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ABSTRACT

In 1988, Ealey et al. described an in vitro Eluted Stain Assay (ESTA) for the
measurement of the lactogenic bioactivity of human growth hormone (hGH) and human
prolactin (hPRL). The assay is based upon the use of Nb2 rat lymphoma cells which express
lactogenic receptors responding to both hGH and hPRL. It utilises the colorimetric reduction
of a yellow tetrazolium salt, MTT, to its purple formazan by activated Nb2 cells. The assay
is highly sensitive, quantitative and precise.

Using this bioassay, I have investigated the in vitro effects of 1) a recombinant human
growth hormone binding protein (thGHBP) and 2) a metallic ion (zinc; Zn’>*) on the
bioactivity of hGH. I have also adapted the assay for the measurement of the lactogenic
bioactivity of hGH in human serum and subsequently used the bioassay to assess hGH
bioactivity in a number of different clinical settings.

Recombinant hGHBP, which has a similar affinity and binding capacity to the
naturally-occurring high affinity hGHBP, inhibited the in vitro bioactivity of 22kDa hGH in
a dose-dependent manner. This inhibition was observed with physiological concentrations of
the hGHBP and was competitive and specific. My data suggests that simple Michaelis-Menton
kinetics do not apply to the interaction between hGH and its receptor, as represented by
hGHBP which is identical to the extracellular domain of the somatogenic GH receptor. This
is therefore consistent with the recent model of hGH interacting with two hGH receptors in
order to achieve its biological effects. The 20kDa alternative splice variant of hGH exhibited
approximately 10% of the potency of 22kDa hGH in the ESTA bioassay. Its bioactivity was
inhibited by hGHBP in a similar fashion to that of hGH. The concentrations of hGHBP

required to inhibit hGH bioactivity by 50% (IC,) were similar for both 20 and 22 kDa hGH,



suggesting that the binding affinity of 20kDa for somatogenic GH receptors may be
comparable to that of 22kDa hGH. This challenged previous findings suggesting that hGHBP
does not interact with 20kDa hGH, and hence the extracellular domain of the somatogenic
receptor.

Additionally, zinc (Zn**) led to a modest potentiation of 22kDa hGH bioactivity. This
was at variance with previous binding studies which had suggested an 8000-fold increase in
the binding affinity of hGH for the lactogenic receptor. However 50uM Zn** led to a much
greater potentiation of 20kDa hGH bioactivity. This marked potentiation was also observed
at physiological concentrations of the metallic ion. This discrimination had not been previously
reported.

In order to adapt the assay for the measurement of serum GH bioactivity, (i) non-
specific "blank" effects of serum were overcome by a 160-fold dilution of sera and, (ii)
hormonal specificity achieved by using a monoclonal anti-serum to hPRL. The bioassay
generally agreed well with GH determinations made with the Hybritech immunoradiometric
assay (IRMA) when applied in a variety of clinical situations eg. acromegalic patients, Laron-
type dwarfism and constitutional delay of growth and puberty. However, differences were
observed between the bioassay and the IRMA during provocative tests of GH secretion. These
discrepancies were particularly pronounced at the peaks of GH secretion. The additional
bioactivity was labile on freezing and storage, when the discrepancy between the two assays
disappeared. Hence this additional bioactivity may be due to labile isoforms of hGH which

may also be bioactive, but not detected in the specific Hybritech IRMA.
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INTRODUCTION
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1.1. THE MOLECULAR HETEROGENEITY OF HUMAN GROWTH

HORMONE

1.1.1. An overview

The heterogeneity of polypeptide hormones has been recognised since the
early 1970s. This heterogeneity is the result of genetic, pre and post-translational
and post-secretory events. Hence, multiple genes, multiple messenger RNA
transcripts, biosynthetic precursors, aggregates, glycosylation variants, fragment
formation, protein-protein interactions and degradation products contribute to the
molecular heterogeneity of hormones. In this context, human growth hormone is
not exceptional in the heterogeneity which it exhibits (Lewis, Singh, Tutwiler,
Sigel, VanderLaan & VanderLaan, 1980; Chawla, Parks & Rudman, 1983;
Baumann G, 1991)!23,

The anterior lobe of the pituitary gland was first implicated in the growth
of the rat in 1921 (Evans & Long, 1921)*. In the young animal hypophysectomy
led to stunted growth, whilst in the mature animal it caused weight loss and
visceral atrophy. Exogenous administration of pituitary extracts reversed these
effects. From these observations, the concept emerged of a pituitary growth
hormone or somatotropin.

