). In hypophysectomized or dexamethasone

suppressed rats, adrenal weight, RNA and protein, but not

DNA, decreased over 7 days (Dallman et al., 1980). Since

ACTH in vitro inhibits adrenocortical cell proliferation

(see below), ACTH may act indirectly in vivo to cause cell

replication. Hornsby (1985) suggests that ACTH is an

indirect mitogen that stimulates blood flow and

vascularization, thus providing more support (nutrients,

growth factors, extracellular components, etc.) and may

trigger neural mechanisms important for adrenal growth (see

below). Another possibility is that ACTH-induced cellular

hypertrophy in vivo (increased size, RNA, protein, RNA/DNA

ration) causes a subsequent cellular hyperplasia (Dallman,

1985). This is supported by findings on the relationship

between increased cell size and the cell cycle in other cell



types (Shields et al., 1978).

ADRENAL ENUCLEATION.

Another model for investigating the control of adrenal

growth is enucleation of the adrenal. Enucleation consists

of extruding the medulla and most of the cortex through a

slit in the capsule, leaving the capsule and a thin rim of

zona glomerulosa. Adrenal cortex, but not medulla,

regenerates in about three weeks (Skelton, 1959) with

bilateral enucleation or with unilateral enucleation

combined with contralateral adrenalectomy. Simple

unilateral enucleation results in adrenal scarring, not

regeneration, and growth of the contralateral gland

(Holzwarth et al., 1980). A stereologic and

autoradiographic study of the first week of adrenal

regeneration revealed a two phase process (Taki and

Nickerson, 1985). The first phase, O-3 days, is

predominately adrenocortical differentiation from zona

glomerulosa-like to zona fasciculata-like cells with

cellular hypertrophy. The second phase, 3-7 days, is

predominately cellular proliferation, as determined by

tritiated thymidine labeling and cell number.

In contrast to the neural control of compensatory

growth in unilateral adrenalectomy (see next section),

adrenal regeneration may be pituitary dependent (Dallman,

1985). Hypophysectomy or corticosteroid treatment inhibits



adrenal regeneration, suggesting elevated ACTH or other

ACTH-related peptides may mediate regeneration (Skelton,

1959), and that corticosteroid feedback plays an important

role. Alfano et al., (1985), showed that serum ACTH and

pro-y-melanotropin levels were increased by enucleation plus

contralateral adrenalectomy, but not by unilateral

adrenalectomy, in rats for 4 days post-operatively. Dallman

(1985) reported dramatically elevated plasma ACTH levels for

7 days after enucleation, beginning within 3 hours. ACTH

levels remained mildly elevated for another week. Estivariz

(1984) showed that 5 days of daily injection of antiserum to

N-terminal fragment of POMC was able to decrease the adrenal

mitotic index, but not adrenal weight, in bilaterally

enucleated rats at days 14 and 21 post-enucleations.

Antiserum to ACTH was less effective. Holzwarth et al.,

(1980) made unilateral hypothalamic deafferentation lesions

in intact and enucleated rats to remove neural feedback from

the adrenal. Instead of inhibiting adrenal growth, as in

compensatory hypertrophy following unilateral adrenalectomy,

there was symmetrical acceleration of regeneration over 10

days, persisting to 5 weeks. Taken together, these studies

indicate adrenal regeneration, including mitosis, is

regulated by pituitary factors and that the N-terminal

fragment of POMC may be involved.

UNILATERAL ADRENALECTOMY
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Another model for elucidating the control of adrenal

growth is unilateral adrenalectomy. This results in growth

of the contralateral gland as measured by weight and DNA

content. Dallman and co-workers, as well as other workers,

have examined the neural control of this process and the

role of ACTH and other hormones (Dallman, 1985; Dallman et

al., 1976, 1980; Engeland et al., 1975, 1976; Lowry et al.,

1983; Pellegrino et al., 1983; Kleitman and Holzwarth,

1985).

The overall schemes for neural control can be

summarized as follows (Dallman, 1985). Nerves from the

adrenal, possibly using VIP or catecholamines as

neurotransmitters, have afferent input into the

hypothalamus, and respond to adrenalectomy, adrenal

manipulation or pressure. These afferent impulses pass

through or connect with the ipsilateral hypothalamus, and

efferent nerves from the hypothalamus go to the

contralateral adrenal cortex. This scheme is supported by

several lines of evidence. Adrenal manipulation can

stimulate growth of the contralateral gland within 12 hours,

without increasing ipsilateral growth (Dallman et al.,

1976). Treatment of the adrenal with local anesthetic

before adrenalectomy delays the compensatory response of the

contralateral adrenal until the anesthetic effect has worn

off (Engeland and Dallman, 1976). Chemical sympathectomy of

neonatal rats with 6-hydroxydopamine or guanethidine
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prevents the compensatory adrenal growth in rats

unilaterally adrenalectomized at 40 days of age (Kleitman

and Holzwarth, 1985). Sympathectomy itself does not alter

adrenal weight or DNA content. Unilateral hypothalamic

lesions or deafferentation block compensatory growth.

Lesions in the ventromedial nucleus (VMN) or premamillary

region in the hypothalamus ipsilateral, but not

contralateral, to subsequent adrenalectomy block the

compensatory response (Engeland and Dallman, 1975; Holzwarth

and Dallman, 1979). This is consistent with findings that

the volume of VMN neuron nuclei and neuronal uptake of

tritiated leucine respond to changes in adrenal size. These

changes occur unilaterally in response to unilateral

adrenalectomy. Bilateral lesions of the hypothalamus block

the response but do not affect normal adrenal weight.

Hemisection of the spinal cord contralateral, but not

ipsilateral, to the side of subsequent adrenalectomy

inhibits the compensatory response (Engeland and Dallman,

1976).

The role of the pituitary, ACTH and corticosteroids has

been investigated. Hypophysectomy does not block

compensatory adrenal growth after unilateral adrenalectomy,

however, this response is superimposed on a rapidly

atrophying gland (Engeland et al., 1975). Suppression of

ACTH secretion by exogenous corticosteroids does not block

the compensatory response, but, similar to hypophysectomy,
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the response occurs despite decreasing adrenal weight in

both adrenalectomized and control rats (Wilkinson et al.,

1981). Unilateral adrenalectomy does not alter circulating

ACTH or corticosteroid levels. The selective immuno

neutralization of endogenous ACTH with anti-ACTH antiserum

did not alter the compensatory growth (Rao et al., 1978).

In fact, exogenous ACTH inhibits compensatory adrenal

proliferation after unilateral adrenalectomy (Dallman et

al., 1980). The early growth responses to unilateral

adrenalectomy and ACTH administration are different. Both

increase adrenal weight, but adrenalectomy results in

increased adrenal cell number (hyperplasia) with a constant

RNA/DNA ratio, whereas ACTH results in an unchanged cell

number but increases the RNA/DNA ratio (hypertrophy)

(Dallman, 1985; Farese and Reddy, 1963).

Dunlap and Grizzle (1984) have shown in rats and

hamsters that aldosterone infusion blocks compensatory

hypertrophy. This effect occurred in both hypophysectomized

and non-hypophysectomized animals. Aldosterone was also

effective in the presence of exogenous dexamethasone and

ACTH. Whether aldosterone acts at the level of the adrenal

or the central nervous system was not determined.

Estivariz et al., (1980, 1982) and Lowry et al., (1983,

1985) have proposed that a part of the N-terminal fragment

of pro-opiomelanocortin (N-POMC) is involved in control of

adrenal growth, including compensatory hypertrophy. Their

13



experiments indicate that an inactive precursor, N-POMC 1

76, is co-secreted with ACTH, and is cleaved after secretion

to an active mitogenic peptide, probably N-POMC 1-49. They

believe that this proteolytic cleavage may occur at the

level of the adrenal, presumably by enzymes activated by

neural action following unilateral adrenalectomy. Their

work will be discussed in detail in below.

IN VITRO INVESTIGATIONS

INTRODUCTION

Cell culture is a valuable method for investigating the

control of cell growth (Gospodarowicz and Moran, 1976). It

is not a simple task to determine the important regulators

of growth. One must differentiate growth factors, which are

active at low concentrations and specifically stimulate cell

division, from other substances that allow for cell survival

or maintenance of responsiveness to the true growth factors.

There are many substances whose limitation will inhibit cell

growth or result in cell death, such as essential nutrients,

hormones, or attachment factors (Ham, 1981; Barnes and Sato,

1980). The use of serum, which many cells require when

grown in culture, complicates the search for specific growth

factors, since serum is a very complex mixture of

substances. It is a formidable task to attempt to purify

growth factors present in small quantities in serum. Many

workers have turned to development of serum-free conditions
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for maintaining and growing cells to help clarify the role

of growth factors and characterize cell growth. Many of the

experiments on cultured adrenal cells have used human fetal

or bovine cells, but other species, particularly rats and

mice, have also been used.

SERUM

Serum can support the growth of several adrenocortical

cell types. The particular lot of serum is important, since

some lots will support growth only marginally or not at all.

The response of bovine adrenal cells to the mitogenic

effects of fibroblast growth factor (FGF) is increased by

increasing concentrations (1-10%) of serum (Gospodarowicz,

1977). The addition of FGF to serum can extend the number

of population doublings before the onset of cellular

senescence. Human definitive zone cells differ from bovine

cells in their response to dialyzed serum (Hornsby et al.,

1983). Human cells demonstrated a requirement for high

concentrations of horse or fetal bovine serum, reaching

their maximal rate of proliferation only at 50%, the highest

concentration used. This still might be suboptimal. Horse

serum is more effective than fetal bovine serum. However,

bovine cells reach their maximum at 10% serum, and fetal

bovine serum is more effective than horse serum. These

stimulatory effects of serum occur in the presence of FGF,

and are enhanced by coating culture dishes with fibronectin.
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Previous work (Crickard et al., 1981) had shown 10+ fetal

bovine serum was much more effective than 1% serum in

supporting the proliferative response to either EGF or FGF

in both fetal and definitive zone cells of human fetal

adrenals.

Slavinski-Turley et al. (1978, 1980), showed that fetal

bovine serum treatment caused rat cells to assume a

myofibroblastic form with increased proliferation, which may

be related to production of extracellular matrix. Horse

serum treatment resulted in a more epithelioid,

differentiated appearance, with reduced proliferation.

Serum-free conditions which support proliferation have

been developed (Ill and Gospodarowicz, 1982; Simonian et

al., 1982, 1987). Ill's defined medium contained high

density lipoprotein (HDL), insulin, and FGF. Transferrin

became required after four generations of growth. The life

span was greater when bovine cells were grown on

extracellular matrix- (ECM) coated dishes compared to

fibronectin-coated dishes, and was enhanced by seeding cells

in serum containing media. The medium for Simonian et al.,

was similar, containing FGF, insulin, thrombin, low density

lipoprotein (LDL), transferrin, bovine serum albumin,

ascorbic acid, tocopherol and selenium. They used

fibronectin-coated dishes. Use of serum supplemented media

resulted in twice as many population doublings. These

studies indicated that while the serum requirement of cells
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can be partially replaced by well characterized substances

and a more physiological substrate than plastic, there are

still components in serum that contribute to maximal life

span and rate of adrenal cell growth yet to be determined.

Some of the components of these serum-free media will be

discussed below.

FIBRONECTIN AND EXTRACELLULAR MATRIX

Adrenocortical cells are of mesodermal origin and can

be stimulated to produce an extracellular matrix (ECM). The

structure of ECM, control of its synthesis, the role of

growth factors, and the role of the ECM in growth has been

reviewed by Gospodarowicz and Tauber (1980). The substrate

upon which adrenal cells are attached in culture is an

important determinant in growth. Coating culture dishes

with ECM or components of ECM, such as fibronectin, laminin,

or collagen, can increase cell proliferation, enhance

responsiveness to factors in the media and delay senescence

(as noted in the previous section). FGF stimulates ECM

formation by many cell types, including adrenal cells. Use

of the ECM can play a major role in adrenal cell

proliferation in vitro, both by its synthesis in response to

growth factors, e.g. FGF, and by enhancing the subsequent

response to other growth factors. Part of serum stimulation

of proliferation is due to the presence of attachment

factors in serum.
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EPIDERMAL GROWTH FACTOR

Epidermal growth factor (EGF) is mitogenic for human,

but not bovine, adrenocortical cells in vitro (Gospodarowicz

et al., 1977; Hornsby et al., 1983; Crickard et al., 1981).

This species difference can be accounted for by the presence

of EGF receptors on the human cells (Crickard et al., 1981).

In bovine cells, EGF was still not mitogenic, even when

cells were plated on ECM or fibronectin instead of

polystyrene.

INSULIN AND INSULIN-LIKE GROWTH FACTORS

As noted above, insulin is mitogenic for bovine adrenal

cells in serum-free media. It also enhances proliferation

in rat cells (Ramachandran and Suyama, 1975), an effect

which ACTH could override. Synthetic insulin-like growth

factor-1 (IGF-1) was mitogenic for bovine adrenal cortical

cells maintained on ECM for 6 days in the presence of IGF-1

(Li et al., 1983). This confirms previous work (Simonian

and Gill, 1979) on mitogenic activities of somatomedin C,

multiplication stimulating activity (MSA) and insulin, which

potentiated the effect of FGF and angiotensin II. It is

possible that insulin exerts its mitogenic effect through

interaction with IGF-1 receptors. Insulin also has effects

on the differentiated function of bovine adrenocortical

cells, increasing LDL metabolism (Ill et al., 1984) and

inducing steroidogenic cytochrome p-450s (Hornsby, 1985).
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ANGIOTENSIN II

There is a mitogenic effect of angiotensin II (A II) in

culture (Gill et al., 1977; Simonian and Gill, 1979).

Unlike many of the other growth factors, the mitogenic

effect of A II appears to be specific for the adrenal. In

addition, A II stimulates aldosterone secretion, a

differentiated function of the adrenal. It is interesting

that A II also seemed to decrease the degree of mitogenicity

of FGF in selected clones of bovine adrenal cells. A II and

FGF probably operate at different loci. The fact that

aldosterone can block compensatory adrenal growth after

unilateral adrenalectomy indicates A II may play a role in

vivo, perhaps as an indirect mitogen.

ADRENOCORTICOTROPIN

Early studies demonstrated that ACTH exerts a powerful

direct inhibitory effect on DNA synthesis and cell

replication in vitro in mouse adrenocortical tumor (Y1)

cells as well as normal rat and bovine cells (Masui and

Garren, 1971; Ramachandran and Suyama, 1975; Gospodarowicz

et al., 1977). The inhibitory effect is dose related, can

overcome the stimulatory effects of mitogens, and occurs in

spite of increasing RNA, protein, cell size and

steroidogenesis. ACTH raises cyclic AMP levels, which is

consistent with inhibition of DNA replication since

exogenous cyclic AMP (or its analogs) or other agents which
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increase cyclic AMP levels (e.g. forskolin) also inhibit DNA

synthesis in vitro (Schimmer and Schulz, 1985). As reviewed

above, the action of ACTH in vivo has both stimulatory and

inhibitory effects on DNA synthesis and cell replication,

depending on timing, dosage, experimental manipulations and

hormonal milieu. Even in vitro there is evidence that cells

can de-sensitize to the effects of ACTH inhibition over time

(Hornsby and Gill, 1977). The mechanism for the changing

response of the adrenal cell to ACTH over time, in vitro or

in vivo, is not known. ACTH appears to act as an indirect

mitogen, perhaps enabling the adrenal cell to respond to

direct mitogens via effects on the adrenal cell, adrenal

vasculature and/or neural reflexes.

FIBROBLAST GROWTH FACTOR

The most potent factors in stimulating adrenal

mitogenesis are the fibroblast growth factors. The

structure and function of FGF have recently been reviewed

(Gospodarowicz et al., 1987). Gospodarowicz and Handley

(1975) reported that bovine pituitary FGF had a mitogenic

effect on Y1 adrenocortical tumor cells. Since that time a

great deal of evidence has accumulated regarding the

structure, source, and biological activity of FGF, both in

adrenal and other cells. Early work utilized partially

purified preparations from pituitary and brain that

stimulated fibroblast growth (hence the name FGF), but were
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also mitogenic for a wide variety of mesoderm-derived

tissues (Gospodarowicz and Tauber, 1980). FGF was capable

of stimulating cells to produce an extracellular matrix.

The development of serum-free media for adrenal cell growth

was largely dependent on FGF. This factor allowed adrenal

cells to proliferate more rapidly, for more population

doublings (i.e. longer life span), from lower cell

densities, even when cultured on plastic dishes.

More recent reports point to a role for FGF in

regulating adrenal growth. Schweigerer et al. (1987b) found

that cultured bovine adrenal cortex cells express the gene

for basic FGF and contain the protein. It is not normally

secreted, however, when it is secreted the factor can

stimulate the growth of these cells, that is, it is self

stimulating. Possibly this basic FGF may be released upon

adrenal cell injury and mediate tissue repair by stimulating

the proliferation of both vascular endothelial cells and

adrenal cortex. Another study by Schweigerer et al. (1987a)

reported similar findings for capillary endothelial cells.

They express basic FGF gene, secrete basic FGF and self

stimulate. Basic FGF is capable of angiogenesis both in

vitro and in an in vivo assay with chick embryo

chorioallantoic membranes. Capillary endothelial cells

derived from bovine adrenal cortex (as well as brain cortex

and corpus luteum) grown in serum-free culture on ECM could

be stimulated by either acidic FGF or basic FGF
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(Gospodarowicz et al., 1986). Acidic FGF was 30 times more

potent than basic FGF, and heparin reduced the proliferation

in response to FGF or serum. FGF has also been highly

purified from human placenta, and this FGF is closely

related to bovine pituitary FGF (Gospodarowicz et al.,

1985).

Taken together these reports indicate that FGF is a

good candidate as an adrenal mitogenic factor in a variety

of in vivo situations such as enucleation, unilateral

adrenalectomy, or even ACTH stimulation (see also Dallman et

al., 1980). It could possibly be secreted by neural

stimulation, released locally by adrenal trauma, stimulate

both adrenocortical cell growth and neovascularization, be

reduced by hypophysectomy, or be regulating fetal adrenal

growth as part of the feto-placental unit. It may act

synergistically with ACTH in vivo (although in vitro ACTH

overrides the effect of FGF) (Gospodarowicz et al., 1977).

OTHER FACTORS

A variety of other factors have been proposed or tested

for adrenal mitogenesis in vitro. Thrombin is mildly

mitogenic in serum-free media (Simonian et al., 1982). All

of the classic pituitary hormones, besides ACTH, (LH, FSH,

TSH, GH, PRL) have proven inactive when tested, although

less pure preparations have been reported to have activity,

probably due to contaminants such as FGF. Lipoproteins, HDL
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and LDL, have been included in serum-free defined media, as

mentioned above, with growth promoting action. Selenium, or

tocopherol and ascorbate have all been shown to have

permissive effects on in vitro adrenal growth and are

important components of serum-free defined media (Hornsby,

1985). A commercial human chorionic gonadotropin (hCG)

preparation, derived from the urine of pregnant women, has

been reported to be mitogenic in cultured human fetal zone

cells, but since a highly purified hCG was inactive, this

finding was probably due to an unidentified contaminant from

the urine (Abu-Hakima et al., 1987).

A partially purified placenta-derived mitogenic factor

(PDMF) stimulates proliferation and DNA synthesis in human

fetal adrenal definitive zone cells in culture (Simonian et

al., 1978a). Since FGF has been isolated from the human

placenta (Gospodarowicz et al., 1985) the authors sought to

rule out FGF contamination. PDMF did not cross-react with

an antiserum raised to the amino terminus of basic FGF (but

basic FGF from the placenta does cross-react), or with

antiserum raised against a segment of acidic FGF. The

maximal mitogenic activity of PDMF was greater than that for

basic or acidic FGF, or EGF. Placental lactogen and hCG

were inactive. EGF-like activity, as measured by

radioreceptor assay (RRA), was absent. In addition, PDMF

differed from EGF, IGF I and II, PDGF (platelet-derived

growth factor), TGF-8 (transforming growth factor), and the
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FGFs in one or more of these physical characteristics: heat

stability, isoelectric point, acid and base stability, and

solubility. The authors could not exclude the possibility

that PDMF is a fetal form of one of these growth factors.

The identification of an adrenal specific growth factor in

the placenta could help explain the control of the rapid

growth of the fetal adrenal.

A partially purified adrenal growth factor (AGF) from

the conditioned medium of cultured bovine anterior pituitary

cells has been reported (Samsoondar and Kudlow, 1987).

Previously, they noted conditioned medium could support the

growth of calf anterior pituitary cells, Y1 cells and 3T3

fibroblasts (Kudlow and Gerrie, 1983). A 25,000-30,000

dalton protein was partially purified (900-fold) by acid

extraction, Bio-Gel P-60 gel chromatography, ammonium

acetate precipitation, and cation exchange and reverse-phase

FPLC (fast protein liquid chromatography) by monitoring

fractions for their ability to increase tritiated thymidine

uptake in cultured bovine adrenal cells (BAC). AGF

stimulated DNA synthesis in BAC but not Y1, NRK (rat

fibroblast), or 3T3 cells. It differed from FGF by size

(FGF is 15,000 daltons) and its narrow spectrum of mitogenic

activity (FGF was active in all four cell types). Other

potential growth factors or hormones were also thought to

differ from AGF by several criteria. TGF-o. is smaller

(9,000 daltons), TGF-3 is not mitogenic for BAC, IGF is
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smaller (8,000 daltons), PDGF could stimulate 3T3 and NRK

cells but not BAC, EGF does not stimulate BAC, and AGF

contained no EGF activity in a RRA, and N-terminal adrenal

mitogenic peptides are smaller (under 1, 000 daltons). LH,

FSH, PRL, GH and TSH were not mitogenic, and ACTH caused

cell retraction and inhibited DNA synthesis, unlike AGF.

While AGF is a very interesting candidate as a specific

adrenal growth factor it needs to be purified much more

carefully, then characterized more fully.

Two forms of transforming growth factor have been

isolated, TGF-o, from the pituitary (Samsoondar et al., 1986)

and TGF-3 from the placenta (Frolik et al., 1983). TGF-3

inhibits basal and ACTH or A II stimulated steroidogenesis

(via suppression of LDL metabolism) but has no effect on

growth in BAC in vitro (Hotta and Baird, 1986; Feige et al.,

1986). TGF-o., an EGF-like molecule, stimulates mitogenesis

in NRK and 3T3 cells but not in adrenal cells (Samsoondar

and Kudlow, 1987).

EVIDENCE FOR N-POMC AS AN ADRENAL MITOGEN

Lowry, Estivariz and their co-workers have published a

series of reports supporting the role of the amino terminal

fragment of pro-opiomelanocortin (N-POMC) as an adrenal

mitogenic factor. Their work included isolation of peptides

from pituitary glands, bioassay of these peptides in vitro

and in vivo, development of antisera to the peptides and use
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of antisera to neutralize the action of endogenous peptides

and characterize production of peptides. They conclude that

specific sequences are mitogenic and that post-secretional

cleavage of an inactive precursor to an active fragment may

mediate compensatory adrenal growth. These findings will be

reviewed below.

The presence of a factor, other than ACTH, in the

pituitary that could maintain or increase adrenal weight has

been suspected for many years (Lowry et al., 1985). Early

work with crude pituitary extracts administered in vivo

showed that their mitogenic activity increased as their ACTH

content appeared to decrease (Studizinski et al., 1963).

Transplantable pituitary tumors secrete factors that cause

adrenocortical cell proliferation in vivo (Cathiard and

Saez, 1981; Nickerson, 1975). Plasma from patients with

pathologically elevated ACTH levels could stimulate adrenal

growth in hypophysectomized rats (Segal and Christy, 1968).

The identification of the mitogenic agent (s) requires

purification from a complex mixture while maintaining

biological activity. This is not an easy task. Often,

reports of mitogenic activity of a number of classical

pituitary hormones were not verified by studies using more

highly purified preparations. The presence of potent

contaminants in small quantities may be undetectable by

physicochemical criteria, but still account for biological

activity. Antisera raised to impure preparations can also
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contain antibodies to trace contaminants (Bertagna et al.,

1983). Use of antisera to neutralize endogenous peptides

may also be affecting the "contaminating" molecules.