Bovine GH was isolated in 1944 (Li & Evans)® whilst human GH was
isolated in 1956-1957 (Li & Papkoff, 1956; Raben 1957)%7. Although

heterogeneity of purified preparations of hGH was recognised at this time, it was
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generally attributed to laboratory artefact or impurities. Following the elucidation
of the primary structure of hGH (Niall, 1971; Li & Dixon, 1971)*° and the
realization of the potential therapeutic importance of the hormone, "pure"
monomeric 22kDa hGH was produced. It was recognized that the hormone not
only stimulated the growth of skeletal and soft tissues, but also influenced protein,
carbohydrate and fat metabolism.

It is now recognised that human growth hormone (hGH) is actually a
mixture of peptides in which the major physiological component is a single chain
polypeptide of 191 amino acid residues with a molecular weight of 22000 daltons
(22kDa). Two disulphide bridges linking four cysteine residues give rise to the
overall configuration of the GH molecule with its two structural loops (see Figure
1). GH isolated from pigs, cattle and sheep shared regions of structural homology
with hGH, but were inactive in man. The human pituitary dwarf responded only to
human and monkey GH. Table 1 lists the contrasting biological effects of hGH.

The minor components of hGH differ from the 22kDa form in terms of
mass (eg. the 20kDa form of hGH, dimers and higher oligomers of hGH) or in
terms of charge (eg. acidic forms of the molecule). The minor components of hGH
also differ from 22kDa hGH in a) their capacity to bind to antiserum raised against
the 22kDa isoform, which might be used in a radioimmunoassay; b) their ability to
bind to membrane receptors for 22kDa hGH in a radioreceptor assay and c) their
metabolic effects and other contrasting bioactivities. Table 2 shows the different

forms of hGH which have been identified to date.
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Figure 1
The overall configuration of monomeric hGH and its 20kDa hGH variant
Monomeric hGH is a polypeptide of 191 amino acids with two disulphide bridges

giving rise to the overall configuration of two loops. Its 20kDa variant lacks a
sequence of 15 amino acids (32-46), represented by a dashed line.
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»
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TABLE 1

BIOLOGICAL FUNCTIONS OF HUMAN GROWTH HORMONE

Growth promotion
Diabetogenic effect
Insulin-like effect
Macrophage activation
Lactation

Nitrogen retention

Lipolysis
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TABLE 2
PITUITARY GH VARIANTS (from Baumann, 1991)°

MONOMERIC FORMS
Native forms

22000 dalton hGH (22kDa hGH) 70-75%
20000 dalton hGH (20kDa hGH) 5-10%
Desamido-hGH (22K-Asp'®) 5-10%
Desamido-hGH (22K-Asp™’) 3%
N,-acylated hGH-22K 5%
Possibly native forms
hGH, 1%
hGH,, 1o, 2%

Non-native forms
Cleaved forms

GH-C or GH-, Variable
GH-D or GH-_, Variable
GH-E or GH-; Variable
"Slow GH" Variable
"Slow-slow GH" Variable

OLIGOMERIC FORMS (composed of the above)
Native forms
Non-covalent oligomers
Dimers 10%
22K homodimers
20K homodimers
22K-20K heterodimers

Higher oligomers 5%

Covalent oligomers
Disulphide-linked oligomers 7%
22K-dimer
22K/20K heterodimers
Higher oligomers
Linkage unknown 2%
Dimers
Higher oligomers

Non-native forms Variable

Aggregates of varying sizes
depending on extraction

25



1.1.11. Sources of hGH heterogeneity
1.1.ITA. GH Gene Locus

Human chromosome 17 contains the GH/placental lactogen (PL) gene
cluster on its long arm (Barsh, Seeburg & Gelinas, 1983)'°. Among the five
related genes, two code for two GH isohormones and two for PL. The fifth may
be either a PL pseudogene or may code for a PL-related protein of unknown
function. The two GH genes have been termed hGH-N gene (for normal) and
hGH-V gene (for variant). The two corresponding proteins (h\GH-N and hGH-V)
are highly homologous and differ by 13 out of 191 amino acids. The two genes
give rise to several GH isohormones and variants. Whereas the hGH-N gene is

expressed in the pituitary gland, the hGH-V gene is expressed in the placenta.