Lowry and co-workers purified and characterized several

peptides from the N-terminal region of POMC, the precursor

for ACTH, LPH and other peptides (see chapter 2 for the

nomenclature and structure of POMC) (McLean et al., 1981;

Estivariz et al., 1980). Human N-POMC 1-76 (pro-y-MSH) is

composed of the first 76 residues of POMC. This was

purified from frozen human pituitaries by a multi-step

procedure: homogenization in acidic extraction buffer,

centrifugation, ethanol/salt precipitation, gel filtration

chromatography on Sephadex G-15 (desalting step), then

Sephadex G-75 (for N-terminal tryptophan peptides), cation

exchange chromatography on carboxymethyl (CM) -cellulose,

then anion exchange chromatography on DEAE-cellulose. Two

major glycopeptides were obtained which were identified as

N-POMC "1-71" and "1-77" by amino acid and carbohydrate

analysis. Both glycopeptides were run on SDS-polyacrylamide

gel electrophoresis and stained as single bands with

Coomassie Blue or periodic acid/Schiff reagent, with

estimated molecular weights of 16,000 (1-77) and 15,000 (1-

71). Next, they purified two smaller fragments of N-POMC 1

76, N-POMC 1-28 and 1-59 (they realized their "1-77" was 1

76 in the interval), (McLean et al., 1981). They used a

somewhat similar protocol: alkaline extraction by
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homogenization, centrifugation, salt/ethanol precipitation,

gel filtration chromatography on Sephadex G-100, anion

exchange chromatography on DEAE-cellulose, gel filtration on

Sephadex G-15 (desalting step), cation exchange

chromatography on CM-cellulose, then gel filtration on

Sephadex G-50. The two peptides did not contain

carbohydrate. Amino acid analysis and sequencing was

consistent with N-POMC 1-28 and 2-59, although there was

heterogeneity of the amino terminal tryptophan (i.e., some

2-28 and 1-59).

Antisera were generated against POMC peptides. The

anti-N-POMC 1-76 antiserum has been the most completely

described (Hope et al., 1981). Purified N-POMC 1-76 in an

emulsion with Freund's complete adjuvant was injected into a

rabbit and the rabbit was boosted every 2 months. N-POMC 1

76 was radioiodinated with Iodogen and used in a

radioimmunoassay to test for cross-reactivity. The

antiserum showed full cross-reaction with N-POMC 2-59 and 1

76 on a molar basis, and less with other POMC peptides

tested: N-POMC 1-28 (less than 1%), Y-3-MST (0.02%), ACTH

1-39 (0.01%), 3-LPH (0.02%). They concluded that the

antiserum appeared to be directed at residues 29-48 of N

POMC. The anti-ACTH, anti-LPH antiserum was raised in sheep

by immunizing with ACTH 1-24 coupled to bovine thyroglobulin

by glutaraldehyde. Using radioiodinated ACTH 1-39 as label,

a-MSH, 3-MSH, 3-LPH and Y-LPH showed full molar cross
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reactivity (Estivariz et al., 1982). Anti-y-3-MSH and anti

N-POMC 1-28 antisera were also raised in sheep by

immunization with peptides coupled to bovine thyroglobulin

by glutaraldehyde. Pure rat Y-3-MSH was synthesized by Ling

et al. (1979). Anti-N-POMC 1-28 antisera cross-reacted

fully with both N-POMC 1-76 and 1-28, but not ACTH, Y-3-MSH,

or 3-LPH, using radioiodinated N-POMC 1-76 (but only 70% of

the label could bind to N-POMC 1-28 antiserum) (Lowry et

al., 1983). Anti-Y-3-MSH antiserum cross-reacted with Y-3-

MSH and N-POMC 1-76, but not ACTH, N-POMC 1-28 or 3-LPH,

using radioiodinated y-3-MSH (Lowry et al., 1983). There

was the potential that the antisera against N-POMC 1-76 and

N-POMC 1-28 contained antibodies against unidentified

adrenal mitogens in the pituitary that may have contaminated

the N-POMC 1-28 and 1-76 preparations. They did not explain

why only 70% of the radioiodinated N-POMC 1-76 could bind to

anti-N-POMC 1-28 antiserum. They did not test their

antisera against other factors, except as noted.

They tested these peptides for biological activity.

The N-POMC "1-77" peptide was tested for the ability to

maintain adrenal weight in hypophysectomized rats. Daily

injections (10 ug) for seven days had no effect versus

saline control, and co-injection with 5 pig/day of ACTH 1-24

did not potentiate the effect of ACTH, in fact, a small, but

significant, decrease versus ACTH alone was observed. It

was inactive in a lipolysis assay and had 1:100,000 of the
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melanotropic activity of a-MSH (Estivariz et al., 1980).

The effects of N-POMC 1-76, 2-59, and 1-28, synthetic Y-2

and Y-3-MSH, and ACTH 1-24 were compared using an in vitro

dispersed rat adrenal cell tritiated thymidine incorporation

assay. Freshly isolated cells in suspension culture were

treated with varying concentrations of peptides for 3 hours,

then tritiated thymidine was added for 6 more hours. N-POMC

1-76 and Y-3-MSH (rat N-POMC 51–74) were inactive, but N

POMC 1-28 and 2-59 both stimulated incorporation (up to 300%

and 500%, respectively, versus control) in a dose dependent

manner over the range assayed (1-625 nM), while ACTH was

inhibitory (Estivariz et al., 1982). N-POMC 1-28, N-POMC 1

76, and ACTH 1-24 were infused by osmotic minipumps into

intact rats for seven days. N-POMC 1-28 increased both

adrenal weight and the mitotic index, even more than ACTH

treatment, while N-POMC 1-76 was no different than control

(Estivariz et al., 1982).

The in vivo role of endogenous POMC peptides on adrenal

DNA synthesis was tested by injecting intact rats daily for

seven days with various antisera (to neutralize endogenous

peptides), then subsequently incubating quartered adrenals

with tritiated thymidine and measuring incorporation of

label into adrenal DNA. Treatment with antiserum to the N

POMC 29-49 region (Hope et al., 1981) reduced tritiated

thymidine incorporation, while adrenals from rats treated

with an anti-ACTH, anti-LPH antiserum were the same as
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control normal rabbit serum. A similar protocol was used to

show that daily injections, for 7 days, of trypsinized N

POMC 1-76 stimulated thymidine incorporation into adrenal

DNA in rats that had their endogenous secretion of POMC

peptides suppressed by dexamethasone blockade. Non

trypsinized (uncleaved) N-POMC 1-76 was ineffective, which

the authors interpreted as evidence that an active fragment

could be generated by a trypsin-like cleavage of the

inactive N-POMC 1-76 precursor. There is a trypsin-like

cleavage site, Arg-Lys, at N-POMC 49-50, so they theorized

that N-POMC 1-48 or 1-49 may be the mitogenic peptide in

vivo. They believed that in most species lacking an

intermediate lobe, the pituitary secretes N-POMC 1-76 and

the generation of an active fragment may occur post

secretionally at an extrapituitary site (such as the adrenal

itself) under certain conditions (Estivariz et al., 1982).

Lowry et al. (1983) extended the experiments supporting

the idea of a cleavage of pro-y-MSH to an active adrenal

mitogen. They used unilaterally adrenalectomized rats to

examine the effect of pretreatment with various antisera on

the compensatory hypertrophic response at 24 hours post

adrenalectomy. Antisera to N-POMC 1-28 and 1-76 (directed

to the 29-49 region) blocked the normal increase in DNA

content in the remaining adrenal, but did not block the

normal increase in weight and RNA content. Antiserum to

ACTH did not block increases in adrenal weight or DNA
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content, but did attenuate the increase in RNA content, as

expected. Antiserum to synthetic Y-3-MSH (human N-POMC 51

76) blocked the increase in all 3 parameters. Anti-Y-3-MSH

antiserum produced similar results when unilateral adrenal

manipulation was used instead of unilateral adrenalectomy.

The results with anti-Y-3-MSH antiserum were somewhat

surprising since previous work had shown Y-3-MSH increased

RNA and steroidogenesis in rats (Al-Dujaili et al., 1982;

Pederson et al., 1980), but was not mitogenic in vitro (see

above).

In another set of experiments, they used dexamethasone

or bromocriptine to decrease secretion from the anterior

pituitary corticotropes or pars intermedia, respectively, in

unilaterally adrenalectomized rats. Dexamethasone treatment

blocked the increases in adrenal weight, DNA and RNA, while

bromocriptine treatment partially blocked the DNA response,

but had no effect on weight or RNA. These results were

interpreted as evidence that pro-y-MSH (N-POMC 1-74 in the

rat) is co-secreted with ACTH and LPH from the

corticotropes, then is enzymatically cleaved after secretion

to generate an active mitogen, probably N-POMC 1-48 or 1-49

(depending on the exact cleavage site at Arg-Lys 49-50), and

7-3-MSH (N-POMC 51-74 in the rat). The y-3-MSH increases

adrenal weight and RNA, while N-POMC 1-48 or 1-49 stimulates

DNA synthesis. Since compensatory adrenal growth has been

shown to be neurally mediated (see section B), they proposed
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that pro-y-MSH is probably modified locally by enzymes at

the adrenal, which are stimulated by neural activity. They

believed that antiserum to Y-3-MSH blocked the cleavage

site, accounting for its inhibitory effect on DNA synthesis

in compensatory growth. Additionally, they thought that the

pars intermedia, which processes POMC further than the pars

distalis to smaller peptides, may produce N-POMC 1-48 or 1

49 and N-POMC 51-74, but that this only plays a minor role

in compensatory adrenal growth (Lowry et al., 1983).

Estivariz (1984) compared the effects of antisera to N

POMC or ACTH to control serum on adrenal regeneration in

rats subjected to bilateral adrenal enucleation. Antisera

were injected daily for 5 days, starting at day 9 and day 16

post-enucleation. On day 14 and day 21 adrenal weights and

mitotic indices were determined. Adrenal weights were not

significantly different. The mitotic index was lowered by

anti-N-POMC antiserum treatment (38% at day 14, 25% at day

21), and slightly lowered by anti-ACTH antiserum (no effect

at day 14, 10% at day 21). This result was suggestive that

N-POMC may play an important role in adrenal regeneration

after bilateral enucleation, and that ACTH was less

important.

The only other experiments on N-POMC as an adrenal

mitogen before 1986 were very brief reports of unpublished

observations contained in a review by Lowry et al. (1985).

Intraperitoneal (IP) injection of 50 pig of N-POMC 1-76 just
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before manipulation of the left adrenal in rats resulted in

a significant increase in right adrenal weight, DNA and RNA.

In another experiment, trasylol (an inhibitor of

proteolysis) was injected IP just before left adrenalectomy

and reduced the increase in weight of the right adrenal

compared to saline control. A third experiment showed that

infusion of N-POMC 1-28 (6 pg/day by osmotic minipump) can

cause mitosis of regenerating enucleated adrenals of acutely

hypophysectomized rats, while ACTH 1-24 was ineffective.

These experiments provide an interesting argument for

the role of N-POMC peptides as adrenal mitogens. However,

there has not been independent confirmation of their results

by other workers since these initial reports. In addition,

much of the work is based on peptides that were purified and

characterized by methods that are not very powerful at

detecting contaminants.

THESIS

The initial report of adrenal mitogenic activity by N

POMC derived peptides came when I was investigating the

involvement of the pituitary in adrenal cell growth.

Because this was an exciting advance in the field I decided

to pursue it, intending to first confirm the findings, then

extend them. A major concern was whether the pituitary

peptides were pure enough to account for the mitogenic

activity, or whether the preparations contained some
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undetected contaminants that were responsible. A decision

was made to use solid phase peptide synthesis to synthesize

the proposed mitogenic peptides, first N-POMC 1-28, then the

more likely physiologic peptide N-POMC 1-49 (see chapter 2).

These synthetic peptides could be purified and

characterized, then tested for mitogenic activity without

the concern for contamination by other pituitary factors.

Antisera to the synthetic peptides could be raised, again

alleviating the concern over whether antibodies to

contaminants were complicating the results of

immunoneutralization experiments.

The solid phase peptide synthesis, purification and

characterization of N-POMC 1-28 and N-POMC 1-49 are

described in chapter 2. The biological testing of these

peptides, primarily using adrenal cells in vitro is

described in chapter 3. Raising of anti-N-POMC antisera and

development of a radioimmunoassay are covered in chapter 4,

along with the use of the antisera to measure peptides

secreted by human pituitary tumor cells in vitro. Chapter 5

reviews the synthesis of radioligands and their use in

preliminary experiments on N-POMC binding to adrenal cells

and membrane preparations.
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CHAPTER 2: SOLID PHASE PEPTIDE SYNTHESIS, PURIFICATION AND

CHARACTERIZATION OF N-POMC 1-28 AND 1-49

INTRODUCTION

As described in chapter 1, two peptides derived from

the amino terminal portion of pro-opiomelanocortin (N-POMC)

were reported to be adrenal mitogens. These peptides were

isolated from human pituitary glands. The sequences were N

POMC 1-28 and 2-59. In order to obtain chemically pure

peptides, free of contamination by other pituitary peptides

which could have biological activity, solid phase peptide

synthesis of N-POMC peptides was undertaken. The N-POMC 1

28 and 1-49 sequences were synthesized, purified and

characterized. The N-POMC 1-49 sequence was synthesized

because it is the most likely sequence to be produced in

vivo, as will be explained below. The N-POMC 1-28 sequence

was synthesized because it reportedly contains portions

sufficient for mitogenic activity, yet its shorter length

presented fewer obstacles in synthesis, purification, and

characterization.

A great deal of information has been discovered about

the structure and processing of pro-opiomelanocortin. A

brief review will be presented here, focusing on the amino

terminal portion of POMC. The structure of POMC and its

major post-translational processing products are presented
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in figure 1. The name pro-opiomelanocortin derived from the

biological activity of the major end products - opioid,

melanocyte-stimulating and adrenocorticotropic (Chretien et

al., 1979). Cloning of the cDNA for bovine POMC led to the

structure of the POMC gene and its amino acid sequence

(Nakanishi et al., 1979). Subsequent studies determined the

sequence of the POMC gene and precursor in human (Chang et

al., 1980), rat (Drouin and Goodman, 1980), mouse (Uhler and

Herbert, 1983), and other species. The overall structure

and organization of the POMC gene and polypeptide products

are well conserved through evolution from lower species

(Chretien et al., 1990; Kawauchi, 1983).

In addition to the DNA sequencing data, information on

POMC structure and processing came from peptide sequencing

and biosynthesis studies. By 1980 much of the basic

processing of POMC had been worked out, using in large part

At T-20 mouse anterior pituitary tumor cells, as well as

pituitary cell cultures (Eipper and Mains, 1980; Roberts and

Herbert, 1977). The common features of POMC include a

hydrophobic signal peptide (26 residues) followed by an

amino terminal fragment, "pro-y-MSH" (approximately 105

residues), then ACTH (39 residues), then 3-lipotropin (about

93 residues) (Chretien et al., 1990). Glycosylation occurs

early in the biosynthesis (Phillips et al., 1981).

Intracellular trafficking occurs where the precursor is

compartmentalized into membrane-bound granules where further
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Figure 1

Pro-opiomelanocortin

31 K Precursor

|
| B-lipotropinHRTCT H

|
pre-sequence TN-terminal

glycopeptide

| |
Tsignal N-terminal T joining TACTH 3-lipoprotein

peptide fragment peptide
(21-23 K fragment)

N-terminal joining TACTH *LPH 3-endorphin
fragment peptide

16 K glycopeptide

N-POMC lys–Y, -MSH O. MSH CLIP
1-49

Figure 1. Pro-opiomelanocortin structure. The precursor 31
K polypeptide is pro-opiomelanocortin. The major products
during processing are pictured. ACTH = adrenocorticotropin,
LPH = lipotropin, MSH = melanocyte stimulating hormone, N
POMC = amino terminal fragment of pro-opiomelanocortin.
Details of processing are in the text. See table II for
structure of N-POMC 1-49.
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processing and cleavage occurs, in preparation for secretion

(Loh et al., 1992). There are a variety of end-products,

depending on the tissue (brain, anterior lobe of pituitary,

neurointermediate lobe of pituitary, etc.). There are

tissue dependent cleavages of the peptide backbone, as well

as other changes such as phosphorylation, amidation, and

acetylation. In general, in the anterior pituitary, the 31

K precursor is processed to 3-LPH plus a 21-23 K

intermediate (ACTH plus N-POMC), which gets processed

further to ACTH and a 16 K fragment. The 16 K fragment gets

cleaved to the amino terminal glycopeptide (73 to 80 amino

acids, depending on the species) and the C-terminal joining

peptide. In general, in the neuro intermediate lobe of the

pituitary, further processing occurs. ACTH is primarily

converted to a-MSH and CLIP (ACTH 18-39, corticotropin-like

intermediate lobe peptide). 5-LPH is converted to 3

endorphin and Y-lipotropin as major products. N-POMC is

cleaved to Lys-Y, -MSH and N-POMC 1-49 (Bennett, 1984; Seger

and Bennett, 1986).

It is unlikely that the N-POMC 1-28 and 2-59 peptides

that Lowry and co-workers isolated from human pituitaries

represent major products of in vivo processing (Hope et al.,

1981; Estivariz et al., 1980). Browne, et al (1981)

reported the isolation of Lys-Y, -MSH, a 25 amino acid

glycopeptide beginning with lysine, from the rat pituitary

neuro intermediate lobe. This implies processing between
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Arg”-Lys”. Further support for this processing site came

in 1984 (Bennett, 1984). N-POMC 1-49 was isolated from the

bovine pituitary intermediate lobe. This sequence did not

contain carbohydrate. In addition, the disulfide bonds were

from cysteine residues at positions 2 to 24, and another

from positions 8 to 20. This conflicted with an earlier

report by Seidah et al. (1981) of disulfide bonds from Cys

2-8 and Cys 20-24 in human N-POMC 1-76 glycopeptide, but

agreed with the arrangement reported by Kawauchi et al.

(1981) for salmon N-POMC. Revision of the disulfide bond

arrangement for human N-POMC 1-76 (Bennett et al., 1986a)

agreed with the 2-24, 8-20 arrangement. This also confirmed

glycosylation at Thr" (O-linked) and Asn" (N-linked).

Seger and Bennett (1986) examined rat and mouse

neurointermediate lobe N-terminal peptides and found N-POMC

1-49 and 1-74 as well as Lys-y-MSH (residues 50-74). The N

POMC 1-49 had no glycosylation, but N-POMC 1-74 had

glycosylation at both Thr" and Asn". About half of total

N-POMC was processed to N-POMC 1-49. They concluded that

processing of N-POMC 1-74 (or 1-77 in bovine N-POMC) to N

POMC 1-49 by enzymatic cleavage of the Arg”-Lys” bond

depended on the absence of carbohydrate on Thr" (possibly

due to steric hindrance). Other pairs of basic amino acids

served as cleavage sites in POMC.

Considerable attention has been directed towards

identification of the POMC processing enzymes (Loh et al.,
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1992). Both soluble and secretory vesicle membrane

associated enzymes have been identified which cleave the

Arg”-Lys” bond (Birch et al., 1991; Estivariz et al.,

1989). This is a 70,000 dalton acidic aspartic protease,

calcium dependent, pH optimum 4-5, isolated from bovine

intermediate lobe, specific for cleavage C-terminal to

paired basic residues of POMC. Its initial cleavage of POMC

yields 8-endorphin, ACTH and 16 K N-terminal glycopeptide.

The presence of proline at residue 48 shifts the cleavage

site to between Arg” and Lys”. Further work demonstrated

that O-glycosylation at Thr" blocked cleavage at Arg”-Lys”.

Differential processing in different tissues (e.g. anterior

lobe vs. neurointermediate lobe or brain) may reflect

differences in precursor glycosylation rather than

processing enzymes, and may reflect physiological changes in

Vivo.

It has been reported that the Leu-Ser bond is an

infrequent processing site (Chretien et al., 1990). This

could account for the N-POMC 1-28 peptide since N-POMC has a

Leu"-Ser” sequence. If Hope et al. (1981) had

contamination with a Leu-Ser specific protease this could

account for their isolation of N-POMC 1-28. This peptide

has not been found by other investigators, nor has N-POMC 2

59.

MATERIALS AND METHODS
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N-POMC 1-28

Solid Phase Peptide Synthesis.

The peptide was synthesized by adding protected amino

acids (Peninsula Laboratories, Belmont, CA) to the resin by

standard solid phase peptide synthesis techniques

(Merrifield, 1963). Eighty pig (0.4 mmoles) of a

t-butyloxycarbonyl (BOC) protected Leu-resin was used as the

starting material. Reversible protection of the alpha amino

group was achieved with the t-butyloxycarbonyl group. The

following side-chain blocking groups were used: Glu, Ser,

Thr, and Asp-benzyl; Arg-tosyl; Cys-3, 4 dimethyl benzyl;

Trp-formyl. The symmetrical anhydride coupling method

utilizing dicyclohexyl carbodiimide (DCC) (Wieland et al.,

1973) was used to add protected amino acids to the de

protected amino terminal residue on the resin. Procedures

were carried out on a Beckman 990 peptide synthesizer

(Beckman Instruments) as follows:

(1) A 15 minute de-protection of alpha amino group with 55%

(vol/vol) trifluorocetic acid/45% methylene chloride.

(2) Neutralization with 5% (vol/vol) diisopropyl methyl

amine (DIEA) /methylene chloride (twice).

(3) Twenty minute coupling of preformed symmetric anhydride

with 3 equivalents (1.2 mmoles) of anhydride in

methylene chloride.
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BOC-asparagine-OH was coupled with 490 mg of

1-hydroxybenzotriazole and 2.2 mmoles DCC in

dimethylformamide. When 26 cycles were complete, half of

the 2-28-resin was removed and BOC-trp (formyl) coupled to

the remaining 2-28 resin. The yield of 1-28 resin was 999

Img .

Purification of N=POMC 1-28

HF Cleavage:

Hydrofluoric acid (HF) (Matheson) was used to remove

side chain protecting groups (except for the formyl group on

trp) and cleavage was performed on two batches of protected

peptide resin. For the first batch, 0.33 g of protected N

POMC 1-28 (0.067 mmoles, 1/3 of material) was treated with

10 ml of liquid HF for 60 minutes at 0° C in the presence of

0.66 ml of anisole (Aldrich Chemicals, Milwaukee, WI)

(Sakakibara et al., 1967). HF was evaporated under a stream

of nitrogen gas, then the peptide and resin were washed with

25 ml of cold ethyl acetate. The peptide was dissolved in

20 ml of 50% acetic acid, then the resin was removed by

filtration through glass wool. The peptide solution was

diluted with water and lyophilized (yield 134 mg). The

second batch of protected resin, 0.66 g (0. 134 mmoles), was

treated with 20 ml of HF, 0.2 ml of methyl ethyl sulfide

(Aldrich Chemical Co.) and 1 ml of anisole under similar

conditions for HF cleavage. As above, the peptide and resin
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were washed in ethyl acetate, then the peptide was dissolved

in 10 ml of 50% acetic acid, filtered, diluted and

lyophilized (yield 227.6 mg).

Deformylation of tryptophan:

The formyl protecting group on tryptophan was removed

by dissolving the peptide in 20 ml of water, raising the pH

with O. 1 N NaOH to 11.2 for 2 minutes, then lowering the pH

to 8.5 with 5% acetic acid.

Oxidation:

The sulfhydryl groups on the cysteine residues were

oxidized by 02 to form disulfide bonds. This was achieved

by diluting the peptide to 100 ml with 50 mM ammonium

bicarbonate, pH 8.2, and stirring for 20 hours at 22° C.

The disappearance of free sulfhydryl groups over time was

followed by assaying aliquots by Ellman analysis (Ellman,

1959). After lyophilization, batch 1 yielded 288 mg and

batch 2 yielded 356 mg of oxidized peptide.

Gel filtration:

Batch 1 was desalted on a Sephadex G-10 column

(Pharmacia Fine Chemicals, Piscataway, NJ) in 25 mM ammonium

bicarbonate (yield 126 mg). This peptide was filtered by

gel filtration on a Sephadex G-25 column (figure 2). The

major peak (fractions 17-21) yielded 75.5 mg. Batch 2 was
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Figure 2. Sephadex G-25 Gel Filtration of Crude, Oxidized
N-POMC 1-28 (Batch 1). 126 mg of N-POMC 1-28 after HF
cleavage, deformylation, oxidation and Sephadex G-10 gel
filtration was applied onto a 1.7 x 44 cm column. The
peptide was eluted with 0.05 M ammonium bicarbonate buffer,
pH 8.0. The flow rate was 30 ml/hr, 2 ml/fraction.
Detection was at 300 nm. The cross-hatched area represents
fractions 17-21.
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also filtered on Sephadex G-25 (figure 3) in two separate

runs. Corresponding fractions were combined: 36-37 = 14.7

mg; 38-40 = 44.7 mg; 41-48 = 114 mg; 49-52 = 21 mg.

Partition chromatography:

Batch 1 was further purified by partition

chromatography (Yamashiro, 1964), (figure 4). Peak I

yielded 9.1 mg, peak II (major peak) 23 mg, and peak III 8.2

mg. Samples of peaks II and III were subjected to amino

acid analysis (table I).

HPLC:

High performance liquid chromatography was used to

determine the relative purity of the partition

chromatography-purified N-POMC 1-28 (peak II). Reverse

phase HPLC was carried out on a Spectra-Physics 8000 system,

using a Vydac 201TP reverse phase column (C1s, 10 p. beads,

300 angstrom porosity, 4.6 mm x 25 cm) (figure 5). Semi

preparative RP-HPLC was used to further purify N-POMC 1-28

(batch 2) after gel filtration on Sephadex G-25 (figure 3,

fractions 41-48). The semi-preparative system consisted of

a Waters WISP 710B injector, Waters model 510 high pressure

pump, Waters automated gradient controller (Waters

Associates, Milford, MS), Isco V4 detector and LKB Bromma

2070 Ultrarac II fraction collector with a Vydac 218 TP510

reverse phase column (C1s, 5 pi beads, 300 angstrom pore
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Figure 3. Sephadex G-25 Gel Filtration of Crude, Oxidized
N-POMC 1-28 (Batch 2). 150 mg of N-POMC 1-28 after HF
cleavage, deformylation and oxidation, was applied onto a
1.2 x 75 cm column of Sephadex G-25. This was eluted with
O. O5 M ammonium bicarbonate buffer, pH 8.3. The flow rate
was 20 ml/hr, 1 ml/fraction. Detection was at 310 nm. The
arrows indicate elution positions of Blue Dextran (BD) and
insulin (I). The cross-hatched area represents fractions
41-48.
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Figure 4. Partition Chromatography of Crude, Oxidized N
POMC 1-28 (Batch 1). The major peak from figure 2 fractions
17-21 of gel filtration on Sephadex G-25, was subjected to
partition chromatography on Sephadex G-50 (2.0 x 41 cm
column). The solvent system was n-butanol/absolute
ethanol/2 M ammonium acetate (4:2:5) (vol/vol/vol). The
hold up volume was 34 ml. The flow rate was 20 ml/hr, 2.7
ml/fraction. Detection was by the Folin–Lowry method. Peak
I-fractions 45-60, peak II (cross-hatched) =fractions 69-86,
peak III=fractions 94-108.
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Table I

Amino Acid Composition of N-POMC 1-28 After Partition
Chromatography: Peaks II and III.

Moles of Amino Acids (relative to Ala)

Amino II III
Acid- Theoretical Experimental Experimental

ASX 3 3.2 3.4
Thr 2 2.0 2.0
Ser 3 2.9 2. 7
Glx 5 5. 3 5 - 1
Pro l l. 0 1 - 1
Cys 4 3. 8 3.2
Ala l 1.0 1.0
Ile l 0.8 0. 9
Leu 5 5. 3 5. 1
Lys 1 1.2 1. 3
Arg 1 1 - 1 1.2
Trp l 1.0 1.0

25T

Peaks II and III from partition chromatography of N-POMC 1
28 (figure 4) were subjected to amino acid analysis. 0.5 mg
samples were hydrolyzed under vacuum in 0.2 ml of 4 M
methane sulfonic acid at 110o C for 24 hours, dried, then
analyzed on a Beckman 119-C amino acid analyzer.
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Figure 5. Analytical RP-HPLC of N-POMC 1-28 After Partition
Chromatography Purification. 20 micrograms of partition
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chromatography purified N-POMC 1-28 (figure 4) was dissolved
in 0.1% TFA and eluted with a 22% to 32% linear gradient of
2-propanol in 0.1% TFA applied onto a Vydac 201TP column
over 0-60 minutes.
speed of 1 cm/min.

The flow rate was 1 ml/min, with a chart
Detection was at 214 nm. The dotted

line represents percent 2-propanol gradient.
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size, 10 mm x 25 cm) (Separations Group, Hesperia, CA).

Figure 6 shows a representative HPLC profile of one of four

separate runs of about 20 mg each. The major peaks of four

runs were combined to yield 6.4 mg of highly purified N-POMC

1-28.

To demonstrate that both the partition chromatography

purified N-POMC 1-28 (batch 1) and semi-preparative RP-HPLC

purified peptide (batch 2) were identical, they were run

together on analytical RP-HPLC (figure 7). The analytical

system consisted of a Hewlett-Packard (HP) 1090 integrated

HPLC system controlled by an HP85P computer (Hewlett

Packard, Palo Alto, CA) with a Vydac 218 TP54 column (C1s, 5

p■ bead, 300 angstrom porosity, 4.6 mm x 25 cm) and an LKB

Redirac 2112 fraction collector (LKB, Uppsala, Sweden).

Characterization of N=POMC 1-28.

Disulfide bond determination:

There are three possible intramolecular disulfide bond

arrangements: (1) 2-24 and 8-20, (2) 2-20 and 8-24, and (3)

2-8 and 20-24. Enzymatic digestion of the peptide with

protease V8 then TPCK-trypsin followed by analysis by either

mass spectroscopy or RP-HPLC with amino acid analysis of

fragments was used to determine the disulfide bond

arrangements (tables II and III). 300 mcg of semi

preparative HPLC purified 1-28 peptide was digested with 15
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Figure 6.
Sephadex G-25 Chromatography.
purified N-POMC 1-28 (figure 3, fraction 41-48) was
dissolved in 0.1% TFA, applied onto a Vydac 2.18'■ P510 semi
preparative RP-HPLC column and eluted with a 22% to 46%
linear gradient of acetonitrile in 0.1% TFA over 5-95 min.
The flow rate was 4 ml/min, with a chart speed of 15 cm/hr.
Detection was at 280 nm, with a cell path length 0.1 cm,

The dotted line represents the acetonitrile
The cross-hatched area is the major peak.

0.05 AUFS.
gradient.

TIME (minutes)

Semi-preparative RP-HPLC of N-POMC 1-28 After
20 mg of Sephadex G-25
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Figure 7. Analytical RP-HPLC of Both N-POMC 1-28
Preparations. 10 pig each of the batch 1 partition
chromatography peak II peptide (figure 4) and batch 2 semi
preparative RP-HPLC purified peptide (figure 6) were
dissolved together in 0.1% TFA, loaded onto a Vydac 218TP54
column (4.6 x 25 cm) and eluted with a linear gradient of
20% to 40% acetonitrile (dotted line) in 0.1% TFA over 5-85
min. Detection was at 210 nm, 0.2 AUFS. The flow rate was
1 ml/min.
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Table II

Primary Structure of N-POMC 1-49 with Disulfide Bonds and
Cleavage Sites.

l 2 V8 8 10

Trp - Cys - Leu - Glu - Ser - Ser - Gln - Cys Gln - Asp -

V8 V8 20

Leu - Thr - Thr - Glu - Ser - Asn - Leu - Leu - Glu - Cys -

Trypsin 24 28 30

Ile - Arg - Ala - Cys - Lys - Pro - Asp - Leu - Ser - Ala -

V8 CNBr. 40

Glu - Thr - Pro - Met - Phe - Pro - Gly - Asn - Gly - Asp -

V8 V8 49

Glu - Gln - Pro - Leu - Thr Glu - Asn - Pro - Arg -

Primary sequence of N-POMC 1-49. Naturally occurring
disulfide bonds are between residues 2-24 and 8-20. V8 is
Staphylococcus aureus protease V8, which cleaves the peptide
bond on the C-terminal side of Glu. TPCK-trypsin cleaves
the peptide bond on the C-terminal side of Arg. CNBr is
cyanogen bromide, which cleaves the peptide bond on the C
terminal side of Met. N-POMC 1-28 consists of the first 28
residues of N-POMC 1-49.
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Table III

Enzymatic Cleavage of N-POMC 1-28 by Protease V8 and
Trypsin.

Protease V8 +
Possible S-S V8 Cleavage Only Trypsin Cleavage
Bond Linkages Expected Peptides

2-24 and 8-20 (1-4) + (5-14) + (20-28); (1-4) + (23–28);
(native) (15-19) (5-14) + (20-22);

( (15-19)

2-20 and 8-24 (1-4) + (5-14) + (20-28); (1-4) + (20-22);
(15-19) (5-14) + (23-28)

(15-19)

2-8 and 20-24 (1-14); (1-14;
(15-19); (15-19);
(20-28) (20-28)

N-POMC 1-28 has three possible disulfide bond arrangements.
Cleavage by protease V8 at Glu residues results in the
fragment 15-19 plus the peptide fragments 1-4, 5-14, and 20
28 cross-linked by disulfide bonds. Sequential cleavage by
V8 then trypsin at Arg generates peptide fragments 20–22 and
23-38 from 20-28.
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mcg of Staphylococcus Aureus protease V8 (Miles Scientific,

Naperville, IL) (1:20 wt/wt) at 37° C in 0.05 M ammonium

acetate buffer, pH 5.3, for 90 hours. The digest was dried

under vacuum then run on the analytical RP-HPLC system

(figure 8). Individual peaks were collected and aliquots

subjected to amino acid analysis (table IV). The major peak

(peak D, figure 8, table IV) was identified as (1-14 + 20

28), consistent with disulfide bonds in either the 2-24 and

8-20 positions or 2-20 and 8-24 positions (table III).

Therefore, 0.20 mg of peak D was further digested with 1 mcg

(1:200 wt/wt) of TCPK-trypsin (Worthington Diagnostics,

Freehold, NJ) in 0.1 ml of 0.1 M ammonium bicarbonate, pH

7.8 for 4 hours at 37° C. The digest was analyzed by RP

HPLC (figure 9) as above, peaks were collected and their

amino acid compositions were determined (table V).

Mass spectrometry:

N-POMC 1-28 was digested in sequence by protease V8

then TPCK-trypsin. 0.29 mg of N-POMC was digested with V8

at 1:15 (wt/wt) at 2 mg/ml in 0.05 M ammonium acetate, pH

5.5, at 37° C for 24 hours and lyophilized 3 times. The V8

digest was further digested with TPCK-trypsin at 1:40

(wt/wt) in 0.1 M ammonium bicarbonate, pH 7.8, at 2 mg/ml at

37° C for 2 hours and lyophilized 3 times. This digest was

analyzed by fast atom bombardment-mass spectrometry (FAB-MS)

on a VG-ZAB-SE mass spectrometer operated at 8 kV
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Figure 8. RP-HPLC of Protease V8 Digest of N-POMC 1-28.
0.24 mg of a V8 digest of N-POMC 1-28 was dissolved in 0.1%
TFA and subjected to RP-HPLC on the same system used in
figure 7. The dotted line is a linear gradient of 10% to
50% acetonitrile in 0.1% TFA over 5-85 min, 2.0 AUFS. The
flow rate was 1 ml/min. V8 is protease V8. See table IV
for identification of peaks.
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Table. IV

Amino Acid Composition of Protease V8 Digest of N-POMC 1-28.

Moles of Amino Acid (Relative to Leu)

A B C D E
Amino
Acid- T E T E T E T E T E

CA 0 --- 2 2. 31 4 4.54 4 4.58 4 4.80
Asx 1 1.03 1 1. 17 2 2.01 2 2. 15 2 2.28
Thr O --- 2 1.88 0 --- 2 1.86 2 1. 74
Ser 1 O. 90 2 2.03 2 2. 32 2 1.97 2 1.81
Glx 1 1. O8 4 4 - 40 3 3. 16 4 4.25 4 4 - 07
Ala O --- O --- 1 1. OO 1 O. 95 1 O. 95
Ile O --- O --- 1 O. 87 1 O. 94 1 O. 99
Leu 2 2.00 2 2.00 2 2.00 3 3. OO 3 3.00
Lys O --- O --- 1 1.03 1 1.02 1 1. O5
Arg 0 --- O --- 1 0.91 1 O. 98 1 1.01
Pro O --- O --- 1 1.02 1 O. 92 1 1. 18
Trp 0 (–) 1 (+) 1 (+) 1 (+) 1 (+)

Aliquots of peaks A-E from figure 8 RP-HPLC of V8 digest of
N-POMC 1-28 were dried, then oxidized for 2 hours with 0.2
ml performic acid (30% hydrogen peroxide: 88% formic acid,
1:9 (vol/vol)), dried, then hydrolyzed in 0.2 ml of 6 N
constant boiling HCL under vacuum at 110° C for 24 hours.
Samples were dissolved in Na-S buffer (Beckman) then
analyzed on a Beckman 6300 High Performance Amino Acid
Analyzer. Proposed sequences (see table II) Peak A = 15-19,
B = 1-14, C = 1-10 +20-28, D = 1-14 + 20-28, E = 1-14 + 20–
28. Trp is destroyed by hydrolysis. (---) represents
contaminants present at less than 0.4 moles, relative to
Leu. (+) and (-) represent absorbance and absence of
absorbance at 280 nm on RP-HPLC. CA = cysteic acid. "T" is
theoretical moles of amino acids per fragment. "E" is
experimentally determined moles of amino acids (relative to
leucine).
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Figure 9. RP-HPLC of TPCK-trypsin Digest of N-POMC (1-14) +
(20-28) Fragment After V8 Digest. 0.1 mg of a trypsin
digest of peak D from figure 8 was subjected to RP-HPLC as
described in figure 8. 0.2 AUFS. See table V for
identification of peaks.
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Table V

Amino Acid Composition of TPCK-Trypsin Digest of N-POMC (1-
14) + (20-28).

Moles of Amino Acid (Relative to Leu)

A B C D E F G
Amino
Acid T E T E T E T E T E T E T E

CA 2 2.3 2 2.0 1 1 - 1 1 1. 1 2 2. 1 2 1.8 1 l. 0
ASX 1 1.4 1 1.2 1 1 - 1 0 --- 1 1.4 1 1.3 0 ---
Thr 2 2.0 2 1.9 0 --- O --- O --- O --- O ---
Ser 2 1.9 2 1.9 O --- O --- O --- O --- 0 ---
Glx 3 4.1 3 3.9 O --- 1 1.2 1 1.2 1 1.2 1 1. 1
Ala O --- O --- 1 1 - 1 O --- 1 1.0 1 1.0 0 ---
Ile 1 O. 8 1 1.0 O --- 0 --- O --- 0 --- O ---
Leu l 1 - 0 1 1.0 1 1.0 1 1.0 2 2.0 2 2.0 1 l - 0
Lys O --- O --- 1 0. 9 O --- 1 l. 0 1 1 - 1 O ---
Arg 1 O. 8 1 O. 9 O --- O --- O --- O --- O ---
Pro O --- O --- 1 1.0 O --- 1 1.0 1 1.0 O ---
Trp O (-) 0 (-) 0 (-) 1 (+) 1 (+) 1 (+) 1 (+)

Aliquots of peaks A-G from RP-HPLC (figure 9) of TPCK
trypsin digest of N-POMC (1-14) + (20-28) fragment from
protease V8 digest were hydrolyzed and analyzed as described
in table IV. Peaks A and B are fragments (5-14) + (20-22),
peak C is fragment (23-28), peaks D and G are both fragment
(1-4), and peaks E and F are fragments (1-4) + (23-28). T =
theoretical, E = experimental values for amino acid residues
relative to Leu. CA represents Cysteic Acid. (---)
represents contaminants present at less than 0.4 moles,
relative to Leu. (+) and (-) represent absorbance and
absence of absorbance at 280 nm on RP-HPLC (consistent with
Trp).
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accelerating potential with a scan rate of 30 sec/dec and

500-1650 dalton resolution. The positive FAB spectra is

shown in figure 10. Identification of protonated molecular

ions is shown in table VI.

Circular dichroism (CD):

Secondary structure was examined by circular

dichroism. CD spectra were obtained of reduced and oxidized

samples of N-POMC 1-28 (figure 11). Semi-preparative HPLC

purified N-POMC (figure 6) at 5 mg/ml in 0.1 M ammonium

bicarbonate, pH 8.0, was reduced with 2 mM dithiothreitol

(DTT) for 60 minutes at 37° C. DTT was removed by gel

filtration on G-25 in the same buffer. The "oxidized" N

POMC 1-28 was treated similarly without DTT.

N-POMC 1 - 49

Solid Phase Peptide Synthesis (SPPS).

N-POMC 1-49 was synthesized in 2 batches. The basic

protocol for the first synthesis of N-POMC 1-49 is the same

as for N-POMC 1-28. BOC (tosyl) Arg-phenylacetamidomethyl

resin was prepared (Mitchell et al., 1978) with a load of

0.266 mmoles Arg/g. 1. 13 g (0.3 mmoles) was used as the

starting material. The methionine side chain was protected

as the sulfoxide form. Coupling utilized a 5:1 ratio of

equivalents of preformed symmetric anhydride to resin load
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Figure 10. Positive Fast Atom Bombardment Spectra of N-POMC
1-28 After Enzymatic Digestion by Protease V8 and Trypsin.
FAB-MS was performed on 10 pig of peptide digest in
thioglycerol on a VG-ZAB-SE, with a mass range from 500 to
1650 daltons. All peaks are relative to the 1193.6 dalton
peak set as 100.
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Table VI

Protonated Molecular Ions in Fast Atom Bombardment-Mass
Spectrometry (FAB-MS): Expected Peptides and Mass of
Protonated Ions in a V8 and Trypsin Digest of N-POMC 1-28.

Reduced Peptides Disulfide Linked Peptides

Peptide MW in Disulfide Peptide MW in
Sequence Daltons Bonds Sequence Daltons

(1-4) 550. 2 1) 2-24 (1-4) + (23-28) 1193 - 5
(5-14) llll .. 4 8-20 (5-14) + (20-22) 1499. 6
(15-19) 575. 3 2) 2-8 (1-4) + (5-14) 1658 . 6
(20-22) 391 .. 2 # 20-24 (20-22) + (23-28) 1034.5
(23-28) 646. 3 3) 2-20 (1-4) + (20-22) 938. 4

8-24 (5-14) + (23–28) 1754.8%

Dimers Thioglycerol Attached Peptides

Peptide MW in Peptide MW in
Sequence Daltons Sequence Daltons

(1-4) x2 1097.5 TG + (1-4) 656. 2
(5-14) x2 2220. Oºk TG + (5–14) 1217. 6
(20–22) x2 779.4 TG + (20-22) 497. 2 #
(23–28) x2 1289.7 TG + (23-28) 752. 3

This table lists most of the possible ions present in a V8 +
trypsin digest of N-POMC 1-28. Disulfide linked peptides
have intact S-S bonds. Reduction of S-S bonds results in
the small fragments 1-4, 5-14, 15-19, 20-22, and 23-28.
These can reoxidize to form dimers or covalently attach to
thioglycerol (MW 106). TG = thioglycerol. 15-22 is 947.5
daltons. * = out of range, below 500 or over 1670 daltons.
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Figure 11. Far UV Circular Dichroism Spectra of Reduced and
Oxidized N-POMC 1-28. CD spectra from 250 to 190 nm were
obtained on a Jasco model 500 spectropolarimeter interfaced
through a Nelson Analytical model 760 to a Hewlett-Packard
model 98.16 microcomputer. Closed circles are reduced N-POMC
1-28 (0.47 mg/ml). Open squares are oxidized N-POMC 1-28
(0.38 mg/ml). 1 mm quartz cells, 25 scans, 20 C, 0.5 nm.
intervals. MRW=mean residue weight.
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(3 mmoles of each amino acid except 3.1 mmoles of Arg and

Gln, 2.8 mmoles Asn). Yield of 1-49-resin was 1.562 g after

saving one-half as the 2-49-resin.

Second solid phase peptide synthesis of N-POMC 1-49:

To obtain more N-POMC 1-49 of higher purity a second

synthesis was undertaken using manual methods and employing

two couplings of 45 minutes each for every residue. The

starting resin was the same as the first synthesis, 0.3

mmoles, 1.13 g. Each coupling used 3 equivalents anhydride:

1 equivalent resin load except for Gln and Asn when their

paranitrophenol esters at a 4:1 ratio were used. At the end

of each coupling the Kaiser test for unreacted amino groups

was done and nonreacted groups were blocked with acetic

anhydride. Procedures were similar to the previous

synthesis except deblocking was done with 45% TFA with 2.5%

1, 2 diethane dithiol and 2.5% anisole, neutralization was

achieved with 10% triethylamine, and the amino terminal

tryptophan side chain was not protected with a formyl group

(eliminating the need for deformylation). 30% of the resin

was removed at the 9-49-resin stage. Yield of batch 2 was

1.85 g.

Purification of N=POMC 1-42.

First HF cleavage:
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300 mg of 1-49 resin, (batch 1), with 0.6 ml of

anisole and 100 mg of mercaptopyridine (to reduce sulfoxide)

were treated with liquid HF as described for N-POMC 1-28.

35 ml of cold ethyl acetate was used to wash peptide and

resin, then filtered off. Crude 1-49 was dissolved in 10 ml

of 20% acetic acid, then filtered through Sephadex G-10

column and lyophilized (yield = 119 mg). Deformylation of

tryptophan was performed as for N-POMC 1-28. Oxidation was

achieved as with N-POMC 1-28, in 200 ml of ammonium

bicarbonate buffer, pH 8.2, for 24 hours at 22° C., followed

by Ellman analysis (yield = 150 mg). Crude, oxidized N-POMC

1-49 was subjected to gel filtration on Sephadex G-50

(figure 12). Fractions were pooled and lyophilized (yields:

A = 16.7 mg; B = 40.0 mg; C = 39.8 mg) and samples were

subjected to amino acid analysis (table VII).

Second HF cleavage of N-POMC 1-49 :

Another 300 mg of N-POMC 1-49-resin (batch 1) was

subjected to HF cleavage as above, except 200 mg of

mercaptopyridine was used. The yield after Sephadex G-10

filtration was 121.7 mg. This was deformylated and oxidized

as above. The peptide was run on Sephadex G-50 (figure 13),

and the 3 peaks were lyophilized (A 12.7 mg; B 30. 1 mg; C

47.3 mg). Peak C was analyzed by chromatofocusing (figure

14). N-POMC 1-49 eluted over a pH range of 5.1 to 4.2.

Pooled fractions, peaks 1-4 were dialyzed in Spectrapor 3
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Figure 12. Sephadex G-50 Gel Filtration of Crude, Oxidized
N-POMC 1-49. 150 mg of N-POMC 1-49 (batch 1) after first HF
cleavage, deformylation and oxidation was applied onto a 17
mm x 50 cm column and eluted with 0.05 M ammonium
bicarbonate, pH 7.9. The flow rate was 20 ml/hr, 1.9
ml/fraction. Detection was at 280 nm. The fractions were
pooled as follows: = 27-32, B= 33-41, C= 42–50.
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Table VII

Amino Acid Composition of N-POMC 1-49 After Sephadex G-50:
Peaks A, B, and C.