1.1.1IB. Post-transcriptional events

Transcripts of the hGH-N gene are spliced into two different mature
mRNAs. Two splicing sites, a "regular” one at the transition between intron B and
exon 3 and an alternative one within exon 3, are used to produce mRNAs that
code for 22 kDa hGH and 20 kDa hGH respectively (DeNoto, Moore &
Goodman, 1981; Cooke, Ray, Watson, Estes, Kuo & Liebhaber, 1988; Masuda,
Watahiki, Tanaka, Yamakawa, Shimizu, Nagai & Nakashima, 1988)'"'>". The
"regular” splicing site is preferentially used. The two corresponding proteins,
named 22kDa and 20kDa GH, are produced in the pituitary gland, 20kDa hGH
differing from 22kDa hGH by an internal deletion of a 15 amino acid sequence
encompassing residues 32 to 46 (Lewis, Bonewald & Lewis, 1980)". 20kDa hGH

is the second most abundant form of hGH in the pituitary and circulation (Lewis,
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Dunn, Bonewald, Seavey & VanderLaan, 1978; Baumann, Winter & Shaw,
1987a)'>:16,

Two additional alternative splicing products of the hGH-N primary
transcript have been described in pituitary tumour tissue (Lecomte, Renard &
Martial, 1987)". In one of these mRNAs, exon 3 is completely skipped, predicting
a 17.5 kDa, 151-amino acid hGH form that lacks residues 32 to 71. The other
mRNA arises from alternative splicing within exon 3 (at a site distinct from that
used for 20K, and producing a frameshift). The resulting mRNA would code a 48-
amino acid form of hGH. The proteins which would correspond to either of these
mRNAs have not as yet been identified, although 16-18 kDa hGH forms have been
demonstrated in murine and human pituitary extracts (Yoyoka & Friesen, 1986;
Sinha & Jacobsen, 1988; Lewis, Lewis, Salem, Staten, Galosy & Krivi,

1991)'81%2 and in human plasma (Baumann, Stolar & Amburn, 1985a)*.

1.1.IIC. Biosynthetic precursors

hGH is synthesized as a prohormone with a 26 amino acid hydrophobic
signal sequence (Seeburg, 1982; Martial, Hallewell, Baxter & Goodman,
1979)*2. Since the signal peptide is cotranslationally cleaved, the prohormone is

extremely short-lived.

1.1.1ID. Post-translational processing
These may be either modifications of the monomeric polypeptide chain or
aggregation/polymerization events. There is no evidence at present to suggest that

the pituitary GH molecule can be glycosylated.
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1.1.IIE. Post-secretory events
After secretion, GH associates with two recently discovered specific

binding proteins (BPs) in plasma. These will be described in detail in section

1.2.3.

1.1.ITF. Metabolic conversions

Although very stable in plasma (Baumann, 1976)**, GH undergoes
fragmentation in peripheral tissues (Baumann & Hodgen, 1976; Schepper, Hughes,
Postel-Vinay & Hughes, 1984)>%. The principal site of degradation of GH is in
the kidney, where GH is filtered at the glomerulus and subsequently taken up
nonspecifically and lysosomally degraded by proximal tubular cells (Owens,
Shrivastava, Tomkins, Nabarro & Sonksen, 1973; Johnson & Maack, 1977)*%,
However, receptor-mediated endocytosis and intracellular breakdown in other
organs also play a role in GH catabolism. Some of the fragments recirculate

(Baumann & Hodgen, 1976)* and contribute to GH heterogeneity in plasma.

1.1.IIL. Pituitary GH

1.1.IITA. Monomeric GH
a. 22kDa hGH

The 22kDa GH form is the most abundant form of GH in the pituitary and
the circulation. The overall structure of this 191-amino acid protein with its two
disulphide bridges giving rise to the two-loop configuration of the molecule (see

Figure 1) is highly conserved among mammalian GHs.
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b. 20KDa hGH

This alternative pre-mRNA splice product, first described by Lewis et al.
(1978)", is the second most abundant form of GH in the pituitary and circulation,
accounting for approximately 10% of circulating GH concentrations. It is a single-
chain 176-amino acid protein which is similar to 22kDa hGH, with residues 32-46
deleted (Lewis et al., 1980)". Its molecular weight is 20,269 daltons and the
disulphide bridges are identical to 22kDa hGH. This hormone has a marked
propensity to dimerize (Lewis et al., 1978; Chapman, Rogers, Brittain, Bradshaw,
Bates, Turner, Cary & Crane-Robinson, 1981)!? and forms both homodimers
and heterodimers with 22kDa hGH. The biological effects of 20kDa hGH differ
considerably from those of 22kDa hGH, as will be discussed in more detail in

Chapters 3 and 4.

c. Deamidated hGHs (GH-Asp'*? and GH-Glu™)