Amino Acid Moles of Amino Acid (Relative to Gly)

A B C Theoretical

ASX 3. 8 5. 5 5. 7 6
Thr 1.5 3. 3 3. 7 4.
Ser 2.5 3. 0 3.2 4.
Glx 3. 6 7. O 7. 5 9
Pro 4.2 4. 9 4. 9 5
Cys 1.2 2.0 1.5 4.
Gly 2.0 2. O 2.0 2
Ala 0.8 1.8 2. O 2
Met 1.0 1.0 1.0 l
Ile 0.3 O. 7 O. 7 l
Leu 1.9 5.2 5. 9 6
Phe 1.0 1.5 1 - 1 l

Lys 1.8 0. 9 0. 9 l
Arg 1.4 2.0 2. O 2

200 pig (30 nmoles) samples of N-POMC 1-49, Sephadex G-50
peaks A, B, and C from figure 12, were hydrolyzed in 0.5 ml
of constant boiling 6 N HCl under vacuum at 110° C for 24
hours, then analyzed on a Beckman 119-C amino acid analyzer.
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Figure 13. Sephadex G-50 Gel Filtration of Crude, Oxidized
N-POMC 1-49 (Batch 1, Second HF Cleavage). See figure 12
for conditions. Fractions were 2.2 ml. Detection was at
305 nm. Fractions were pooled as follows: A=18-21, B=23-26,
C=29-35. The cross-hatched area represents peak C (crude
monomer).
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Figure 14. Chromatofocusing of Oxidized N-POMC 1-49
Monomer. 45 mg of N-POMC 1-49 crude monomer (peak C, figure
13) was dissolved in 1 ml of equilibration buffer (0.025 M
piperazine HCl in 8 M urea, pH 5.5) and applied to a 13 mm x
18 cm column of Polybuffer Exchange Resin, PBE 94
(Pharmacia) equilibrated with equilibration buffer. The
sample was eluted with a pH gradient of 5.5 to 4.0 in
Polybuffer 74 (Pharmacia) diluted 1:10 (vol/vol) with 8 M
urea, pH 4.0. The dotted line is the pH gradient.
Detection was at 280 nm. The flow rate was 15 ml/hr, 2
ml/fraction. Fractions were pooled as follows: 1=21-27,
2=30-34, 3=37-43, 4=44-50. The cross-hatched area is peak
1 -
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dialysis tubing (molecular weight cut off 3500 daltons)

against 4 changes of distilled H2O to remove urea, then

lyophilized. Polybuffer 74 was removed by gel filtration on

Sephadex G-50. Yields were 16.3 mg, 10.9 mg, 9.7 mg and 2.4

mg for peaks 1-4, respectively. Peaks 1 and 2 were

subjected to amino acid analysis (table VIII).

HF cleavage was done on the entire 1.85 g of manually

synthesized 1-49-resin (batch 2) as above for N-POMC 1-28

(second HF cleavage). After ethyl acetate wash, the peptide

was dissolved in 80 ml of 60% acetic acid, filtered,

diluted, lyophilized and weighed (yield 925 mg).

Gel filtration:

420 mg of crude material was dissolved in 25 ml of 6 M

guanine-HCl in 1 N acetic acid and 10% B-mercaptoethanol for

1.5 hours at 37° C to reduce the peptide. This was run on a

Sephadex G-50 gel filtration (figure 15). Fractions 71-100

containing reduced monomer N-POMC 1-49 were pooled and

lyophilized (234 mg). Reduced monomer was oxidized by

dissolving it at 0.25 mg/ml in 0.1 M ammonium bicarbonate,

pH 7.6, and stirring for 72 hours at 22° C, then

lyophilizing (234 mg). This oxidized material was subjected

to gel filtration without mercaptoethanol (figure 16).

Fractions 57-76, oxidized monomer, were pooled and

lyophilized (yield 179 mg).
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Table VIII

Amino Acid Composition of N-POMC 1-49, Chromatofocusing
Peaks 1 and 2.

Amino Acid Moles of Amino Acid (Relative to Gly)

Peak 1 Peak 2 Theoretical

Asx 5. 7 5. 7 6
Thr 3.5 3. 6 4
Ser 3. 3 3. 3 4
Glx 8. 3 8. 0 9
Pro 5. O 4.8 5

Cys 2.5 2. 3 4
Gly 2.0 2.0 2
Ala 2.0 2.0 2
Met 0. 9 0. 9 l
Ile O. 7 0.6 l
Leu 4.8 5.4 6
Phe 1.0 1.0 1
Lys O. 9 O. 7 l
Arg 2.2 1.9 2

54 pug of peak 1 and 51 pig of peak 2 from figure 14
(chromatofocusing of crude, oxidized N-POMC 1-49 monomer)
were hydrolyzed and analyzed as described in table VII.
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Figure 15. Sephadex G-50 Gel Filtration of Crude, Reduced
N-POMC 1-49. 420 mg of batch 2 of N-POMC 1-49 (manual
synthesis) dissolved in 25 ml of 6 M guanidine HCl in 1 N
scetic acid and 10% mercaptoethanol was applied to a 2.6 cm
>< 62 cm column. The reduced peptide was eluted with 0.5%
Immercaptoethanol in 1 N acetic acid. The flow rate was 40
mºnl/hr, 2.4 ml/fraction. Detection was at 280 nm, 2.0 AUFS.
The cross-hatched area represents fractions 71-100 (reduced
Taonomer).
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Figure 16. Sephadex G-50 Gel filtration of Crude, Oxidized
N-POMC 1-49. 239 mg of oxidized N-POMC 1-49 monomer (figure
15) was dissolved in 15 ml of 6 M guanidine HCl in 1 N
acetic acid and applied to the same column used in figure
15. The peptide was eluted with 1 N acetic acid, pH 2.3,

-2.7 ml/fraction. Otherwise, conditions are similar to
=figure 15. The cross-hatched area represents fractions 57
TV6 (oxidized monomer).
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HPLC:

Oxidized N-POMC 1-49 was purified by semi-preparative

RP-HPLC on the same system used for N-POMC 1-28. 50 mg of

oxidized monomer was first run on a Vydac preparative RP

HPLC column (C1s, 300 angstrom pore size, 15-20 u beads, 2.5

cm x 50 cm) at 16 ml/min with a 0-25% linear gradient of ACN

in 0.1% TFA over 10 minute, then a 25-40% ACN linear

gradient over 10-100 minutes. The major peak (68-70

minutes, 2.5 mg) was further purified by RP-HPLC (figure

17). The major peak at 25-28 minutes was collected and

lyophilized (1.1 mg yield).

Characterization of N-POMC 1-49:

Analysis of the disulfide bond was performed. 125 pig

(20 nmoles) of highly purified N-POMC 1-49 (figure 17) was

cleaved after Met 34 with 1.2 mg cyanogen bromide (540: 1

molar ratio) in 70% formic acid at 22° C for 24 hours, then

dried under vacuum. Trypsin digestion was carried out with

5 pig of TPCK-trypsin (1:25, wt/wt) in 0.1 M ammonium

bicarbonate, pH 8.0, under nitrogen at 37° C for 2 hours.

The lyophilized digest was further treated with protease V8

(1:20, wt/wt) in 90 pil of 0.05 M ammonium acetate, pH 5.3,

at . 37 for 36 hours, under nitrogen. 15 nmoles (85 pig) of

lyophilized digest mixture was run on RP-HPLC (figure 18).

Fractions were collected, dried and subjected to amino acid

analysis (table IX).
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Figure 17. RP-HPLC of Oxidized N-POMC 1-49. 2.5 mg of
oxidized N-POMC 1-49, partially purified by preparative RP
HPLC, was dissolved in 2 ml of 0.1% TFA and applied onto a
Vydac 218TP510 RP-HPLC column (Cle, 300 angstrom porosity, 5
pi beads, 10 mm x 25 cm). The peptide was eluted with a
linear gradient of 27% to 31% acetonitrile in 0.05 M
triethylammonium acetate, pH 7.5, over 5-85 min. The flow
rate was 4 ml/min, 4 ml/fraction. Detection was at 280 nm,
0. 1 AUFS.
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Figure 18. RP-HPLC of a CNBr-cleaved, Protease V8 and TPCK
trypsin Digest of N-POMC 1-49. 15 nmoles (85 pig) of a CNBr
cleaved, protease V8 and TPCK-trypsin digest of N-POMC 1-49
was subjected to RP-HPLC. The conditions were the same as
described in figure 7, except the linear gradient was 0% to
40% acetonitrile (---) in 0.1% TFA over 5-105 min.
Detection was at 210 nm, 0.1 AUFS. Trypsin + V8 is the
elution position of TPCK-trypsin and protease V8. See table
IX for identification of peaks.
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protease V8, were analyzed as described in table IV. (+)
represents presence of absorbance at 280 nm on RP-HPLC
(indicative of Trp). (++) refers to presence of homoserine
and homoserine lactone on amino acid analyzer (indicative of
Met degradation products). CA = Cysteic Acid. a, b, c =
moles of amino acids relative to Pro (a), Leu (b) or Arg
(c) *. T = theoretical, E = experimental values of peaks for
the following proposed sequences of N-POMC 1-49 fragments
(see table II): (1) 47-49, (2) 11-14, (3) 5-10 + 20-22, (4)
28-34, (5) 5–14 + 20–22, (6) 15–19, (7) 20-34, (8) 35-49,
(9) 35-46, (10) 1-4 + 23-34, (11) 1-4 + 23-34, (12) 23-34.
(---) represents contaminants present at less than 0.5
moles, relative to Pro, Leu, or Arg.
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RESULTS

N-POMC 1-28 and N-POMC 1-49 were synthesized by solid

phase peptide synthesis, then purified and characterized.

The four cysteine residues in N-POMC 1-28 were oxidized by

O2 in neutral solution. Oxidized N-POMC 1-28 was filtered

on Sephadex G-25 (figures 2 and 3), which reveals at least

two overlapping peaks. These peaks most likely represent

monomer and multimers cross-linked by intermolecular

disulfide bonds as judged by band patterns on SDS

polyacrylamide gel electrophoresis (data not shown).

Partition chromatography (figure 4) purified N-POMC 1-28 to

near homogeneity (figures 4 and 5, table I) in one

additional step. Semi-preparative RP-HPLC (figure 6) could

also be used after gel filtration to obtain a highly

purified product in one more step. These two different

purification approaches appeared to isolate the same

molecule since the preparations co-eluted on analytical

scale RP-HPLC (figure 7).

To determine that the disulfide bonds of the synthetic

N-POMC 1-28 peptide were in the correct, native

configuration (positions 2 to 24 and 8 to 20), N-POMC 1-28

was subjected to enzymatic digestion (tables II-V, figures 8

and 9). The results of digestion only with protease V8

(which cleaves on the C-terminal side of glutamic acid)

clearly shows that only a minute amount of synthetic N-POMC
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1-28 had the non-native 2-8 disulfide bond (figure 8, peak B

and table IV). Also, V8 cleaved a small amount of the

peptide at the Asp-Leu bond at position 10-11 (figure 8,

peak C, table IV). To distinguish between the remaining

disulfide bond possibilities, 2-24 + 8-20 vs 2-20 + 8-24,

the (1-14 + 20-28) fragment (peak D, figure 8) was further

digested with trypsin, then analyzed by RP-HPLC and amino

acid analysis (figure 9, table V). As predicted in table

III, the synthetic peptide was almost completely in the

native configuration of disulfide bonds (figure 9, peaks A,

B, E, F). No peptide fragments were detected in the non

native (2-20 + 8-24) arrangement. Small amounts of free (1-

4) and (23-28) fragments were detected (figure 9, peaks C,

D, G), probably due to reduction and variable reoxidation

during cleavage or processing.

Fast atom bombardment-mass spectrometry (FAB-MS)

provided an elegant and precise confirmation of the above

results on disulfide bond arrangements. Figure 10 and table

VI show the observed and predicted patterns, respectively,

of FAB-MS spectra and predicted protonated ion masses of a

V8, tryptic digest of N-POMC 1-28. The key observation was

the presence of strong signals at masses of 1193.6 daltons

and 1500.2 daltons, which are (1-4 + 23-28) and (5-14 + 20

22). This unambiguously confirms the presence of the native

arrangement of disulfide bonds (2-24 and 8-20). Equally

important was the nearly complete absence of signal peaks
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for the non-native disulfide bond peptides at 1658.4 daltons

(1-4 + 5-14), 1034.5 daltons (20-22 + 23-28) and 938.4

daltons (1-4 + 20-22). The last disulfide linked peptide,

(5-14 + 23-28), is out of range at 1754.8 daltons. The peak

at 1482.1 daltons represents a loss of water from the ion at

1500.2 daltons. The peak at 1149.6 daltons is due to loss

of carbon dioxide from the 1193.6 ion, as verified by high

resolution measurement (data not shown).

Circular dichroism spectral analysis of N-POMC 1-28 in

both the oxidized and reduced states (figure 11) provides

additional information on secondary structure (Manalavan and

Johnson, 1983). The absence of distinct negative minima at

both 208 nm and 222 nm indicates that N-POMC 1-28 does not

have any alpha helical structure. The negative CD band

around 205 nm and positive band at 190 nm are more

consistent with a random coil than a 3-sheet structure. A

distorted or short, irregular 3-sheet structure could

possibly shift the negative band from the ideal position at

210-220 nm to 205 nm, but this is less likely in a short

peptide. Reduction of the disulfide bonds did not change

the CD spectra, indicating that the disulfide bonds did not

stabilize any secondary structure.

N-POMC 1-49 was synthesized first by automated methods

on a Beckman 990 Peptide Synthesizer then by manual methods.

Only the first batch was synthesized with a formyl

protecting group on the indole ring of tryptophan. This
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disulfide bond configuration of 8-20. Peaks 10 and 11 are

consistent with (1-4 + 23-34), which was expected from the

complementary native disulfide bond at 2-24. The only peak

seen that suggests a non-native S-S bond (20-24) is a small

peak (#7) (20-34). Other major peaks include numbers 6 and

8, which are the fragments (15-19) and (35–49). There are

several minor peaks: peak 1 (47-49), 2 (11-14), 3 (5-10 +

2 O-22), 4 (28-34), 7 (20–34), 9 (35–46) and 12 (23-34).

Some of these peaks (2, 3, 4) are due to the cleavage of

Asp-Leu bonds at positions (10-11) and (27-28) by protease

V8. Although under the buffer conditions employed above

protease V8 primarily cleaves Glu-X bonds, this enzyme is

also known to hydrolyze Asp-X bonds, although less avidly

(Houmard and Drapeau, 1972). In addition, the presence of a

very large peak for the (35–49) fragment and very small

peaks for the (35-46) and (47-49) fragments indicates the

poor cleavage at Glu-Gln 41-42 and Glu-Asn 46-47. Small

peaks for (20-34) and (23-34) as well as the fragment (1-4 +

23-34), suggest that the Glu-Thr bond at 31-32 is also

resistent to cleavage. It may be significant that all of

the V8 resistant bonds share the sequence Glu-X-Pro, while

none of the three V8 labile bonds have this sequence.

DISCUSSION

The synthetic peptides N-POMC 1-28 and N-POMC 1-49
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have been synthesized with the same primary sequence as the

naturally occurring human N-POMC. N-POMC 1-28 corresponds

to the peptide isolated from human pituitaries by McLean et

al. (1981). N-POMC 1-49 corresponds to the peptide expected

in the human (Lowry et al., 1983), analogous to the sequence

found in other species (Bennett, 1984; Seger and Bennett,

1986).

A key requirement to establish that these synthetic

peptides have the same structure as the naturally occurring

peptides is the formation of the native disulfide bridge

arrangement. This arrangement is Cys-2 to Cys-24 and Cys-8

to Cys-20 in human (Bennett, 1984), bovine (Bennett, 1984),

mouse and rat (Seger and Bennett, 1986), and salmon N-POMC

(Kawauchi et al., 1981). The original report of a Cys-2 to

Cys-8 and Cys-20 to Cys-24 arrangement in the human N-POMC

1-76 (Seidah et al., 1981) was later revised to the above

arrangement (Bennett et al., 1985). As discussed by Bennett

et al. (1985), the digestion of N-POMC 1-49 with trypsin and

protease V8 can be complicated by unintended reduction of

disulfide bonds, especially 2-24, then variable oxidation of

the cysteines to either free fragments or fragments rejoined

by the non-native disulfide bonds. This problem led Seidah

et al. (1981) to incorrectly assign the disulfide bond

structure. These problems were minimized in the analysis of

synthetic N-POMC 1-28 and 1-49 by several technical changes.

The protease V8 digestions were carried out under acidic
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buffer conditions, in pH 5. 3 ammonium acetate (Houmard and

Drapeau, 1972), to reduce disulfide bond interchange.

Samples were digested in solutions saturated with nitrogen

to reduce oxidation. For analysis of N-POMC 1-28, the (1-4

+ 5–14 + 20-28) fragment from V8 digestion was purified

before the subsequent trypsin digestion. As seen in figures

8, 9 and 18 these measures were largely successful in

reducing disulfide bond interchange. However, as evidenced

by multiple peaks with apparently identical amino acid

composition and the presence of peptides no longer connected

by disulfide bonds, oxidation could not be prevented

entirely. Still, this represented a considerable

improvement compared to other work with this peptide

(Bennett et al., 1985; Seidah et al., 1981; Bennett, 1984).

These other workers had also noted that protease V8 was very

poor at hydrolyzing the Glu-X bond for glutamic acid

residues at positions 31, 41 and 46, which all share the

Glu-X-Pro sequence.

The use of fast atom bombardment-mass spectrometry

(FAB-MS) to assign the disulfide bonds in the synthetic N

POMC 1-28 was reported previously (Chakel et al., 1986).

There has been increasing use of FAB-MS for the elucidation

of disulfide bond structure in peptides (Buko and Fraser,

1985; Yazdanparast et al., 1986). This technique provided

excellent confirmation of the results obtained by reverse

phase HPLC analysis coupled with amino acid composition
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data. FAB-MS is a more rapid and much more precise method

for identifying enzymatic digestion fragments.

It is rather remarkable that the synthetic peptides

were so predominantly formed in the native disulfide bond

arrangement. In solid phase peptide synthesis one lacks the

complex intracellular environment and the rapid, progressive

N-terminus to C-terminus biosynthesis of peptide under which

the natural disulfide bonds are formed. The circular

dichroism studies show that the 1-28 peptide is probably a

random coil, without alpha helix or beta sheet structures to

provide additional conformation. It is most likely that

there is a very favorable energetic state of the peptides in

solution which contributes to the formation of the native

arrangement of disulfides. Dimer and multimers formed

during deformylation then oxidation in aqueous solution were

mostly removed by gel filtration. It is probable that

deformylation under concentrated, basic conditions led to

increased rapid formation of intermolecular bonds, resulting

in dimers and multimers. The elimination of the

deformylation step in the second N-POMC 1-49 synthesis

helped reduce dimer and multimer formation. The oxidation

conditions employed (dissolved oxygen in dilute, neutral

solution over 24 hours) were rather gentle, perhaps favoring

the energetics required for formation of the native

disulfide bonds. Crude, HF cleaved N-POMC 1-49 (batch 2)

was reduced, and subjected to gel filtration under reducing
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conditions to obtain reduced monomer before performing the

oxidation step. This also helped reduce unwanted dimers and

multimers. It seems likely that "error" peptides, lacking

one or more amino acids or terminating prematurely, are more

likely than complete peptides to form non-native disulfide

bonds. This would be expected since their conformation is

disrupted (especially if lacking one or more cysteine

residues), and the cysteines are located more in the N

terminal portion (positions 2, 8, 20, 24), which was

synthesized after the C-terminal portion.

Both of the synthetic N-POMC peptides were obtained in

highly purified form. N-POMC 1-28 could be purified by

either partition chromatography or reverse phase HPLC. N

POMC 1-49 was purified by RP-HPLC. Partition chromatography

was not as effective as RP-HPLC for the longer peptide (data

not shown).

The synthetic peptides were used in a series of

experiments. Antisera were raised to N-POMC 1-49 and used

to develop a radioimmunoassay (RIA). As described in

chapter 4, this RIA was used to measure N-POMC secretion

from pituitary tumors. The role of N-POMC 1-28 and 1–49 in

adrenal growth is addressed in chapter 3. Radioiodination

of modified N-POMC 1-28 and 1-49 was performed, and these

radioligands were used in binding experiments (chapter 5)
and the RIA (chapter 4).
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CHAPTER 3: ACTIVITY OF PEPTIDES AND GROWTH FACTORS ON THE

GROWTH OF THE ADRENAL CORTEX.

INTRODUCTION

This chapter covers the studies on the biological

activity of certain peptides and other factors in the

adrenal gland. The main focus of this work is the role of

N-POMC related peptides.

As reviewed in chapter 1, the N-POMC 1-28 and 2-59

sequences were reported to have growth-promoting activity in

cultured rat adrenal cells, as well as in rat adrenal glands

in vivo. In this chapter experiments are reported which

used adrenal cells from a variety of species, tested under a

number of different culture conditions. In addition,

several experiments were performed using intact or

unilaterally adrenalectomized rats. The effects of several

peptides and growth factors, including synthetic N-POMC 1-28

and 1-49, ACTH, synthetic insulin-like growth factor 1, as

well as antisera to N-POMC 1-49 and ACTH, were examined.

MATERIALS AND METHODS

eptides an t • N-POMC 1-28 and 1-49 were

synthesized as described in chapter 2. Most experiments

utilized N-POMC 1-28 purified by partition chromatography
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(figure 4). Preliminary experiments used N-POMC 1-49

partially purified by gel filtration (figure 13), while

later experiments used HPLC-purified material (figure 17).

Insulin-like growth factor 1 (IGF-1) was synthesized,

purified and characterized as previously described (Li et

al., 1983), and generously provided by Dr. C. H. Li and Dr.

D. Yamashiro, University of California, San Francisco.

Angiotensin II was purchased from Peninsula

Laboratories (San Carlos, CA). Bovine insulin (25.9

units/mg recrystallized, B grade) was purchased from

Calbiochem (San Diego, CA). Fibroblast growth factor was a

gift from Dr. M. Westphal (prepared according to the method

of Gospodarowicz et al., 1978). Porcine ACTH was prepared

in this laboratory as described by Canova-Davis and

Ramachandran, 1976. Bovine serum albumin (fraction V, Miles

Laboratories, Elkhart, IL) was purified as previously

described (Ramachandran et al., 1972).

Cell Culture. For most studies rat adrenal cells for

cell culture were prepared as previously described

(Ramachandran and Suyama, 1975). Adult Sprague-Dawley rats

were anesthetized, then the adrenals were removed,

decapsulated and minced. The capsule or cortex tissue was

digested with DNAase I (Sigma Chemical Co., St. Louis, MO)

and collagenase (Worthington Biochemical Corp., Freehold,

NJ). The cells were washed twice and resuspended in medium

199 with D-valine (Cell Culture Facility, UCSF),
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supplemented with Fungizone, 2.5 micrograms/ml (Squibb,

Princeton, NJ), 0.0043. Garamycin (Shering Corp., Kenilworth,

NJ), 0.1 mg/ml ascorbic acid and 10% fetal bovine serum

(Cell Culture Facility, UCSF). The cells were plated onto

tissue culture dishes (Falcon Plastics, Oxnard, CA) (Liles

and Ramachandran, 1977). Cell culture media were changed

every 2 days. All media were filtered through a 0.2 micron

millipore filter prior to use.

Bovine adrenal cells were prepared with the assistance

of Dr. C. R. Ill, UCSF, essentially as previously described

(Gospodarowicz et al., 1977) or as outlined above for rat

adrenal cells. Bovine adrenal glands were obtained from a

local slaughterhouse. Y-1 mouse adrenal tumor cells were

obtained from American Type Culture Collection (Rockville,

MD) and maintained in our laboratory as previously described

(McPherson and Ramachandran, 1980).

Cell culture dishes with bovine corneal endothelial

cell extracellular matrix were generously provided by Dr. M

Westphal (Hormone Research Laboratory, UCSF). They were

prepared in a manner similar to that described previously

(Gospodarowicz et al., 1980)

Animal Studies. Adult Sprague-Dawley or Wistar rats

were obtained from Simonsen Laboratories (Gilroy, CA).

Unilateral adrenalectomies were performed by J. D. Nelson,

Hormone Research Laboratory, UCSF. Animals were maintained

at the Animal Care Facility at UCSF or at Genentech, Inc.
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(South San Francisco, CA).