Deamidation of proteins can be an artifact caused by harsh treatment during
extraction. Nevertheless, GH forms that are deamidated at residues 152 and 137
can be demonstrated in even the freshest pituitary extracts obtained under the
mildest conditions (Lewis, Singh, Bonewald, Lewis & VanderLaan, 1979; Lewis,
Singh, Bonewald & Seavey, 1981)***! and are therefore probably native products.
Similar GH forms are secreted by pituitary tissue cultures (Talamantes, Lopez,
Lewis & Wilson, 1981; Baumann & McCart, 1982)*>* and are demonstrable in
the human circulation (Baumann et al., 1985a; Baumann, McCart & Amburn,
1983a)?'*. Deamidated forms of GH show similar growth-promoting and

lactogenic bioactivities to that of 22kDa hGH (Lewis et al., 1979)*.
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d. Acylated GH (Na-acyl-GH)

This is a 22kDa hGH form with a blocked amino terminus (Lewis et al.,
1979)*. The blocking group is an acetyl or acyl group. This form of GH is also
referred to as "fast GH" in view of its enhanced electrophoretic mobility. It has a
comparable bioactivity to 22kDa hGH, as measured in the rat tibia bioassay

(Lewis et al., 1979)*.

e. GH,

This is a 5 kDa peptide which has been isolated from human pituitary
glands (Singh, Seavey, Lewis & Lewis, 1983)%. Its significance is unknown, and
it has no growth-promoting effect, although it does potentiate the action of insulin
following in vivo administration of the peptide to yellow obese mice (Frigeri,

Teguh, Ling, Wolff & Lewis, 1988)%*.

f. GH o,

This molecule complements GH, 4; and is derived from 22kDa hGH, with a
predicteq molecular weight of 16,930. GH-related material of approximately this
size has been demonstrated in both pituitary extracts (Lewis et al. 1991; Salem &
Wolff, 1989)*3 and in human plasma (Baumann et al., 1985a)'. It has a potent
diabetogenic effect which is apparent 30 min after injection (Lewis et al., 1991;
Salem & Wolff, 1989)*% in contrast to intact GH which requires a longer time
for diabetogenic activity to be expressed. It is devoid of growth-promoting and
insulin-like activity. It interacts with lactogenic, but not with somatogenic,

receptors (Haro, Singh, Lewis & Krivi, 1990)*, although its lactogenic activity is
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markedly diminished compared with 22kDa hGH (Lewis et al., 1991)%,

g. Cleaved or two-chain GH

Three proteolytically cleaved forms of 22kDa hGH have been demonstrated
in pituitary extracts (Yadley, Rodbard & Chrambach, 1973; Singh, Seavey, Rice,
Lindsey & Lewis, 1974; Chrambach, Yadley, Ben-David & Rodbard, 1973)%404,
These acidic GH variants, which in sodium dodecyl sulphate-gels migrate as 24
kDa GH, were named GH-C, GH-D and GH-E by Chrambach and «;, o, and a;
by Lewis, in order of electrophoretic mobility. Cleavages occurred in the large
disulphide loop, between residues 134 and 145, and two-chain GH forms were
therefore generated, with the chains connected by the disulphide bridge at Cys*-
Cys'®.

These three forms of GH are now known to be non-native. However, they
are of particular interest as they have demonstrably enhanced in vivo bioactivity
(growth-promoting, IGF-1 generating, lactogenic and metabolic) (Singh et al.,
1974; Lewis, Singh, VanderLaan & Tutwiler, 1977; Lewis, Pence, Singh &
VanderLaan, 1975)*%%_ For instance, GH-D and GH-E have an eight-fold
greater bioactivity when compared with intact 22kDa hGH. The enhanced
bioactivities of these GH isoforms have been demonstrated in in vivo studies, using
the rat tibia line and pigeon crop sac bioassays. In vitro studies have demonstrated,
however, that all three cleaved GH forms bind to human GH receptors on cultured
human IM-9 lymphocytes with affinities similar to intact 22kDa hGH (Baumann,
Skyler & Chrambach, 1975)*. One possible reason for the enhanced bioactivity in

vivo may lie in the slower metabolic clearance of these isohormones (Baumann,
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1979)*. Examination of fresh pituitary extracts (Singh et al., 1974; Talamantes et
al., 1981)***2  as well as scrutiny of forms secreted in tissue culture (Talamantes et
al., 1981; Baumann et al., 1982)°>* and GH forms secreted in vivo (Baumann et
al., 1985a; Baumann et al., 1983a)?'* failed to reveal detectable quantities of
cleaved GH forms. These bioactive GH isoforms therefore probably result from
the action of contaminating proteases, such as plasmin (Ellis, Nuenke &

Grindeland, 1968)*, on GH during extraction and storage.