Tritiated Thymidine Incorporation Assay. Adrenal cells

in suspension or monolayer culture were incubated in the

presence of tritiated (methyl-’H) thymidine (5 Ci/mmol) (New

England Nuclear, Boston, MA) at 37° C. Further details of

incubation conditions are contained in the legends to

figures and tables. Incorporation into DNA was measured as

the trichloroacetic acid (TCA) (Sigma Chemical Co.)

insoluble material. Culture plates with cells in monolayer

culture were placed on ice, then washed 3 times with 2 ml of

ice-cold phosphate buffered saline (PBS), then washed 3

times with ice-cold 10% TCA. TCA insoluble material was

solubilized by the addition of 0.5 ml of O. 1 N NaOH for 2

hours at room temperature. 0.45 ml aliquots were mixed with

phase-combining scintillation fluid (Amersham/Searle Corp.,

Arlington Heights, IL) and counted on a Packard PRI.AS

scintillation counter (Packard Instrument Co., Downers

Grove, IL). Counting efficiency was 30%. Cells in

suspension culture in polypropylene tubes were placed in an

ice bath, mixed briefly with a glass pipette and filtered

under vacuum onto 2.4 cm Whatman GF/A glass fiber filters

using a Model FH 225V vacuum filtration manifold (Hoefer

Scientific Instruments). Filters were rinsed twice with 10

ml of ice-cold PBS, then rinsed twice with 10 ml of ice-cold

10+ TCA, then rinsed twice with 10 ml of ice-cold 95%

ethanol. Filter associated radioactivity was counted as

T

º

º
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-
-º-

/
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described above.

NA assay. Cells in monolayer culture

were detached using 2 ml per well STV solution (Difco,

Detroit, MI). Cells were then counted in a Coulter Counter

or with a hemocytometer. The DNA content of cells and

adrenal glands was determined using the spectrophotometric

DNA assay protocol of Short et al. (1968). Rat adrenal

glands were frozen on dry ice, then thawed and weighed prior

to homogenization in 0.5 ml of ice-cold water with a Potter

Elvehjem teflon coated pestle glass homogenizer (Thomas

Co., Philadelphia, PA).

Aliquots of homogenate were mixed with NaOH (final

concentration 0.1 N) and heated to 37° C for 2 hours to

solubilize the DNA. Cells in monolayer culture were washed

with 1 ml PBS then solubilized with 1 ml O. 1 N NaOH for 2

hours at 37° C. Calf thymus DNA (type V, Sigma Chemical

Co.) was used as the DNA standard.

Statistical Analysis. Analysis of data was performed

by Lin Hsieh, Department of Biostatistics, UCLA, using the

students T-test on the SAS program (Statistical Analysis

System).

RESULTS

The Y-1 mouse adrenocortical tumor cell line was used to

assay for mitogenic activity. In table X, the effects of
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Table X

Y-1 Mouse Adrenal Cells in Monolayer Culture: Effect of
ACTH, IGF-1, N-POMC 1-28, and Serum.

3H-Thymidine
Incorporation

Group # Treatment (CPM t S. D. )

l Low serum control 5569 + 1009 -

2 High serum 142,916 it 7100 * *
3 N-POMC 1-28 II 1 ug/ml 776 O HE 338 N. S.
4 N-POMC 1-28 II 10 ug/ml 7.469 + 750 N. S.
5 N-POMC 1-28 III 1 p.g/ml 7405 + 104.7 N. S.
6 N-POMC 1-28 III 10 pg/ml 7420 + 1165 N. S.
7 IGF-1 0. 1 pag/ml 12, O9.5 + 789 *

8 IGF-1 1 p.g/ml 11,880 + 11.83 º

9 ACTH (low serum) 0.1 p.g/ml 5951 + 403 N. S.
10 ACTH (high serum) 0.1 p.g/ml 100, 162 + 5634 + k +

Y-1 adrenal cells were passaged with EDTA and grown in Ham's
F-10 with 2.5% fetal bovine serum and 15% horse serum ("high
serum"). Cells were plated at 12,500 cells/well in Falcon
3008 plates. After 24 hours the medium was changed to "low
serum" medium (0.2% FBS, 0.5% BSA, 0.01% lima bean trypsin
inhibitor). After 24 hours in low serum medium the medium
was changed to low serum medium with peptides added (3–9),
high serum medium (2), or high serum with ACTH (10). Six
hours later cells were pulsed with 2 uCi of *H-thymidine for
16 hours. *H-thymidine incorporation was determined for
quadruplicate wells as described in Materials and Methods,
mean it standard deviation. * P × 0.005 vs (1), * * P ×
0.0005 vs (1), * * * P × 0.0005 vs (2), N. S. - not significant
or P × 0.05 vs (1).
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synthetic IGF-1, ACTH and N-POMC 1-28 were compared. Cells

were first treated with a reduction in serum from 153 horse

serum and 2.5% fetal bovine serum (high serum medium) to

0.2% FBS (low serum medium) for 24 hours, before exposure to

the peptides for 22 hours. Synthetic IGF-1 increased

thymidine incorporation by over 100% at doses of 0.1 and 1

micrograms/ml. Synthetic N-POMC 1-28 peaks II and III

(figure 4) did not significantly alter thymidine

incorporation. In this experiment, ACTH exposure had no

effect in low serum medium, however, in the presence of high

serum medium ACTH at 100 ng/ml decreased thymidine

incorporation by 30% compared to 2.5% FBS/15% HS alone. Y-1

cells were very responsive to serum, with a 25-fold increase

when incubated in high serum medium compared to low serum

medium.

Figure 19 shows the dose-response curve for Y-1 cells

in monolayer culture exposed to varying concentrations of

IGF-1 in the presence or absence of 1 microgram/ml of N-POMC

1-28. There was no activity of N-POMC 1-28 alone. *H-

thymidine incorporation was increased almost 3-fold by IGF-1

with half-maximal stimulation at approximately 3 ng/ml (0.3

nM). The presence of N-POMC 1-28 had no stimulatory or

inhibitory effect on IGF-1 in low serum medium.

Freshly isolated bovine adrenal cortical cells in

suspension culture were exposed for 36 hours to synthetic N

POMC 1-28, IGF-1, angiotensin II, and ACTH (table XI). *H-
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Y-1 adrenal cells were passaged with EDTA and trypsin and – º
maintained on plastic dishes in Ham's F-10 with 2.5% fetal * -

bovine serum and 15% horse serum (high serum). Cells were - //
plated at 25,000 cells/well in 24 well Falcon 3008 tissue * . . .
culture plates for 24 hours in high serum medium, then the ~

- - -medium was changed to low serum medium (0.2% FBS, 0.5% BSA)
for 24 hours. The cells were then treated with 1 ml of __2 2.
fresh low serum medium containing either varying * ,
concentrations of IGF-1 alone, from 0 to 1000 ng/ml, (closed ->

- - -

circles), or 1 microgram/ml of N-POMC 1-28 in addition to
IGF-1 at 0 to 100 ng/ml (open circles). After 8 hours the --
cells were pulsed with 2 uCi of *H-thymidine for an * //
additional 24 hours. Incorporation of *H-thymidine into DNA ~ *
is expressed as the mean it standard error (bar) of º
quadruplicate cultures. Statistical analysis revealed that
IGF-1 was not different than low serum control at 0.1 and 1 ■ º
ng/ml (P × 0.05), but was at 10 ng/ml (P º 0.025) and 100-

- * *

1000 ng/ml (P º 0.005). N-POMC 1-28 did not enhance -----

incorporation over low serum control or IGF-1 treatment (P × *
O. O5). -
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Table XI

Bovine Adrenal Cortical Cells in Suspension Culture: The
Effects of ACTH, N-POMC 1-28, IGF-1, Fetal Bovine Serum, and
Angiotensin II.

*H-Thymidine Incorporation
Treatment (CPM E_SEM)

Low serum control 53, 814 + 1803
-

103 FBS 19, 146 it 1315 # ºr

ACTH 1 ng/ml 373.1 + 798 + ºr

ACTH 10 ng/ml 1885 + 119 # *

N-POMC 1-28 1 p.g/ml 79, 751 + 4289 º:

N-POMC 1-28 10 ug/ml 86, 602 + 6853 ºr ºr
IGF-1 10 ng/ml 173, 747 t 8651 ºr ºf

IGF-1 100 mg/ml 182,957 it 3606 # *

Angiotensin II 10 ng/ml 65,994 +5705 N. S.
Angiotensin II 100 ng/ml 43,269 + 1897 N. S.

Adrenal cortical cells were isolated from bovine adrenal
glands. Minced adrenal cortex was incubated in M199 with 1
mg/ml trypsin and 1 mg/ml. BSA at 37° C for 1 hour with
constant agitation. The tissue was centrifuged and
resuspended in M199 with STI (0.1 mg/ml soybean trypsin
inhibitor). The tissue was centrifuged again and the pellet
resuspended in M199 with 2 mg/ml collagenase, 0.1 mg/ml
DNAase and 0.1 mg/ml. STI for 1 hour at 37° C with agitation.
The tissue was gently triturated, the resulting cell
suspension filtered through sterile cheesecloth,
centrifuged, resuspended and recentrifuged through a layer
of M199 with 1.5% BSA and 0.1 mg/ml. STI. The cell pellet
was resuspended in "low serum" medium (d-valine M199, 0.5%
BSA, 0.2% dialyzed FBS, 0.01% STI, 100 HM ascorbic acid).
200,000 cells per tube were treated with peptides or with
10+ dialyzed FBS (without BSA) for 12 hours in 1 ml of
medium in 12 x 75 mm polypropylene test tubes in a 37° C
water bath shaker under 95% O2/5% CO2 . Aliquots containing
2 pici of *H-thymidine were added and labeling carried out
for 24 hours. *H-thymidine incorporation was determined as
described in Materials and Methods. Data are presented as
the mean i standard error of the mean for quadruplicate
tubes. Statistical analysis in comparison to low serum
control revealed differences of N. S. - not significant (P-
0.05), * P × 0.005, or ** P × 0.001.
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thymidine incorporation into DNA was increased by 2.20% and

24.0% by IGF-1 at 10 and 100 ng/ml (1.1 nM and 11 nM). ACTH

strongly inhibited incorporation by 93% and 97% at

concentrations of 1 and 10 ng/ml (0.22 nM and 2.22 nM). N

POMC 1-28 was less potent and stimulated adrenal cells by

483 to 613 at concentrations of 1 and 10 micrograms/ml (0.31

and 3.1 micromolar). Angiotensin II at 10 and 100 ng/ml was

not significantly different from control.

The freshly isolated bovine adrenal cortical cell

preparation was used for a series of experiments to further

explore the role of synthetic N-POMC peptides and other

factors. In table XII the results of an experiment where

cells were incubated for a total of 36 hours with IGF-1, N

POMC 1-28, ACTH, or serum (0.2% or 10+ dialyzed FBS) are

presented. The dose-response curve to IGF-1 shows that the

peptide is active above 1 ng/ml (0.11 nM), with a maximal

effect at 100 ng/ml (11 NM). 3H-Tdr incorporation was

increased 20-fold over the low serum control. Surprisingly,

ACTH had no activity at concentrations of 10 to 1000 pg/ml

(2.2-220 pm). N-POMC 1-28 also showed no activity at 0.01

to 10 micrograms/ml (0.003 to 3 micromolar), in contrast to

the stimulation seen in table XI. Dialyzed FBS at 1% and

10+ increased 3H-Tdr incorporation 4-fold over the 0.2t FBC

control.

In figure 20, the dose-response curves of insulin and

IGF-1 in bovine adrenocortical cells in suspension culture
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Figure 20. Effect of IGF-1 and Insulin on Bovine Adrenal
Cortical Cells in Suspension Culture. Bovine adrenal
cortical cells were isolated and labeled as described in
table XI. Cells were incubated at 50,000 cells/tube for 12
hours in low serum medium, with insulin or IGF-1, ACTH or
10% FBS, in polypropylene tubes as described in table XI.
The *H-TdR pulse was performed by adding 2 p. Ci of *H-TdR for
an additional 24 hours. Incorporation of radiolabel was
determined as described in Materials and Methods. The
results are expressed in cpm/tube as mean it standard error
of the mean (vertical bars) for quadruplicate tubes. Low
serum control was 12,570 + 683 cpm. Statistical analysis,
by comparison to control values, was by student's T-test.
ACTH at 10 ng/ml lowered incorporation to 3634 + 48 cpm (P &
0.05). IGF-1 at all doses was different from control (P &
0.005), insulin at 1 ng was not different (P × 0.05), at 10
ng was higher (P º 0.05) and P × 0.005 at 100 ng/ml or
greater. 10% FBS (dialyzed) raised incorporation to 124,666
+ 11, 201 cpm (P º 0.0005), 10% FSB (non-dialyzed) was not
different from control, at 11,466 it 440 cpm.

**

:
:
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Table XII

Bovine Adrenal Cortical Cells in Suspension Culture: The
Effects of ACTH, N-POMC 1-28, IGF-1, and Fetal Bovine Serum.

Treatment *H-TdR Incorporation (CPM)

Low serum control 11, 601 + 340
-

ACTH 10 pg/ml 11,046 it 314 N. S.
ACTH 100 pg/ml 91.11 + 171 N. S.
ACTH 1000 pg/ml 10,039 + 145 N. S.
N-POMC 1-28 0.01 pag/ml 11, 147 f 331 N. S.
N-POMC 1-28 0.1 p.g/ml 13,783 + 563 N. S
N-POMC 1-28 1 Mg/ml 11, 669 + 796 N. S.
N-POMC 1-28 10 pg/ml 13,565 + 446 N. S.
IGF-1 0.01 ng/ml 11, 503 + 561 N. S.
IGF-1 0. 1 ng/ml 13,903 + 338 N. S.
IGF-1 0.3 ng/ml 12, 648 it 484 N. S.
IGF-1 l ng/ml 18, 378 + 1004 N. S.
IGF-1 3 ng/ml 87, 747 t 4676 * †

IGF-1 10 ng/ml 150,647 it 12, 155 # *
IGF-1 100 ng/ml 210,337 t 26, 542 * *
13 FBS (dialyzed) 44, 557 it 1576 *

10+ FBS (dialyzed) 42, 758 + 2772 º:

13 FBS (non-dialyzed) 18, 721 + 872 N. S.
10% FBS (non-dialyzed) 16, 616 f 1166 N. S.

Adrenal cells were isolated, cultured and pulsed with 3H-Tdr
as described in table XI, except the initial incubation was
12 hours and the pulse was for 24 hours. Results are
expressed as mean f standard error of the mean for
quintuplicate points. Statistical analysis revealed
differences compared to low serum control as follows:
N. S. - not significant, P × 0.05, * - P × 0.01, * * - P ×
O. O.05.
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are shown. IGF-1 was tested at 1 ng/ml to 300 ng/ml (0.11

nM to 33 nM, and insulin was tested at 1-10,000 ng/ml (0.18

nM - 1.8 p.m.). Maximal stimulation was the same for both

insulin and IGF-1 at about 14-fold over control but IGF-1

was approximately 100-fold more potent. ACTH at 10 ng/ml

(2.2 nM) inhibited incorporation by over 70%. N-POMC 1-28

and 1-49 were not tested in this experiment.

To help assess the influence of the use of trypsin

digestion, in addition to the usual collagenase and DNAase

digestion used to prepare adrenal cells for culture, an

experiment was performed where only half of the cells were

treated with trypsin. The other half of the bovine adrenal

cortical cells were not treated with trypsin. Table XIII

lists the results of thymidine incorporation in response to

N-POMC 1-49, ACTH, FGF, insulin, IGF-1, and 10+ FBS.

Trypsin pretreatment was associated with an increased

responsiveness of cells to the stimulatory action of N-POMC

1-49, compared to cells not pretreated with trypsin. N-POMC

1-49 peak B contained both dimer and monomer, while peak C

contained primarily monomeric N-POMC (see figure 13 and

chapter 2). *H-TdR incorporation was increased by 76% by N

POMC 1-49 peak C in trypsin treated cells, but the peptide

was much less effective with an increase of only 20% in

untreated cells. N-POMC 1-49 peak B was able to stimulate

trypsin treated cells by 43%, but was inactive in untreated

cells. Synthetic IGF-1 was equally active in both trypsin
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Bovine Adrenal Cortical Cells in Suspension Culture:

Table XIII

Effect
of Trypsin Pretreatment on Response to ACTH, N-POMC 1-49,
IGF-1, Insulin, FGF, and Fetal Bovine Serum.

Part A - Trypsin Pretreatment

Treatment *H-TdR Incorporation (CPM).

Low serum control 15, 440 + 918
-

ACTH 10 ng/ml 13, 241 + 947 N. S.
Insulin 1 Ag/ml 17,402 + 1641 N. S.
IGF-1 100 ng/ml 20, 676 + 2723 º:

N-POMC 1-49 B 1 ag/ml 22,016 f 59 *

N-POMC 1-49 C 1 pag/ml 27, 160 + 630 ºr ºr ºr

FGF 100 ng/ml 21, 694 + 702 º:

10% FBS (dialyzed) 23, 777 it 972 ºr ºr

Part B – No Trypsin Pretreatment

Treatment *H-TdR Incorporation (CPM)

Low serum control 37, 157 it 929
-

ACTH 10 ng/ml 26, 295 + .306 # * *

Insulin 1 pig/ml 53,025 + 2857 * * *

IGF-1 100 ng/ml 47,407 it 3131 * * *

N-POMC 1-49 B 1 ug/ml 39,026 f 1161 N. S.
N-POMC 1-49 C 1 ug/ml 44, 540 + 673 º:
FGF 100 ng/ml 34,008 + 2148 N. S.
10% FBS (dialyzed) 37, 727 it 1518 N. S.

Bovine adrenal cortical cells were isolated in a manner
similar to that described in table XI. Instead of the
initial trypsin digestion step, half of the adrenal tissue
(A) was treated with 0.1 mg/ml trypsin in M199 supplemented
with 1 mg/ml. BSA for 30 minutes at 37° C following the
DNAase/collagenase digestion. The other half of the tissue
(B) was treated in the same medium without trypsin. All
subsequent media used contained 0.1 mg/ml of soybean trypsin
inhibitor, as described in table XI. 500,000 cells/well
were added to Costar tissue culture dishes (1.2 cm”/well),
and incubated at 37° C under humidified 95% air/53 CO2. N
POMC 1-49 peaks B and C are from figure 13. Cells were
treated with the above factors or 10& FBS for 12 hours, then
labeled for 24 hours as described in table XI. Data are
presented as 3H-Tdr incorporation, cpm + sem for triplicate
determinations. Statistical analysis was performed as
described in Materials and Methods. In comparison to their
respective low serum controls in A and B, differences were
not significant (N.S.), P × 0.05 (*), P × 0.01 (**), or P ×
0.005 (***).
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treated and untreated cells. Surprisingly, insulin

stimulated untreated cells by 43%, but the 13% increase in

trypsin treated cells was not statistically significant.

Similarly, the use of trypsin appeared to eliminate the

ability of ACTH to inhibit thymidine incorporation. In

untreated cells the decrease was 29%, however, the decrease

of 14* in trypsin treated cells was not significant. The

possibility that ACTH, or other peptides, were cleaved by

trypsin, despite the use of soybean trypsin inhibitor, was

not tested.

The effects of enzymatic digestion were not consistent

with all preparations of bovine adrenal cortical cells.

Table XIV shows the results of hormonal treatment on cells

prepared with only collagenase and DNAase, without trypsin.

These cells were capable of responding to a variety of

hormones. ACTH strongly inhibited *H-Tdr incorporation by

64%, while insulin and IGF-1 stimulated cells by 54% and

37+, respectively. Under these conditions N-POMC 1-49

preparations at 1 and 10 ng/ml (0.16 and 1.6 p.m.) increased

incorporation by 37 to 75+.

Rat adrenal cortical cells were used for a series of

experiments. In table XV are the results of an experiment

using adrenal cells from 21 day old rats. Cells were plated

in monolayer cultures in 10% FBS, then switched to low serum

medium (0.2% FBS) for 48 hours prior to addition of

peptides. After 8 hours, cells were pulsed with *H-
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Table XIV

Bovine Adrenal Cortical Cells in Suspension Culture: The
Effects of N-POMC 1-49, ACTH, AII, IGF-1, Insulin, and FBS.

*H-Thymidine Incorporation
Treatment (CPM + SEM)

Low serum control 25, 628 + 31.87
-

N-POMC 1-49 A 1 p.g/ml 35, 195 + 2067 †

N-POMC 1-49 A 10 pg/ml 37,971 + 1895 # *

N-POMC 1-49 B 1 p.g/ml 43, 504 + 2440 * †

N-POMC 1-49 B 10 pg/ml 44, 846 + 1076 ºr tº:

N-POMC 1-49 C 1 ug/ml 44, 818 + 1301 + ºr

N-POMC 1-49 C 10 pg/m 38,970 + 2752 ºr ºr
ACTH 10 ng/ml 9134 + 811 * *

Angiotensin II 10 ng/ml 26, 430 + 2115 N. S.
IGF-1 10 ng/ml 35,005 + 2749 †

Insulin 1 pig/ml 39,516 it 1543 * *

10% FBS (dialyzed) 14,783 + 320 * *

10% FBS (non-dialyzed) 8085 + 709 + ºr

Adrenal cells were isolated and labeled using the procedure
described in table XI, except the trypsin digestion was
omitted, and collagenase was 4 mg/ml. The cells were
cultured as described in table XI at 225,000 cells/well in
Costar 3524 (1.2 cm ■ well) tissue culture plates at 37° C
under 95% air/5% CO2. Hormones or FBS were added and 12
hours later 2 p. Ci of *H-Tdr were added for an additional 24
hours. "H-Tdr incorporation was determined as described in
Materials and Methods. Statistical analysis was performed
as described in Materials and Methods, N. S. - not
significant, P × 0.05, * - P × 0.05, # * - P × 0.005 vs low
serum control. N-POMC 1-49 fractions A, B, and C were
prepared as described in chapter 2 (figure 13).
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Table XV

Rat Adrenal Cortical Cells in Monolayer Culture: Effect of
N-POMC 1-28, IGF-1, ACTH, and Fetal Bovine Serum.

Treatment *H=Thymidine Incorporation

Low serum control 2999 : 542 -

10% FBS 2891 + 522 N. S.
N-POMC 1-28 II 1 mg/ml 284.5 + 710 N. S.
N-POMC 1-28 II 10 ug/ml 2848 f 411 N. S.
N-POMC 1-28 III 1 ug/ml 2784 + 379 N. S.
N-POMC 1-28 III 10 pg/ml 3026 it 279 N. S.
IGF-1 10 ng/ml 4887 i 1216 ºr

IGF-1 100 ng/ml 4959 + 617 ºr

ACTH 10 ng/ml 1185 + 19.1 º:

Adrenal cortical cells were isolated from 21 day old male
Sprague-Dawley rats using collagenase and DNAase. Cells
were plated at 180,000 cells per well in Falcon 3008 tissue
culture dishes in M199 with 10% FBS. After 2 days, the
medium was changed to d-val M199 with 10% FBS (dialyzed).
Three days later the medium was changed to "low serum"
medium (d-val M199, 0.2% dialyzed FBS, 0.5% BSA). After 48
hours in low serum medium, fresh low serum medium with 0.01%
lima bean trypsin inhibitor was added, supplemented with the
above peptides or dialyzed FBS. After 8 hours, aliquots
containing 2 pici of *H-TdR were added and labeling continued
for 24 hours. 3*-TdR incorporation was determined as
described in Materials and Methods and expressed as mean f
standard error of the mean. * is for P × 0.002 vs control,
N. S. is not significant, P × 0.05.
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thymidine for 24 hours. IGF-1 at 10-100 ng/ml (1.1-11 nM)

stimulated thymidine incorporation by 65%. ACTH inhibited

cells by 60%. N-POMC 1-28 at 1 and 10 pg/ml (0.31 to 3.1

nM) had no effect.

Monolayer cultures of rat adrenal cortical cells were

pretreated with 10 ng/ml (2.2 nM) of ACTH for 48 hours in

either 10% FBS or low serum medium. Fresh medium, either

10% FBS or low serum medium, supplemented with the test

peptides was added for 24 hours, followed by labeling with

*H-thymidine for another 24 hours (table XVI). Under these

conditions 100 ng/ml (11 nM) of IGF-1 stimulated

incorporation by 33% in low serum medium and 54% in 10% FBS.

Surprisingly, insulin at 1 p.g/ml (180 nM) had no effect. N

POMC 1-49 at 1 p.g/ml (170 nM) was ineffective in either

medium, as was N-POMC 1-28 at 1 pig/ml (310 nM).

Continuation of ACTH at 10 ng/ml (2.2 nM) resulted in no

change. Angiotensin II raised incorporation of *H-TdR by

27% in the presence of low serum medium, but was unchanged

from control in 10% FBS. In table XVII are the results of

an experiment utilizing rat adrenal cells on bovine corneal

endothelial cell extracellular matrix coated culture dishes.

These cells were also pretreated with 10 ng/ml (2.2 nM) ACTH

for 24 hours in 10% FBS medium. After pretreatment, the

cells were incubated for 48 hours with peptides in low serum

medium, or with 10& FBS, and pulsed the final 36 hours with

*H-thymidine. N-POMC 1-28 treatment
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Table XVI

Rat Adrenal Cortical Cells in Monolayer Culture:
Pretreatment with ACTH and Effect of N-POMC 1-28 and 1–49,
ACTH, IGF-1, Insulin, and Angiotensin II.

Group Treatment *11- CO

l Low serum control 59.25 + .342 -

2 ACTH 10 ng/ml 54.17 ± 3.38 N. S.
3 N-POMC 1-49 B 1 p.g/ml 6659 + 138 N. S.
4 N-POMC 1-49 C 1 p.g/ml 6814 + 182 N. S.
5 N-POMC 1-28 1 pag/ml 7259 + 223 N. S.
6 Insulin 1 p.g/ml 66.93 + 531 N. S.
7 IGF-1 100 ng/ml 7.917 it 323 * *

8 Angiotensin II 100 ng/ml 7522 + 650 º:
9 10% FBS control 4.329 + 409 -

10 ACTH 10 ng/ml 3987 i. 281 N. S.
ll N-POMC 1-49 B 1 ug/ml 4844 i. 286 N. S.
12 N-POMC 1-49 C 1 p.g/ml 52.59 + 644 N. S.
13 N-POMC 1-28 1 p.g/ml 4050 + 254 N. S.
14 Insulin 1 p.g/ml 4614 + 56 N. S.
15 IGF-1 100 ng/ml 6685 + 255 * *

16 Angiotensin II 100 ng/ml 44.11 + 236 N. S.

Adrenal cortical cells were isolated from 180 g-200 g
Sprague-Dawley rats using collagenase and DNAase described
in table XV. Cells were plated at 125,000 cells/well in 10%
FBS for 2 days. Groups 1-8 were treated for 48 hours with
10 ng/ml of ACTH in low serum medium (0.2% FBS, 0.5% BSA,
0.01% soybean trypsin inhibitor, B-citracin O. 1 mg/ml, while
groups 9-16 were treated with ACTH and inhibitors in 10+ FBS
for 2 days. Cells were washed then incubated an additional
48 hours in either low serum medium or 103 FBS supplemented
with the factors listed above. The final 24 hours the cells
were pulsed with 2 p. Ci of 3H-TdR. Incorporation of
radiolabel was determined as described in Materials and
Methods and expressed as the mean i standard error of the
mean of triplicate wells. Statistical analysis revealed
differences from controls, either low serum (1) or 10+ FBS
(9), as follows: * - P × 0.02, * * - P ×0.005, N. S. - P ×
O. O.5.
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Table XVII

Rat Adrenal Cortical Cells on ECM in Monolayer Culture:
Effect of N-POMC 1-28, IGF-1, and Fetal Bovine Serum. After
ACTH Pretreatment.

Treatment *11– idi ratio

Low serum control 17, 220 + 538
-

103; FBS 16, 147 it 502 N. S.
N-POMC 1-28 1 ug/ml 18, 171 + 1269 N. S.
N-POMC 1-28 10 pg/ml 17, 547 it 1219 N. S.
IGF-1 0.1 p.g/ml 25, 823 + 1260 º:
IGF-1 1 pag/ml 25,015 + 992 º:

Adrenal cortical cells were isolated from 180 g-200 g male
Sprague-Dawley rats using collagenase and DNAase. Cells
were plated at 100,000 cells/well in Falcon 3008 tissue
culture dishes coated with extracellular matrix in d-valine
medium 199 with 10% FBS. After 48 hours the medium was
changed to 1 ml of d-val M199 with 10% FBS and 10 ng/ml of
ACTH for another 24 hours incubation. The medium was then
changed to "low serum" medium containing 0.2% dialyzed FBS,
0.5% BSA, 0.01% STI (soybean trypsin inhibitor) and
ganamycin in d-val M199. Quadruplicate wells were treated
for 48 hours with synthetic N-POMC 1-28 at 1 p.g/ml and 10
plg/ml or synthetic IGF-1 at 0.1 p.g/ml or 1 pag/ml or 10%
dialyzed FBS. During the final 36 hours of treatment cells
were pulsed with *H-thymidine at 2 pici/ml. *H-thymidine
incorporation was determined as described in Materials and
Methods, and expressed as cpm it standard error of the mean
for quadruplicate wells. N. S. is not statistically
different compared to low serum control (P × 0.05) and * is
P & O. 05.
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(1 ug/ml and 10 pg/ml, 0.31 p.m. and 3.1 p.m.) did not change

incorporation. Exposure to 0.1 p.g/ml or 1 pag/ml (11 nM or

110 nM) of IGF-1 stimulated incorporation by 50%. 10% FBS

did not cause any change.

The N-POMC peptides were investigated in vivo as well

as in vitro. Antiserum to N-POMC 1-49, described in chapter

4, was used in unilaterally adrenalectomized rats. The

results of two experiments are listed in table XVIII. In

the first experiment, rats underwent injection with

antiserum to N-POMC 1-49 or control normal rabbit serum

prior to unilateral adrenalectomy. 24 hours later the

remaining right adrenal was removed and adrenal weight and

DNA content were determined for both left and right

adrenals. There was no effect of anti-N-POMC 1-49 antiserum

compared to control serum. In the second experiment a

similar approach was used with an additional treatment group

of anti-ACTH antiserum. Again, there was no effect of anti

N-POMC 1-49 antiserum or anti-ACTH antiserum compared to

control serum on compensatory adrenal growth.

Additional in vivo experiments are described in table

XIX. These rats were not adrenalectomized. In experiment

1, rats were injected with 10 pg/day of N-POMC 1-49 for 4

days, then sacrificed. Neither total adrenal weight nor

total adrenal DNA content was different from the control

group. In experiment 2, rats were treated with

dexamethasone injection and the dexamethasone in their
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Unilaterally Adrenalectomized Rats:

Table XVIII

Lack of Effect of
Antiserum Treatment on Compensatory Adrenal Hypertrophy. In
Vivo.

Pre-adrenalectomy
Treatment

Control serum
N-POMC 1-49 antiserum

Pre-adrenalectomy
Treatment—

Control serum
N-POMC 1-49 antiserum

Pre-adrenalectomy
Treatment—

Control serum
N-POMC 1-49 antiserum
ACTH antiserum

Pre-adrenalectomy
Treatment

Control serum
N-POMC 1-49 antiserum
ACTH antiserum

Experiment—l

Adrenal Weight
(mg/gland)
t Right—

16. 4 + 1.8 21.2 it l. 6
16. 8 + 3.9 21.9 + 3. 7

Adrenal DNA Content
(Pug/gland)

Right—

74. 3 + 4.5 92. O + 3.. 6
78.8 + 13.0 100.5 + 9. 7

Experiment 2

Adrenal Weight
(mg/gland)

Right—

22.9 + 2.9 24. 4 + 1.8
24. 4 + 6. 1 26. 7 # 4.6
25.9 + 4.1 28. 2 + 3.9

Adrenal DNA Content
(Aug/gland)

Right—

127. 8 + 13.3
130.2 + 17.2
130. 4 + 15.5

118. 3 + 10.0
ll.9. 1 it 13.2
127. 7 it 12.9

* Change
Right vs Left
at 24-Hours—

31 + 8.2
36 + 35 (N.S.)

* Change
Right vs Left
at 24-Hours—

24.3 + 10.0
29.3 + 17.8 (N.S.)

* Change
Right vs Left
at 24-Hours—

: : :. .1 (n.s.)
e .5 (N.S.)

hange

6
9
9

$
Richt vs Left

6
4
O

C
g

In experiment 1, 5 week old female Wistar rats were used.
Groups were matched for body weight. Rats were injected
intraperitoneally with 0.2 ml of either reconstituted normal
rabbit serum (control) or anti-N-POMC 1-49 antiserum (batch
64-2) 2 hours before unilateral adrenalectomy. Rats were
anesthetized with nembutal, then subjected to left
adrenalectomy by the retroperitoneal approach. Adrenals
were trimmed free of fat and weighed on a Roller-Smith
balance to the nearest O. 1 mg, then frozen until assayed for
DNA content.
the right adrenal treated as above.

After 24 hours the rats were sacrificed and

In experiment 2, 6 week old female Sprague-Dawley rats were
used, after matching groups for body weight. Rats were
injected with 0.2 ml of reconstituted antisera both
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intraperitoneally and subcutaneously 2 hours before
unilateral adrenalectomy. Control rats received normal
rabbit serum, N-POMC 1-49 antiserum rats received batch #64
2 of anti-N-POMC 1-49 antiserum (see chapter 4 for details
about this antiserum), and ACTH antiserum rats received
anti-ACTH antiserum batch 46-4 (Buckley, 1983). Rats were
unilaterally adrenalectomized (left), then sacrificed 24
hours later, after removing the right adrenal. Data are
presented as mean t standard error. In experiment 1, N=6,
in experiment 2, N=8. Percent change is calculated as right
adrenal vs the matched left adrenal for each animal.
Statistical analysis is by student's T-test. NS is not
significant compared to control.

112



Table XIX

In Vivo Experiments with Non-Adrenalectomized Rats. Lack of
Effect of Treatment with N-POMC Peptides.

Experiment 1

Adrenal Weight
Treatment (mg/2 Glands).

Control 37. 6 + 2. 3
N-POMC 1-49 36. 3 + 2. 1 (N.S.)

Adrenal DNA Content
eatine Lug/2–Glands)

Control 206. O + 9 - 1

N-POMC 1-49 206. 8 + 11.4 (N.S.)

Experiment 2

Adrenal Weight
Treatment— (mg/2 Glands).

Control 23. 8 + 3.2
N-POMC 1-49 24.8 f 2.4 (N.S.)
N-POMC 1-28 23.6 i 2. 7 (N.S.)

Adrenal DNA Content
Treatment— Lug/2–Glands)—

Control 120.5 + 11. 3
N-POMC 1-49 115. 7 f 10.7 (N.S.)
N-POMC 1-28 114.8 + 12.3 (N.S.)

In experiments 1 and 2, 5 week old female Wistar rats were
used, after matching groups for body weight. In experiment
1, rats were injected intraperitoneally with either 0.2 ml
of 10% gelatin (control), or 10 micrograms of monomer N-POMC
1-49 (figure 13) in 10% gelatin. Rats received daily
injections for 4 days, then were sacrificed 24 hours after
the last injection. Adrenal glands were weighed and assayed
for DNA content as described for table XVIII. N=6, data are
presented as mean t standard error. In experiment 2, rats
were given a single subcutaneous injection of dexamethasone
0.25 mg/kg, then fed water containing dexamethasone at 5
mg/L. Rats were injected subcutaneously daily for 5 days
with normal saline (control), 5 micrograms of highly
purified N-POMC 1-49 (figure 17), or 5 micrograms of highly
purified N-POMC 1-28 (figure 4) in 0.1 ml of saline. The
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next day the animals were sacrificed and adrenal weights and
DNA content determined as described. N=8 for controls, N=7
for N-POMC 1-49, and N=5 for N-POMC 1-28. Data are
presented as mean t standard error. NS is not significantly
different from control.
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drinking water, to suppress endogenous POMC production.

Rats received daily injections of N-POMC 1-28 or N-POMC 1-49

at 5 pig/day, or control saline, for 5 days. On day 6 the

animals were sacrificed, then adrenal weight and DNA content

were determined. Again, there were no differences between

the control group and N-POMC 1-28 or 1-49 groups.

DISCUSSION

The control of adrenal cortical growth is a complex

process. The experiments described in this chapter were

aimed at elucidating the role of a few factors which have

been suggested as adrenal mitogens. Particular attention

was focused on the amino terminal portion of pro

opiomelanocortin (N-POMC). Synthetic N-POMC 1-28 and N-POMC

1-49 were made by solid phase peptide synthesis as described

in chapter 2. These peptides were then tested in vitro and

in vivo. In addition, ACTH, IGF-1 and other factors were

examined for their effects on adrenal growth.

From the results described in this chapter several

trends emerged. N-POMC 1-28 and 1-49 stimulated the

incorporation of tritiated thymidine only under limited

experimental conditions. When adrenal cortical cells were

tested in monolayer cultures the N-POMC peptides did not

stimulate mitogenic activity. This was shown in Y-1 cells

(mouse adrenocortical tumor cells) and in rat cells. The
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use of serum "step down," ACTH pretreatment of cells, co

incubation with graded amounts of IGF-1, or extracellular

matrix coated dishes all failed to elicit a mitogenic

activity from N-POMC 1-28 or 1-49 in monolayer culture.

When rat cells were tested in suspension cultures with

N-POMC peptides there were no changes in "H-TdR

incorporation (data not shown). In contrast, when bovine

adrenal cells were in suspension culture, under certain

conditions N-POMC peptides had significant stimulatory

effects. In table XI, N-POMC 1-28 stimulated cells 48-61%,

under conditions where cells also responded to ACTH (93-97%

inhibition) and IGF-1 (220-240+ stimulation). This result

supported the idea that N-POMC 1-28 had biological activity

in the adrenal cortex, under conditions where other factors

previously known to effect adrenal mitogenesis were also

active. The activity of N-POMC 1-28 was variable, as seen

in table XII, where under similar experimental conditions, a

different batch of freshly isolated bovine adrenal cells in

suspension culture did not respond to N-POMC 1-28. However,

in this experiment ACTH also was inactive. Cells were very

responsive to IGF-1, with a maximal increase in "H-Tdr

incorporation of almost 20-fold. Thus, cells were capable

of increased or decreased DNA synthesis, as determined by

tritiated thymidine incorporation. In general, when ACTH

inhibited incorporation, N-POMC 1-28 stimulated

incorporation and when ACTH was inactive, so was N-POMC 1
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28. This may reflect differences in cell preparation and

culture conditions in different experiments that are

important modulators of hormonal responsiveness. Exactly

what determines this responsiveness is not clear from these

experiments.

N-POMC 1-49 was shown to possess biological activity

in bovine adrenal cells in suspension culture. In table

XIII and XIV, N-POMC 1-49 stimulated *H-Tdr incorporation up

to 80%. As with N-POMC 1-28, this action seemed to parallel

ACTH responsiveness more than IGF-1 responsiveness. The use

of trypsin in cell preparation gave interesting results. It

appeared to enhance the ability of N-POMC 1-49 to stimulate

cells, but decreased the effect of ACTH. Whether some

inhibitory cell surface factor is diminished by trypsin

treatment or trypsin acts in another manner is not clear.

It may be that ACTH was cleaved by residual trypsin despite

the use of trypsin inhibitor, and this reduced the ACTH

activity. In the absence of trypsin use N-POMC 1-49 had

more limited mitogenic activity (table XIII, part B). In

monolayer cultures, N-POMC 1-49 did not show any mitogenic

activity (table XVI and other data not shown).

A series of in vivo experiments were performed to

assess N-POMC effects. In intact rats, 4 days of daily

injections of N-POMC 1-49 did not alter either adrenal

weight or DNA content (table XIX). In rats treated with

dexamethasone to block endogenous POMC production, daily
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injections of N-POMC 1-49 or 1-28 for 5 days also failed to

elicit a change in adrenal weight or DNA content. Antisera

to N-POMC 1-49 and ACTH were used in unilaterally

adrenalectomized rats to evaluate for impact on compensatory

adrenal growth. As seen in table XVIII, neither antiserum

was different from control serum when adrenal weight and DNA

content were examined 24 hours after unilateral

adrenalectomy.

While the main thrust of this research was

investigation of N-POMC related peptides, the use of IGF-1

and insulin provided some interesting results. This

preparation of synthetic IGF-1 was previously shown to be

mitogenic in bovine adrenal cortical cells and granulosa

cells in monolayer culture on ECM-coated dishes over a

concentration range of 1 to 100 ng/ml (Li et al., 1983). It

was indistinguishable from natural IGF-1 by physiochemical

criteria and by radioimmunoassay as well. In contrast to

the limited spectrum of conditions under which N-POMC 1-28

and N-POMC 1-49 demonstrated mitogenic activity, IGF-1 was

active under nearly all conditions. It was mitogenic in Y-1

cells, bovine adrenal and rat adrenal cells, in monolayer

culture as well as suspension culture, and in cells prepared

with or without trypsin digestion. The magnitude of the

response to IGF-1 did vary among the different experimental

conditions, from a 25% increase to a 20-fold increase in

tritiated thymidine incorporation. The dose-response curves
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in table XII, and figures 19 and 20, give fairly consistent

results with mitogenic activity beginning at between 1 and

10 ng/ml, reaching a maximum at 10 to 100 ng/ml, with half

maximal stimulation about 2-10 ng/ml. This is similar to

the previous data (Li et al., 1983). This is also similar

to previous data with natural IGF-1 in adrenal cortical or

granulosa cells (Ill and Gospodarowicz, 1982; Savion et al.,

1981, Horiba et al., 1987). In addition, the parallel dose

response curve for insulin is displaced to the right of IGF

1 by 2 orders of magnitude (figure 20). Insulin was used at

10-100 times higher concentrations than IGF-1 in other

experiments with similar levels of stimulation. This

probably reflects insulin acting via receptors for IGF-1.

How do these results fit in with theories of

regulation of adrenal growth? Chapter 1 described some of

the previous work on control of adrenal growth. A basic

premise of this thesis was that synthetic peptides would

help clarify the possible role of N-POMC peptides in adrenal

mitogenesis by eliminating the potential that contaminants

present in natural N-POMC preparations accounted for their

effects. This work does support the idea that N-POMC

peptides have mitogenic activity in adrenal cortical cells.

However, there are some differences noted from other work.

The potency of the synthetic peptides was lower than

reported for natural N-POMC 1-28 and 2-59. At 1 to 10

microgram/ml (0.3 - 3 micromolar of N-POMC 1-28 and 0.16 to
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1.6 micromolar of N-POMC 1-49), the doses were higher than

the 1-625 nM doses of natural 1-28 and 2-59 that Estivariz

et al. (1982), reported increased thymidine incorporation in

freshly isolated rat adrenal cells in suspension culture.

In addition, the maximum stimulation was 80% over control

medium, while Estivariz reported a 300-500+ increase. These

synthetic N-POMC peptides were provided to Dr. Estivariz,

who has reported on their use (Estivariz et al., 1988a and

Estivariz et al., 1988b). In direct comparison in

suspension cultures of rat adrenal cortical cells, the

synthetic N-POMC 1-28 stimulated thymidine incorporation by

3-fold vs 4-fold for natural N-POMC 1-28. However, the

parallel dose response curves show synthetic N-POMC 1-28

shifted to the right, with mitogenic activity at 0.2 to 3

micromolar, compared to 0.02 to 1 micromolar for natural N

POMC 1-28, about a 10-fold difference. Synthetic N-POMC 1

36 provided by Dr. Keutmann (Massachusetts General Hospital,

Boston, MA) was even less potent by about 25-fold compared

to synthetic N-POMC 1-28. The reason for the difference in

in vitro potency between natural and synthetic N-POMC 1-28

is not clear. However, it is not due to incorrect disulfide

bond arrangement (see chapter 2 on peptide synthesis) as

speculated by Estivariz et al. (1988a). There may be subtle

differences in amino acid side chains, de-amidation,

oxidation, etc., that could not be detected by biochemical

means in the synthetic peptide (see chapter 2).
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Alternatively there could still be contaminants in the

natural peptides conferring additional biological activity

(e.g., FGF).

Estivariz et al. (1988a, 1988b) used these synthetic

1-28 and 1-49 N-POMC peptides for further experiments that

confirmed their biological activity. Intact female rats had

osmotic minipumps implanted which delivered 8 pig/day of

peptide (natural 1-28, synthetic 1-28, synthetic 1-36) for 6

days. The animals were treated with colchicine, sacrificed

4 hours later, and adrenals examined for mitotic activity.

Both natural and synthetic N-POMC 1-28 increased the mitotic

rate significantly by about 2-fold over controls, while

synthetic 1-36 was not active (and plasma corticosterone

levels were unchanged). In addition, adrenal weight was

unchanged from control. As seen in table XIX, intact rats

were injected with synthetic N-POMC 1-49 at 10

micrograms/day, but no differences in adrenal weight or DNA

content were observed. The same result was seen when

dexamethasone suppressed rats were injected with 5

micrograms/day of synthetic 1-28 or 1-49 (table XIX).

Perhaps, if mitotic activity had been examined by this more

sensitive histologic method in my experiments then mitogenic

activity in vivo may have been detected (as demonstrated

previously by Estivariz et al., 1982).

The use of bilateral adrenal enucleation rather than

unilateral adrenalectomy is most likely to reveal the role
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of pituitary derived peptides in adrenal mitogenesis (see

chapter 1). Unilaterally adrenalectomized rats were treated

with antisera to ACTH or to synthetic N-POMC 1-49. There

was no difference in adrenal weight or DNA content in the

contralateral gland compared to normal rabbit serum control

(see table XVIII). In retrospect, unilateral adrenalectomy

was not the best choice of model system to demonstrate the

effect of immunoneutralization, since compensatory adrenal

growth is probably neurally mediated under these conditions

(Dallman, 1985). Along these lines, the experiments

reported by Estivariz et al., (1988a, 1988b) are

informative. Bilateral adrenal enucleation was used in a

series of experiments to study N-POMC and ACTH effects.

Injections of N-POMC 1-28, ACTH 1-24, or saline were

compared in rats hypophysectomized 11 days after

enucleation. N-POMC 1-28 partially prevented atrophy of

regenerating adrenal glands (5-fold higher mitotic rate vs

control, 20-fold higher than ACTH). Minipump infusion of N

POMC 1-28 gave similar results. Histologic examination of

adrenals showed N-POMC treated animals had some features of

regeneration similar to the non-hypophysectomized rats,

compared to the severe atrophy in saline or ACTH treated

rats after hypophysectomy. Estivariz et al. (1988b) also

studied immunoneutralization of N-POMC or ACTH in bilateral

enucleation. Anti-N-POMC antiserum treatment diminished

adrenal mitotic activity, but both control and anti-ACTH
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antiserum did not (although anti-ACTH antiserum did lower

plasma corticosterone levels). They also investigated the

source of pituitary peptides involved in adrenal

regeneration as well as the molecular forms (i.e., POMC

processing). N-POMC and ACTH content of the anterior lobe

increased after enucleation (or adrenalectomy), but alpha

MSH content decreased after enucleation (and increased post

adrenalectomy). Plasma levels of N-POMC and ACTH increased

after enucleation or adrenalectomy, while alpha MSH only

increased with adrenalectomy. Sephadex G-75 chromatography

was used to demonstrate the molecular forms of POMC peptides

from anterior lobe extracts. In control rats (sham-treated)

N-POMC 1-95 and N-POMC 1-74 were the major forms.

Interestingly, after enucleation the major peak eluted at

the position of synthetic N-POMC 1-49 standard, not the 1-95

or 1-74 positions. In adrenalectomy, the N-POMC 1-49 peak

was increased somewhat but the dominant forms were 1-95 and

1-74. Similar findings were noted when the anterior

pituitary cells were placed in culture and the culture

medium was chromatographed. Again, N-POMC 1-49 predominated

in bilateral enucleation, compared to adrenalectomy or sham

operation. Ergocryptine was used to inhibit the

intermediate lobe synthesis and secretion of POMC peptides.

Adrenal regeneration and mitotic activity were not inhibited

by ergocryptine. In addition, ergocryptine did not block

the shift in processing of N-POMC to the N-POMC 1-49 form
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which predominated in plasma in enucleated rats (but not

sham-operated or adrenalectomized animals). They concluded

that adrenal enucleation shifts the processing of POMC from

N-POMC 1-95 and 1-74 to N-POMC 1-49, and also increases the

secretion rate. This takes place in the anterior lobe, not

the intermediate lobe, of the pituitary. In addition, they

feel that N-POMC 1-49 is the mitogenically active form of N

POMC, consistent with their earlier reports on adrenal

mitogenesis (Estivariz et al., 1982, Lowry et al., 1983,

Lowry et al., 1985). The results in this thesis do not

contradict this theory, and offer limited support for it.

The initial aim in synthesizing the N-POMC peptides

was to obtain pure peptides for use in investigating their

role in control of adrenal growth. Additional aims were to

develop a radioimmunoassay for use in quantitating N-POMC

(chapter 4) and antiserum for immunoneutralization

experiments, as well as to study receptor binding (chapter

5). Much of the literature on adrenal cell mitogenesis has

involved monolayer cultures, which offer significant

advantages over fresh suspension cultures. No experiments

in this thesis showed mitogenesis by N-POMC in monolayers.

This has also been noted by Dr. Estivariz and his co-workers

(personal communication), who tried extensively to

demonstrate mitogenic activity under these conditions

without success.

Further confirmation of the biological activity of the
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synthetic N-POMC peptides came from an unexpected source.

Schally et al. (1991) reported that 2 peptides isolated from

pig hypothalami inhibit prolactin release in vitro. One of

the peptides was N-POMC 1-28, the other residues 109-147 of

the vasopressin-neurophysin precursor. The synthetic N-POMC

1-28 and 1-49 peptides were provided and used to inhibit the

release of prolactin from monolayer cultures of rat anterior

pituitary cells as reported in Schally et al. (1991) and per

Dr. Nikolics (personal communication). Both synthetic N

POMC 1-28 and 1-49 were active. Human N-POMC 1-49 at 0.01

to 1 microgram/ml significantly inhibited prolactin release

11% to 29% at 4 hours and 24 hours, and N-POMC 1-28

inhibited to 15%. N-POMC 1-77 was inactive. The role of N

POMC in regulation of prolactin secretion in vivo and in

vitro is uncertain and requires further investigation.

In summary, the synthetic N-POMC peptides, 1-28 and 1

49 were shown to have limited biological activity. In vitro,

*H-thymidine incorporation was increased in suspension

cultures of bovine adrenal cells. No activity was

demonstrable in monolayer cultures or in vivo. Antiserum to

N-POMC 1-49 had no effect on compensatory hypertrophy

following unilateral adrenalectomy. The effects of ACTH and

IGF-1 in culture are similar to previously reported studies.

These helped demonstrate the responsiveness of the adrenal

cell cultures to better known agents which affect

mitogenesis. The biological activity of the synthetic N
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CHAPTER 4: DEVELOPMENT OF A RADIOIMMUNOASSAY FOR N-POMC AND

MEASUREMENT OF N-POMC SECRETION BY PITUITARY

TUMOR CELLS

INTRODUCTION

This chapter describes the use of synthetic N-POMC 1-49

to raise antisera to the N-terminal fragment of pro

opiomelanocortin, modification and radioiodination of N-POMC

1-49, development of a radioimmunoassay (RIA) for N-POMC,

and the use of this RIA to measure hormone secretion from

pituitary tumor cells in culture.

The advantage of using synthetic N-POMC 1-49 to raise

antisera to N-POMC is that there is no contamination of the

preparation with other pituitary peptides, so the antisera

is only directed against antigens from N-POMC. In addition,

the radioligand only contains labeled N-POMC peptide, not

other radiolabeled peptides. Use of the antisera for

immunoneutralization of endogenous peptide is more specific

than use of antisera raised against impure hormone

preparations.

Antisera to N-POMC isolated from human pituitaries has

been previously used to develop an RIA and to examine

secretion of N-POMC in human plasma (Hope et al., 1981; Chan

et al., 1983), and in rat pituitary tumors (Morano and

Estivariz, 1987).
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MATERIALS AND METHODS

Antisera

Antisera to N-POMC 1-49 were obtained with two

different immunogenic preparations. 50 pig of polymeric N

POMC 1-49 (peak A, figure 12) was dissolved in 0.5 ml of

phosphate-buffered saline, then 6 mg of heat killed

Mycobacterium tuberculosis were added. This mixture was

emulsified with 0.5 ml of Freund's complete adjuvant then

injected intradermally into 10 sites over the back of a

random bred male New Zealand white rabbit. The rabbit was

boosted with 25 pig of antigen, prepared as above without

bacteria, at 4 and 7 weeks later, then antiserum (64-2) was

obtained after 4 more weeks. The second immunogen was

prepared by cross-linking N-POMC 1-49 (peak B, figure 12) to

bovine serum albumen (BSA) with glutaraldehyde. This

mixture was subjected to gel filtration on Sephadex G-100

(data not shown), and the peak containing the peptide cross

linked to BSA (as determined by SDS-polyacrylamide gel

electrophoresis) was used to raise antisera. This antiserum

(65-2) was obtained in the same manner as antiserum 64-2.

Antisera were lyophilized and stored at -20° C with no loss

of titer.

Radioligand

The radioligand, *I-N-POMC 1-49, was prepared as

follows. Synthetic N-POMC 1-49 was initially purified by
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chromatofocusing as described in chapter 2 (figure 14, peak

1). This material was further purified by analytical RP

HPLC (data not shown). 1 mg of peptide was loaded onto a

Vydac 201TP column (C1s, 10 pi bead, 300 angstrom porosity,

4.6 mm x 25 cm) and eluted with a linear gradient of 10% to

50$ 2-propanol in 0.1% TFA over 30 minutes at 0.5 ml/min,

with detection at 280 nm. The major peak, eluting at 26-28

minutes, was collected and lyophilized (0.35 mg). This HPLC

purified peptide was modified with the Bolton-Hunter (BH)

reagent, N-succinimydyl-3 (4-hydroxyphenyl) propionate

(Pierce Chemicals, Rockford, IL). 0.35 mg of peptide was

dissolved in 0.25 ml of 0.1 M borate buffer, pH 8.7, for 2

hours at 22° C. This reaction mixture was re-run on RP-HPLC

under the same conditions as above. The heterogenous

material eluting around 28-30 minutes (retarded about 3

minutes compared to unmodified peptide) was collected (0.22

mg), then re-run on RP-HPLC (figure 21) using a step

gradient. The most retarded (hydrophobic) peak was used

for iodination.

Radioiodination of the Bolton-Hunter derivatized N-POMC

1-49 (BH-N-POMC 1-49 was performed by the chloramine-T

method (Hunter and Greenwood, 1962). 1 mci of Na’”I (New

England Nuclear, Boston, MA) in 5 pil and 25 pil of 0.5 M

sodium phosphate buffer, pH 7.5, were added to a 5 pil

aliquot of BH-N-POMC 1-49 (10 ug in 4 M guanidine-HCl, 0.5 M

sodium phosphate buffer, pH 7.5, then 6 ul of 0.35%
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Figure 21. RP-HPLC of Bolton-Hunter-Derivatized N-POMC 1
49. 0.22 mg of Bolton-Hunter-modified N-POMC 1-49 was
dissolved in 0.2 ml of 0.1% TFA and loaded onto a Vydac
201TP RP-HPLC column (C1s, 300 angstrom porosity, 10 p. bead,
4.6 mm x 25 cm). The peptide mixture was eluted with a step
gradient of 28%. 2-propanol in 0.1% TFA from 0-32 min, then
35% 2-propanol from 32-60 min. The flow rate was 0.5
ml/min, 0.5 ml/fraction. Detection was at 210 nm, 2.0 AUFS.
Fractions 41-46 were pooled (cross-hatched area).
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chloramine-T was added. After 30 seconds, the reaction was

quenched with 20 pil of 10% 8-mercaptoethylamine. This

mixture was chromatographed on Sephadex LH-20 (figure 22).

The radiolabeled peptide was stored at 4 C in elution

buffer in polypropylene tubes, and was stable for at least

two months.

Radioimmunoassay Procedure

All RIA components were diluted with RIA assay buffer

which consisted of 50 mM sodium phosphate, pH 7.4, with 0.5%

BSA. A second antibody immunoprecipitation technique was

employed. Preliminary experiments established that optimal

precipitation of antibody-bound, radiolabeled **I-BH-N-POMC

1-49 was achieved with the following protocol. 50 pil of a

1: 1200 dilution of antisera 64-2 or 65-2 (final dilution

1:7200), and 100 pil of assay buffer (or sample) were

incubated for 24 hours at 4° C. 50 pil of radioligand

(12,000 cpm) was added and incubation continued for another

18 hours at 4" C. Then, 50 pil each of a 1:250 dilution of

normal rabbit serum (final dilution 1: 1500) and a 1: 60

dilution of sheep anti-rabbit IgG (Antibodies, Inc.) (final

dilution 1: 360) were added and incubation continued for

another 24 hours at 4" C. This mixture was centrifuged for

30 minutes at 1500 g at 4 C in a Beckman model TJ-6

refrigerated centrifuge. The supernatant was carefully

decanted and the sediment containing antibody bound tracer
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Figure 22. Sephadex LH-20 Gel Filtration of ***I Labeled
Bolton-Hunter-Derivatized N-POMC 1-49. The iodination
reaction mixture containing free Na’”I and radiolabeled BH
N=POMC 1-49 was applied onto a column of Sephadex LH-20 (0.9
cm x 20 cm) and eluted with 1 M pyridine, 0.5 M acetic acid,
pH 5.5, containing 3% ethanol and 1% (3-mercaptoethanol.
There was 1 ml/fraction. Aliquots were counted on a Beckman
model 4000 gamma counter. Fractions 4 and 5 containing
radiolabeled peptide were stored at 4" C.
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was counted directly on a Beckman model 4000 gamma counter.

anti Bindi

A binding saturation analysis of both antisera, 64-2

and 65-2, was performed using the second antibody

immunoprecipitation technique. Aliquots of radioligand

containing from 2,250 cpm to 140,000 cpm of ***I-BH-N-POMC 1

49 were incubated with and without 1 pug of unlabeled N-POMC

1-49 and either antiserum 64-2 or 65-2, then analyzed by the

standard RIA procedure outlined above. Figure 23 shows the

saturation curve for antiserum 64-2. Results for antiserum

65-2 were very similar.

S e■ tle

The ability of increasing amounts of unlabeled N-POMC

1-49 to displace antibody-bound radioligand was determined

by the standard RIA procedure. A typical standard

displacement curve is shown in figure 24 for antiserum 64-2.

Standard curves using antiserum 65-2 were quite similar.

Curves were generated using weighted non-linear least

squares analysis of the data.

ificii

The cross-reactivity of other pituitary peptides and

proteins was assayed using the standard RIA procedure.

Salmon N-POMC 1-76 (Kawauchi et al., 1981) was a gift from
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Figure 23. Binding of ***I-N-POMC 1-49 to Antiserum 64-2.
The antiserum, at a final dilution of 1:7200, was incubated
with increasing concentrations of ***I-N-POMC 1-49 and
processed as described in materials and methods. The points
are the average of duplicate incubations. Bound refers to
cpm of radiolabel bound to antiserum after subtraction of
cpm counted in the presence of 1 pig of unlabeled N-POMC 1
49.
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Figure 24. Displacement of ***I-N-POMC 1-49 by unlabeled N
POMC 1-49 and Related Peptides. The displacement curve was
generated by the standard RIA procedure described under
Materials and Methods. Antiserum 64-2 was diluted 1: 7200
(final dilution). Synthetic monomer N-POMC 1-49 served as
the standard (circles). sn-POMC 1-76 is salmon N-POMC 1-76.
hN-POMC 1-28 is synthetic human N-POMC 1-28. B/Bs is the #
of bound label relative to a buffer only control.

:
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Dr. H. Kawauchi (Kitasato University, Iwate, Japan). Human

8-endorphin and 8-lipotropin, bovine thyrotropin and

prolactin, and rat growth hormone were gifts from Dr. M.

Westphal (University of California, San Francisco, CA).

Bovine insulin was obtained from Calbiochem (San Diego, CA).

Porcine ACTH was purified by this laboratory.

C -
inoma

Pituitary adenoma specimens were obtained at

transsphenoidal surgery for Cushing's disease (Hardy, 1969)

and Nelson's syndrome from Dr. C. B. Wilson (University of

California, San Francisco, CA). Cell cultures and hormonal

treatments were carried out by Dr. M. Westphal as follows.

Specimens were minced, then mechanically dispersed by

repeated trituration. The resulting suspension of cells and

cell aggregates was plated on bovine corneal endothelial

cell extracellular matrix. Cultures were maintained at 37°

C with 8% CO2 in a humidified atmosphere in Dulbecco's

modified Eagle's medium (DME H-21) in the presence or

absence of 10% fetal bovine serum. Samples were removed

after 2 hour incubations with synthetic corticotropin

releasing factor (Peninsula Laboratories, San Carlos, CA)

and/or arginine vasopressin (Sigma, St. Louis, MO), or

cortisol (Sigma, St. Louis, MO), and immediately acidified

with 1 N HCl, frozen, then stored at -20° C until assay.

RIAs for ACTH and 8-endorphin/8-lipotropin were performed by
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Dr. Westphal according to previously published methods

(Buckley et al., 1981a, 1981b; Holt et al., 1978). The ACTH

antiserum was raised in rabbits and recognizes the 11-13

region of ACTH. The endorphin antiserum was also raised in

rabbits and cross-reacts equally with lipotropin and

endorphin. The RIA for N-POMC was performed as described

above, after samples were neutralized with O. 1 N NaOH and

diluted appropriately with culture medium. Results for two

cases are shown in figure 25, one from a patient with

Nelson's syndrome and the other from a patient with

Cushing's disease. Sephadex G-50 (fine) gel filtration of

lyophilized conditioned cell culture media, reconstituted in

a concentrated solution of 5% acetic acid in 8-endorphin RIA

assay buffer, was performed according to published methods

(Ludecke et al., 1980) (figure 26). Fractions were assayed

for N-POMC, ACTH and LPH/EP by RIA.

RESULTS

Antisera to synthetic N-POMC 1-49 were raised using

both a multimeric form of the peptide (64-2) and peptide

cross-linked to BSA with glutaraldehyde (65-2). These

antisera were found to be very similar in several respects.

The half-maximal saturation of antiserum 64-2 (figure 23)

occurred at 25,000 cpm of ***I-BH-N-POMC 1-49, which was the

same observed for antiserum 65-2 (data not shown). As seen

on the standard curve for 64-2 (figure 22) the RIA could
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Figure 26. Sephadex G-50 Gel Chromatography of Conditioned
Media from Corticotropinoma Cell Culture. Pituitary tumor
cells from a patient with Cushing's disease were cultured in
vitro. Conditioned media were collected and lyophilized,
reconstituted in 5% acetic acid and applied onto a 2.5 x 95
cm column. The sample was eluted with 3-EP RIA buffer (150
mM sodium chloride, 20 mM sodium phosphate, 0.1% gelatin,
0.01% BSA, 0.01% merthiolate, 0.01% Triton X-100, pH 7.4).
The flow rate was 15 ml/hr at 4 C, 6.5 ml/fraction. The
arrows indicate elution positions of blue dextran (Ve), 3
LPH and 3-endorphin standards. Aliquots of fractions were
assayed for IR (immunoreactivity) by RIA after appropriate
dilution, as described in Materials and Methods.

139



detect N-POMC at a level of 10 fimole/0.1 ml, or 55 pg/0.1

ml. The EDso was 100 frnole/0.1 ml or 550 pg/0.1 ml. The

middle range of the assay was approximately 20 to 200

fimole/0.1 ml or 100 pg to 1 ng/0.1 ml. Antiserum 65-2 gave

similar results (data not shown).

The specificity of the antiserum 64-2 was examined by

assessing the cross-reactivity with other N-POMC peptides

and unrelated pituitary and non-pituitary peptides. From

figure 24 it can be seen that synthetic N-POMC 1-28 and

salmon N-POMC 1-76 had very low cross-reactivities. This

suggests the antiserum is directed against antigenic sites

in the residues 29-49 portion of N-POMC. The sequence of

salmon N-POMC 1-76 (Kawauchi et al., 1981) shares 8 common

residues with N-POMC 1-49 in the 29-49 region (and 15 in the

1-28 region), but still cross-reacts poorly. Other

pituitary hormones and insulin all had very low cross

reactivities.

N-POMC 1-49 could be iodinated by the chloramine-T

method only after derivatization with the Bolton-Hunter (BH)

reagent. This reagent modifies the epsilon amino group of

lysine and the free alpha amino group, so N-POMC 1-49 could

be modified at trp-1 or lysine-25 or both residues. The

presence of these several forms of modification may account

for some of the heterogeneity of the N-POMC 1-49 seen in

figure 21. The radioiodinated N-POMC 1-49 could be easily

separated from free Na’”I by chromatography on Sephadex LH
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20 (figure 22). This radioligand was stable for at least

two months at 4" C.

To detect the different molecular forms of N-POMC

secreted by tumor cells, conditioned medium from cell

culture was subjected to gel filtration on Sephadex G-50

(figure 26). The first major peak of N-POMC

immunoreactivity eluted immediately after the void volume.

The next peak eluted with 3-lipotropin and the third peak

eluted between 8-lipotropin and 8-endorphin. The third peak

probably represents N-POMC 1-49, the expected N-POMC

fragment eluting between peptides of 31 and 91 residue

length.

Figure 25 shows the secretion of ACTH, 8

endorphin/lipotropin and N-POMC by corticotropinoma cells in

culture. Tumor cells from pituitaries from patients with

either Nelson's syndrome (NS) or Cushing's disease (CD) were

functional and secreted POMC-derived hormones. Secretion of

N-POMC immunoreactivity (N-POMC-IR) was diminished in

relation to ACTH and endorphin immunoreactive material.

Basal secretion of N-POMC-IR was 30% lower, respectively, in

Cushing's disease patient derived cells. When cells were

stimulated with the POMC secretagogues CRF or arginine VP,

the relative molar ratios of N-POMC-IR to ACTH-IR and EP-IR

were even lower. In stimulated NS-2 cells, N-POMC-IR was

52-68% below ACTH-IR and 48-53% below EP-IR. Similarly, in

CD-10 cells N-POMC-IR was 64-68% below ACTH-Ir and 51-55%
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below EP-IR after stimulation.

NS-2 and CD-10 cells responded well to stimulation with

CRF and AVP or suppression with cortisol. NS-2 cells

secreted 65-80% more N-POMC-IR and 160-240% more ACTH-IR and

EP-IR when treated with either CRF alone or CRF plus AVP.

AVP did not appear to enhance secretion over that with 10

nanomolar CRF alone. Cortisol suppressed secretion of N

POMC-IR by 33%, ACTH-IR by 27+, and EP-IR by 63%. Results

with CD-10 cells were similar. CRF increased secretion of

ACTH-IR by 169t, EP-IR by 160+, and N-POMC-IR by 80%, while

AVP increased ACTH-IR by 87t, EP-IR by 122+, and N-POMC-IR

by 42%. Cortisol suppressed secretion of hormones by 11

18%.

DISCUSSION

Synthetic N-POMC 1-49 was used to raise antisera,

develop a radioimmunoassay for N-POMC and measure N-POMC

peptides secreted by human pituitary tumor cells. Two

antisera were obtained, one to a polymeric form of synthetic

N-POMC 1-49, the other to N-POMC 1-49 cross-linked to BSA.

A major advantage of using synthetic N-POMC is that this

approach avoids contamination with other pituitary peptides,

so antisera are only against N-POMC antigenic sites.

Potential disadvantages include the inability to mimic the

carbohydrate moiety on position 45 threonine, so antigenic

sites on native peptides may be covered by carbohydrate
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groups on position 45 (or even position 65 Asparagine) and

not recognized by antisera. In addition, use of multimeric

N-POMC 1-49 and N-POMC 1-49 cross-linked to BSA could

conceivably result in antisera directed towards antigenic

sites that differ somewhat from the native peptide.

The problem presented by the absence of tyrosine in N

POMC 1-49 was overcome by the use of the Bolton-Hunter

reagent to allow iodination of a modified N-POMC 1-49. This

tracer was used to develop a RIA for N-POMC peptides. The

sensitivity of this RIA, 10 fimole/0.1 ml and EDso 100

finole/0.1 ml, was comparable to previously reported N-POMC

RIAs (Hope et al., 1981; Chan et al., 1983). The cross

reactivity in the RIA was very low for the pituitary factors

tested. The only other N-POMC molecules available for

testing, synthetic N-POMC 1-28 and salmon N-POMC 1-76, had

very low cross-reactivities. Thus, the antisera were

directed towards sites in the 29-49 portion of N-POMC. This

was interesting since salmon N-POMC 1-76 shares considerable

sequence homology with N-POMC 1-49 (Kawauchi et al., 1981),

8 residues in the 29-49 region and 15 residues in the 1-28

region. Several attempts to raise antisera to an N-POMC 1

28: BSA conjugate were not successful (data not shown).

The chromatography of conditioned medium from pituitary

tumor cells (figure 26) revealed several peaks of N-POMC

immunoreactivity (IR). Preliminary identification can be

made based on mobility relative to standards, co-elution
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with ACTH-IR or EP-IR, and comparison with the gel

chromatography profiles of other workers (Hope et al., 1981;

Morano and Estivariz, 1987; Chan et al., 1983; Chan et al.,

1982). The material eluting with the void volume may

represent aggregated N-POMC 1-76 (Chan et al., 1982, 1983)

or high molecular weight forms of N-POMC such as the 23,000

dalton precursor N-POMC 1-95. The peak which co-elutes with

3-LPH almost certainly represents N-POMC 1-76 (and contains

little ACTH-IR). The peak overlapping the trailing edge of

the N-POMC 1-76 peak is most probably N-POMC 1-49, as

suggested by comparison of gel chromatography patterns of

peptides secreted by patients with Nelson's syndrome

(Shibasaki and Masui, 1982; Hope et al., 1981) and rat

pituitary tumor cells (Morano and Estivariz, 1987). The

broad area of N-POMC-IR may reflect different degrees of

glycosylation of N-POMC 1-76 or possibly even N-POMC 1-49

(Bennett et al., 1986). ACTH-IR elutes after 3-EP-IR, a

pattern that has been observed by others (Shibasaki and

Masui, 1982; Chan et al., 1982; Hale et al., 1986). This

peak contains the majority of ACTH-IR. EP-IR elutes in 2

peaks, one at the position of 3-LPH standard, the other with

6-endorphin standard, in approximately equimolar amounts.

Processing of POMC by pituitary tumor cells appears to be

primarily to ACTH, 8-EP, 3-lipotropin and N-POMC 1-95 and N

POMC 1-76, with no intact POMC secreted. N-POMC 1-49

represents a minor product of processing, in agreement with
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others' results in human pituitary adenomas (Chan et al.,

1982; Hope et al., 1981) and rat pituitary and pituitary

tumors (Morano and Estivariz, 1987). Processing of POMC to

lipotropin and endorphin in approximately equimolar amounts

has been observed previously in medium from cultured

pituitary adenomas obtained from Nelson's syndrome patients

(Shibasaki and Masui, 1982), while others have reported

greater levels of LPH than EP in pituitary tumor tissue

extracts or culture medium (Chan et al., 1982; Hale et al.,

1986). The glycosylation of N-POMC has been suggested as a

major factor influencing cleavage and processing of N-POMC

(Cromlish et al., 1986; Seger and Bennett, 1986). It has

been proposed that presence of O-glycosylation at position

45 threonine blocks, at least partially, cleavage at the

Arg-Lys (49-50) site both inside cells and extracellularly

(Seger and Bennett, 1986; Bennett, 1984; Lowry et al.,

1983). Studies with a specific IRCM serine protease

demonstrated the specificity of enzymatic attack on multiple

POMC sequences and concluded that N-glycosylation at Asn 65

blocked cleavage at the Arg-Arg-Asn 63-65 site (Cromlish et

al., 1986). It is probable that the N-POMC forms found in

this work reflect variability in glycosylation of N-POMC 1

76. This glycosylation may also account for the lower

amounts of N-POMC-IR detected compared to LPH and EP.

Glycosylation may interfere with the ability of this

antiserum to recognize various N-POMC molecules in the 29-49
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region, thus underestimating N-POMC levels. Other workers

have used antisera raised to native, presumably

glycosylated, N-POMC 1-76 for radioimmunoassays for N-POMC.

It is interesting to note that Morano and Estivariz (1987)

tested the synthetic N-POMC 1-49 from this work in their N

POMC RIA and it only cross-reacted 40% with antisera raised

against human N-POMC 1-76 (Hope et al., 1981), with

radioiodinated N-POMC 1-76 tracer.

Cell culture produced POMC-derived peptides. As with

the gel chromatography of conditioned medium, the secretion

of N-POMC-IR appears to be less than equimolar to EP/LPH and

ACTH. This may reflect deficiencies in the N-POMC RIA's

ability to detect all forms of N-POMC secreted by cells, as

discussed above. Although increased secretion of N-POMC-IR

in response to secretogogues CRF and AVP and decreased

secretion in response to cortisol suppression could be

detected, the changes were not as great as for ACTH and

LPH/EP. This may reflect greater degradation of N-POMC

during the incubation or during subsequent processing.

Alternatively, the profile of forms of N-POMC secreted in

response to CRF and AVP may be shifted for forms that are

not detected well by the N-POMC RIA (e.g., changed

glycosylation patterns or other structural differences).

Portions of the results reported in this chapter were

described previously (Nixon et al., 1984).
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CHAPTER 5: BINDING STUDIES WITH N-POMC PEPTIDES AND ADRENAL

CORTEX

INTRODUCTION

The transduction of a peptide hormonal signal to a

biological response by cells requires binding of the peptide

by a specific cell surface receptor. This chapter describes

some preliminary experiments on the interaction of synthetic

N-POMC peptides with adrenal membranes and cells. A

radiolabeled ligand is necessary for the study of receptors.

The preparation and characterization of radioiodinated

analogs of synthetic N-POMC 1-28 are discussed in this

chapter. To obtain a radioligand with high specific

radioactivity, N-POMC 1-28 was modified by use of the

Bolton-Hunter reagent (Bolton and Hunter, 1973). This

allowed radioiodination despite the lack of tyrosine

residues.

Specific binding of synthetic N-POMC peptides to

adrenal cells and membrane preparations could not be

demonstrated. An exhaustive study of peptide binding is

beyond the scope of this thesis. The implications of the

current results for further research are discussed.

MATERIALS AND METHODS
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N-POMC 1-28, purified by RP-HPLC (figure 6), was

modified by reaction with the Bolton-Hunter reagent, N

succinimydyl-3 (4-hydroxyphenyl) propionate (Pierce Chemical

Co., St Louis, MO). This added a 4-hydroxyphenyl propionyl

group to the free amino groups on the peptide, thus allowing

for iodination of this peptide, which lacks tyrosine. The

Bolton-Hunter reagent (BH) was dissolved in acetonitrile

(ACN) at 6.3 mg/ml, then 163 pig (622 nmoles) was added to

997 ug (311 nmoles) of N-POMC 1-28 at a concentration of

12.8 mg/ml in 0.1 M sodium borate buffer, pH 8.5, at a molar

ratio of 2:1 BH: N-POMC 1-28. After 30 minutes at room

temperature, the reaction was terminated by adding 0.12 ml

of 0.1% trifluoroacetic acid (TFA) at 4" C. This mixture

was filtered through a 0.45 p. Millipore filter (Nihon

Millipore Kogyo K.K., Yonezawa, Japan) and analyzed by RP

HPLC (figure 27). Four peptide peaks, 1-4, were obtained

and collected.

Bolton-Hunter modified N-POMC 1-28 structures were

determined by trypsinizing the peptides, then subjecting the

trypsin digest to peptide sequencing. Concentrations of

peptides were determined by measuring optical density at 280

nm on a Model 55B spectrophotometer (Perkin-Elmer Corp.,

Norwalk, CN). 15 pig aliquots of peaks 1-4 (figure 27) were

dried under vacuum on a Model RH 40-12 Speed-Vac

Concentrator (Savant, Hicksville, NY), then resuspended in
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15 pil of 0.1 M ammonium bicarbonate buffer, pH 7.8. O. 75 pig

of trypsin (Worthington Chemicals, Freehold, NJ) in 5 pil of

0.1 M ammonium bicarbonate buffer (1:20 enzyme: substrate

ratio) was added and enzymatic digestion carried out for 2

hours at 37° C. To demonstrate the completeness of trypsin

digestion, 5 pig aliquots of tryptic digest were reduced with

10 mM dithiothreitol for 30 minutes at 37° C, then analyzed

by RP-HPLC under the same conditions used for analyzing the

derivatized peptide (data not shown). 10 pig aliquots of

trypsin digests of peaks 1-4 were generously analyzed by

peptide sequencing by Dr. W. Kohr (Genentech, Inc., South

San Francisco, CA). The sequencer was a prototype hybrid

"Multiphase" gas-liquid phase sequencer. Automatic amino

terminal Edman degradation of the peptides was employed,

using Quadrol buffer. Phenylthiohydantoin derivatives were

analyzed by an on line HPLC system consisting of a Waters

M45 pump, Rainin Microsorb C8 column (5 M beads, 4.6 mm x 25

cm) (Rainin Instrument Co, Woburn, MA), Waters Model 440

detector set at 254 nm, controlled by an Apple II computer

with an HP 3390A plotter/integrator.

Iodination

Peaks 2 and 3, Trp" (BH) N-POMC 1-28 and Lys” (BH) N-POMC

1-28 respectively, were radioiodinated by the chloramine-T

method. 5 pig of peak 2 or 20 pug of peak 3 (figure 27) were

dried on a speed Vac Concentrator in polypropylene microfuge
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Figure 27. Reverse Phase-HPLC of Bolton-Hunter-Derivatized
N-POMC 1-28. The reaction mixture containing approximately
1 mg of Bolton-Hunter-modified N-POMC 1-28 was dissolved in
1 ml of 25% ACN in 0.2% TFA and analyzed on the same system
described in figure 7. The reaction products were eluted
with a linear gradient of 0-60% ACN in 0.1% TFA over 5-65
min. Detection was at 210 nm, 7 AUFS. The flow rate was 1
ml/min, 0.5 ml/fraction. The dotted line represents ACN
concentration. BH is the Bolton-Hunter reagent. Peak 1 is
unreacted N-POMC 1-28. Peaks 2-4 are Bolton-Hunter
derivatized peptides (at positions Trp 1, Lys 25, and both
Trp 1 and Lys 25, respectively).
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tubes and dissolved in 0.05 ml of 0.5 M sodium phosphate

buffer, pH 7.6. 10 ul containing 1 mci of Na’”I

(Radiochemical Centre, Amersham, England) was added,

followed by 10 pil of freshly prepared chloramine-T, 1 mg/ml

in 0.05 M sodium phosphate buffer, pH 7. 6. The reaction was

quenched after 30 seconds with 10 ul of sodium thiosulfate,

1 mg/ml in 0.05 M sodium phosphate buffer, pH 7. 6. The

reaction mixture was analyzed by RP-HPLC on an HPLC system

consisting of a Model 7125 injector with 1 ml loop

(Rheodyne, Berkeley, CA), LKB Bromma Model 2150 pump, Model

2152 controller, Ultragrad 11300 mixer/driver, Gilson micro

fraction collector, (Gilson), and Synchropak C18 201 HS54

RP-HPLC column (4.6 mm x 10 cm). Fractions were collected

in Gilson polypropylene racks and counted on a Micromedic

System Model 2/200 y counter (Rohm and Haas Co.) with an HP

9815 A computer (Hewlett-Packard, Palo Alto, CA). Figure 28

shows the RP-HPLC profile for the radioiodination of the

TRP' (BH) N-POMC 1-28. The Lys” (BH)-N-POMC 1-28 iodination

reaction mixture was analyzed on the same system using a

somewhat different acetonitrile gradient, 20%-35% over 0.5

minutes, then 35-60% over 5-80 minutes (results not shown).

Fraction 82 (figure 28) or the peak fraction from the HPLC

of radiolabeled Lys” (BH)-N-POMC 1-28 were used in binding

experiments.

Adrenal Cells and Membranes
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Figure 28. Reverse Phase-HPLC of ***I Labeled Bolton-Hunter
Derivatized Trp" (BH)-N-POMC 1-28. The iodination reaction
mixture (see Materials and Methods) was loaded onto a
Synchropak C1s column (4.6 mm x 10 cm) and eluted with a
linear gradient of 10-90% acetonitrile (---) in 10 mM
ammonium acetate buffer, pH 4.0. The flow rate was 1
ml/min, 0.5 ml/fraction. 10 pil aliquots were counted on a
gamma counter and total counts/fraction plotted (–). The
fractions were stored at 4° C. Fraction 82, containing
radiolabeled peptide, was used for binding studies.
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Bovine adrenal cortical cell plasma membranes were

prepared by Dr. M. Tsubokawa (Genentech, Inc.) according to

the protocol of Glossman and Gips (1975). Rat adrenal cells

were prepared in a sterile manner, after the method of

Ramachandran and Suyama (1975). 220-250 g female Sprague

Dawley rats (Simonsen Laboratories, Gilroy, CA) were

sacrificed by decapitation, adrenal glands were removed,

adhering fat was dissected off, capsules were incised and

the cortical tissue extruded and minced. Cortical tissue

and capsules were enzymatically digested separately in 4

mg/ml collagenase (Cooper Biomedical), 0.1 mg/ml DNAase I

(Sigma) in Medium 199 (Cell Culture Facility, Genentech,

Inc.) at 0.5 ml/adrenal at 37° C for 1 hour with gentle

shaking in a Gyrotory Water Bath Shaker Model G76 (New

Brunswick Scientific, New Brunswick, NJ). Cells were

centrifuged at 50 x g for 10 minutes, the supernatant was

discarded and the pellet resuspended in 25 ml of M199.

Cells were triturated to disperse cells, then filtered

through nylon gauze. Cells were respun twice and

resuspended in M199 with 10% fetal bovine serum and 0.004%

Garamycin, transferred to bacterial petri dishes (Falcon

Plastics, Oxnard, GA), incubated 2 days at 37° C in 5*

CO2/95% air. Prior to cell binding experiments, cells were

respun at 600 x g for 10 minutes, then washed and

resuspended in the binding medium. An aliquot was removed

and cells counted on a hemacytometer.

153



Cell Binding

Rat adrenal cortical and capsule cells were resuspended

in cell binding medium consisting of M199, 0.5% fatty acid

free BSA, 0.01% soybean trypsin inhibitor (Sigma), 0.01%

Bacitracin (Sigma), 10 mM sodium phosphate, pH 7.4. Binding

experiments were carried out in 12 x 75 mm polypropylene

tubes by combining 0.05 ml aliquots of radioligand (200,000

to 400,000 cpm), with either plain binding medium or

unlabeled N-POMC 1-28 at 0.1 mg/ml (final concentration 10

Ag/ml), then adding 0.4 ml aliquots of adrenal cells (40,000

to 100,000 cells per tube). Duplicate tubes were incubated

at 23° C in a shaking water bath for 15, 30, or 60 minutes.

At the end of the incubation time, samples were placed in an

ice water bath, diluted by adding 4 ml ice cold O. 15 M. NaCl,

filtered under vacuum through Whatman GF/A filters on a

Model FH 225V filtration manifold (Hoefer Scientific

Instruments) and rinsed twice with 6 ml of ice cold 0.15 M

NaCl. Filters were counted on a Micromedic Model 4/600 y

counter.

Membrane Binding

Membrane binding experiments were carried out in a KRP

buffer system. KRP (Kreb's Ringer's Phosphate) buffer

consisted of 129 mM sodium chloride, 5.1 mM potassium

chloride, 1.3 mM calcium chloride, 1.3 mM magnesium sulfate,

10 mM sodium phosphate, pH 7.4 with 5 mg/ml FAF-BSA, 0.1 mM
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PMSF (phenylmethylsulfonylfluoride), and 0.1 mg/ml

Bacitracin. Tris buffer consisted of 20 mM Tris-HCl, pH

7. 4, 5 mM calcium chloride, 5 mg/ml FAF-BSA, 1 mg/ml

Bacitracin. Experiments were carried out in a manner

similar to cell binding experiments. 150 pig of membrane

protein per tube was added to the radioligand in the

presence or absence of unlabeled ligand. Samples were

filtered onto Whatman GF/C filters, presoaked in 5 mg/ml

BSA, then washed and counted as described above.

RESULTS

Modification of N=POMC 1-28

Native N-POMC 1-28 lacks tyrosine residues, which

limits its usefulness as a ligand for studying cell

receptors. In order to create a peptide which could be

radioiodinated to a high specific activity, thus a useful

radioligand for receptor studies, N-POMC 1-28 was

derivatized with the Bolton-Hunter reagent, N-succinimydyl

3-(4-hydroxyphenyl) propionate. This adds a

parahydroxyphenyl group to free amino groups, present as the

alpha amino group on the N-terminal tryptophan and epsilon

amino group of lysine, residue 25. As seen in figure 27,

Bolton-Hunter reagent modification of N-POMC 1-28 results in

three additional peaks besides the two peaks eluting at the

positions of the Bolton-Hunter reagent, and unmodified N
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POMC 1-28. These three peaks were presumed to be due to

single modification of either the tryptophan or lysine

residue, and a doubly modified peptide. The yield of the

different peaks after RP-HPLC analysis was 39% unmodified

peptide (123 pig), 24% peak 2 (72 pig), 27% peak 3 (86 pag) and

12% peak 4 (41 pag). Use of longer reaction times or larger

ratios of Bolton-Hunter reagent to peptide resulted in

higher yields of peak 4 and lower yields of peak 1

(unmodified peptide) (data not shown).

In order to identify the composition of the modified N

POMC 1-28 peptides, they were subjected to peptide

sequencing (data not shown). Because the yield per cycle

decreases with long peptides, it is advantageous to first

fragment long peptides. The modified and unmodified

peptides were first digested with trypsin to cleave at the

Arg 22-Ala 34 bond, creating two fragments 1-22 and 23-28

(see table II). This made it much simpler to determine if

lysine 25 was modified with a parahydroxyphenyl group. As

expected, the unmodified peptide (peak 1) yielded Ala and

Trp on cycle 1 and Lys and Leu on cycle 3. Peak 2 yielded

only Ala on cycle 1 and a new peak was seen instead of the

Trp peak. This indicated that peak 2, figure 27, was

modified at Trp 1. Again, cycle 3 yielded Leu and Lys.

Peak 3 yielded Trp and Ala on cycle 1, but only Leu on cycle

3, with a new peak appearing instead of Lys. This was

consistent with modification of peak 3 at Lys 25. Peak 4
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yielded Ala, and a new peak instead of Trp on cycle 1 and

Leu and a new peak instead of Lys on cycle 3, consistent

with modifications at both Trp 1 and Lys 25. These results

strongly support the following compositions: peak 2 is

Trp" (BH)-N-POMC 1-28, peak 3 is Lys” (BH)-N-POMC 1-28, peak 4

is Trp" (BH), Lys” (BH)-N-POMC 1-28.

Radioiodination

Both Trp" (BH)-N-POMC 1-28 and Lys” (BH)-N-POMC 1-28 were

iodinated with Na’”I by the chloramine-T method. The

reaction was quenched with sodium thiosulfate. Molar ratios

of 3.5:1 and 7: 1 of peptide: Na’”I were used so the majority

of radioiodinated species should be monoiodinated, with an

excess of unlabeled peptide and very little free Na’”.I. RP

HPLC profile (figure 28) shows that there is one large peak

of radioactivity. Results for radioiodination of Trp" (BH) -

N-POMC are similar (data not shown). The radiolabeled

peptide was stored in HPLC elution buffer at 4" C.

The results of binding experiments are shown in table

XX for rat adrenal cells and table XXI for bovine adrenal

plasma membranes. It is apparent that there is no

displacable binding of either radioligand by either rat

adrenal capsule or adrenal cortical cells or by bovine

adrenal membranes under the conditions tested. Increasing

time of incubation up to 60 minutes had no effect. The use

of KRP in place of Tris buffer resulted in elution of both

157



Table XX

Binding Studies on Rat Adrenal Cortex Cells and **I-N-POMC
1-28.

t e ti e

Time of Incubation
***I-N-POMC Unlabeled (cpm/tube)
Label N-POMC 1-28 15 min 30 min

A absent 1140 1620 1337

A present 1438 1915 1455
B absent 9.17 927 846

B present 942 842 7 OO

Calos C

Time of Incubation
***I-N-POMC Unlabeled (cpm/tube)
Label— N=POMC—l-28 15 min 30 min 60 min

A absent 1929 1656 1740

A present 1942 1966 1845
B absent 1163 953 1024

B present 1248 93.9 1090

Rat adrenal cells were prepared as described in Materials
and Methods. In experiment A 100,000 adrenocortical cells
per tube were used, in B 50,000 adrenocortical cells were
used, with duplicate tubes for each point. In experiment A
40,000 adrenal capsule cells per tube were used, in B 50,000
capsule cells were used, with duplicate tubes for each
point. In experiment A 320,000 cpm of ***I-Trp" (BH)-N-POMC
1-28 were used as the radioligand, in experiment B 187,000
cpm of ***I-Lys” (BH)-N-POMC 1-28 were used. Unlabeled N-POMC
1-28 was added at 10 pag/ml (5pg/tube) where indicated.
Incubation conditions and determination of filter associated
radioactivity are described in Materials and Methods. In
the absence of cells, background binding in the absence of
unlabeled N-POMC 1-28 was 1030 cpm for label A and 1017 cpm
for label B. In the presence of unlabeled N-POMC 1-28
background binding was 1150 cpm for label A and 938 for
label B.
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Table XXI

Binding Studies on Bovine Adrenal Plasma Membranes and **I-
N-POMC 1-28.

Time of Incubation
Unlabeled (cpm/tube)

- -28 15 min 30 min 60 min

absent 5260 5508 4974
present 5045 48.60 4493

Bovine adrenal plasma membranes at 150 pag/tube were
incubated with 400,000 cpm/tube of ***I-Trp" (BH)-N-POMC 1-28
in Kreb's-Ringers-phosphate medium as described in Materials
and Methods. Unlabeled N-POMC 1-28 at 0.5 pig/tube was added
to half of the tubes. Incubations were carried out at 23°,
in duplicate tubes, 500 pul/tube for 15, 30, and 60 minutes.
Determination of filter associated radioactivity is
described in Materials and Methods. Background binding in
the absence of membranes was 3912 cpm without N-POMC 1-28,
and 4015 cpm with unlabeled N-POMC 1-28 present. When ***I-
Lys” (BH)-N-POMC 1-28 at 200,000 cpm/tube was used, at 30
minutes there were 1811 cpm and 1880 cpm bound in the
absence or presence of N-POMC 1-28, respectively.
Background binding was 1199 cpm.
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filter associated "background" radiolabel as well as

membrane associated "background," but no specific binding

(data not shown).

DISCUSSION

The results of Estivariz et al. (1980, 1982, 1984)

strongly suggest that the N-terminal region of N-POMC,

including both N-POMC 1-28 and longer fragments (2-59), is

capable of stimulating adrenal cell DNA synthesis and

growth. This effect was achieved both directly in vitro and

indirectly in vivo. In order for these peptides to act on

adrenal cells, there must be plasma membrane receptors for

them.

The results presented here show that well characterized

synthetic N-POMC 1-28 could be modified and radioiodinated

for use in receptor binding studies. However, specific

binding to adrenal cells or membrane fractions could not be

demonstrated.

Since biological activity experiments of Estivariz et

al., showed that the peptide sequence N-POMC 1-28 was

sufficient for activity, this peptide was synthesized as

described in chapter 2. It was necessary to modify the

peptide with the Bolton-Hunter reagent to allow for

radioiodination, since the native sequence lacks tyrosine.

The presence of two reaction sites (primary amino groups),

the epsilon amino group of lysine 25 and the alpha amino

160



group of tryptophan 1, meant that three modified peptides

could be produced. These peptides were easily separated and

purified (figure 27) by RP-HPLC, then the sites of

modification were clearly identified by peptide sequencing.

To help clarify which regions of the molecule might be

required for binding, only the singly modified species,

Trp" (BH)-N-POMC 1-28 and Lys” (BH)-N-POMC 1-28 were

radioiodinated.

There are several possible explanations for the lack of

binding observed in this study. The simplest explanation

would be that there are no adrenal receptors for the 1-28

region of N-POMC. There are no reports of binding of this

region of N-POMC (or N-POMC 1-49) to adrenal cells. Also,

there are no confirmatory results from other workers besides

Lowry, Estivariz, et al., that N-POMC 1-28 or even N-POMC 1

49 have biological effects on the adrenal. However,

biological effects on the pituitary gland have been reported

for these N-POMC sequences (Schally et al., 1991). The

other explanations involve possible pitfalls in the

experiments at the level of radioligand, cell or membrane

preparation, or conditions employed for binding.

Alteration or damage to the ligand used for binding

could have caused the inability to detect binding.

Oxidation of tryptophan or cysteine residues during

processing, particularly during the chloramine-T reaction,

could have changed the interaction between the peptide and
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binding sites if tryptophan or the disulfide bonds were

important to binding. Deamidation of the side chains of

asparagine to aspartic acid or glutamine to glutamic acid

during processing could have occurred and escaped detection

by the methods employed for amino acid analyses. During

incubation of the radioligand with adrenal cells or membrane

preparations, the ligand was potentially subject to

enzymatic cleavage by peptidases released by cells or co

purified during membrane purification. Any of the above

changes to the ligand could alter the weak, non-covalent,

ionic, hydrophobic and electrostatic bonds between receptor

and ligand.

The introduction of the bulky and hydrophobic 4

hydroxyphenyl propionyl group to the amino group on either

Trp 1 or Lys 25, followed by addition of the large and

hydrophobic iodine to this group, could also interfere with

binding, if these residues were in the region recognized by

the receptor. The preparation of two N-POMC 1-28

radioligands, singly modified at either Trp 1 or Lys 25, was

undertaken to attempt to circumvent this problem. However,

it is conceivable that both Trp 1 and Lys 25 are involved in

binding since neither radioligand could bind. There are

many cases where addition of iodine has reduced the activity

of peptides (e.g., Lemaire et al., 1977; Rae and Schimmer,

1974; Freychet et al., 1971).

One might argue that the 29-49 region of N-POMC is
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important for binding. Preliminary experiments using the

***I-BH-N-POMC 1-49 radioligand employed for the

radioimmunoassay (chapter 4) also could not demonstrate any

specific binding to rat adrenal cells (data not shown).

This result would support the view that the absence of the

29-49 region of N-POMC was not the sole reason for the

inability of the N-POMC 1-28 radioligand to bind to adrenal

cells.

Another locus in the experimental conditions that could

be a source of error in detecting binding was the receptor

source. Ideally, one should use a source of receptor that

could demonstrate both binding of ligand and evidence of the

transduction of a signal following receptor binding (e.g.,

cAMP production). However, receptors can be very sensitive

to the methods employed to purify them from natural sources

(Ross and Gilman, 1980). Unfortunately, in the bovine

adrenal plasma membranes used in the N-POMC binding

experiments there was no biological response to N-POMC

available to assess for signal transduction. However, rat

adrenal cell binding was assayed under conditions very

similar to those used successfully to measure both ACTH

binding and biological activity (Buckley and Ramachandran,

1981). The bovine adrenal plasma membrane preparation was

quite similar to that used to study ACTH binding and cAMP

production by other workers in this laboratory. Preliminary

experiments using rabbit adrenal membrane preparations were
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also unable to show any displacable N-POMC 1-28 binding

(data not shown). In summary, the tissue preparations used

to assay for N-POMC 1-28 and 1-49 radioligand binding may

have been unsuitable for the detection of receptors.

The binding milieu and physical parameters are another

area where errors could potentially exist, resulting in

inability to detect binding of N-POMC peptides.

Temperature, pH, time, solvent, ions, other small and large

molecules, and surface materials such as filters and test

tubes can all affect the outcome of binding experiments.

Ligand-receptor interactions, consisting of weak, non

covalent bonds, can be sensitive to alterations in any of

the above factors. In theory, a seemingly limitless array

of experimental conditions can be imagined, but practical

considerations restrict the number that can actually be

used. Polypropylene tubes were used to decrease non

specific binding to charged surfaces. BSA was used to

reduce non-specific interaction with filters, test tubes,

and cells or membranes. Several different incubation media

yielded similar results with the membrane preparations (data

not shown). However, there was not an exhaustive trial and

error search for ideal conditions. The medium used for cell

binding studies had worked well for studying ACTH binding

(Buckley and Ramachandran, 1981), but different ligands may

very well require different experimental conditions to

optimize binding.
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In conclusion, binding of N-POMC 1-28 and N-POMC 1-49

radioligands to adrenal cells and membranes could not be

detected. Whether this is due to lack of receptors on the

adrenal cell preparations utilized or to the inability to

detect these receptors under the experimental conditions

employed remains to be determined. It may be more rewarding

to direct future studies towards describing receptors in the

pituitary, where a biological response has been recently

described (Nikolics, personal communication and Schally et

al., 1991).
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