1.1.I1IB. Oligomeric GH

In the early 1970s, interest in the heterogeneity of polypeptide hormones was
stimulated following the discovery of proinsulin and the finding of "big" insulin in
plasma. Stolar et al. (Stolar, Amburn & Baumann, 1984a)*’ provided evidence for
the existence of an oligomeric series of GH molecules, with up to at least five
hGH monomeric forms linked primarily by non-covalent bonds, but also in part by
intermolecular disulphide bridges. Most of the work has however been performed
on dimeric GH ("big" GH).

In an early study (Bala, Ferguson & Beck, 1970)*, plasma samples from
normal and acromegalic patients were fractionated by gel filtration and then
concentrated by ultrafiltration. The amounts of protein, immunoreactive hGH (IR-
HGH), and the in vitro sulphation factor (SF) activity of the fractions were
determined. More than 50% of the total-IR-HGH in all plasmas was eluted in a
molecular size range greater than extracted pituitary hGH (ep-HGH), indicating
plasma IR-HGH activity in a molecular size larger than ep-HGH or in association

with other plasma proteins. In addition, significant IR-HGH activity was found in
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the areas corresponding to a molecular size smaller than ep-HGH. Acromegalic
patient plasma showed a relatively greater amount of IR-HGH in the ep-HGH
molecular size range compared with normal plasma, suggesting a greater relative
concentration of monomeric hGH in acromegalic patients. The authors therefore
suggested that in acromegalic patients, the IR-HGH molecules probably exhibit
less aggregation or less association with plasma proteins than in normal subjects.
Although the maximal total SF activity occurred in a molecular size range greater
than ep-HGH, the maximal SF potency of the eluted proteins occurred in the ep-
HGH molecular size area in the acromegalic patients. Therefore, it appeared that
acromegalic plasma contained a greater amount of a more potent SF activity-
stimulating substance than did normal plasma. The sulphation factor activity was
pituitary-dependent and generally reflected the plasma level of IR-HGH. It has
since been identified as insulin-like growth factor (IGF-1).

Frohman, Burek & Stachura (1972)* described the presence of two distinct
peaks of GH immunoreactivity in extracts from the pituitary gland of the rat, the
dog and man using the technique of gel filtration. Nearly all of the growth
hormone coincided with the position of ?I-rat GH used to calibrate the column
("small growth hormone"). Close inspection of the first few fractions following the
void volume revealed another peak of GH immunoreactivity in all 3 species
("large growth hormone"). The percentage of total GH in this location was 1.1%
in human pituitaries. The possibility that "large" GH represented an in vitro
artifact due to degradation of GH during tissue preparation was unlikely due to i)
the consistency of the proportion of "large" GH in fresh and frozen tissue, ii) the

lack of any effect on this proportion of alterations in tissue preparation prior to gel
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filtration and iii) the lack of interconversion between "large" and "small" GH
when each was individually refiltered. A short exposure to SM guanidine resulted
in the conversion of 80% of human "large" GH to "small" GH without the
appearance of any intermediate size peaks and with no significant change in total
GH immunoreactivity. These findings suggested that "large" GH represented either
a polymer of "small" GH or "small" GH attached to another molecule.

Goodman et al. (Goodman, Tanenbaum & Rabinowitz, 1972)% applied the
technique of gel filtration to plasma from acromegalic patients and, also, from
normal subjects who had been subjected to insulin-induced hypoglycaemia. They
reported that 92-100% of the hGH immunoreactivity resided in two discrete peaks.
In the acromegalic patients, the more rapidly migrating component ("big"
immunoreactive GH [IRGH]) constituted 14-28% of the total IRGH in the effluent
fractions, whereas in the normal subjects following insulin-induced hypoglycaemia,
"big" IRGH accounted for 25-28% of total IRGH. Over half of isolated "big"
IRGH was converted to "little" IRGH during storage for several weeks at -20°C.
These observations implied that "big" hGH was in fact a dimer of "little" hGH,
and could be converted to the monomer under conditions of storage. These
findings were confirmed in similar studies by Gorden et al. (Gorden, Hendricks &
Roth, 1973a)*!, who reported that "little" hGH has a molecular weight of 22,000,
this being similar to the major component of pituitary human growth hormone, and
that "big" hGH has a molecular weight of approximately 40,000 to 45,000. In
these studies, in normal subjects who underwent either insulin-induced
hypoglycaemia or administration of arginine in order to stimulate GH secretion,

"big" hGH comprised 24 to 37% of total circulating immunoreactive GH whilst in
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acromegalic patients, "big" GH comprised 8-14% of the basal hGH. In subsequent
studies, using a radioreceptor assay which is based upon the use of IM-9 human
lymphocytes, Gorden et al. (Gorden, Lesniak, Hendricks & Roth, 1973b)*
reported that the radioreceptor assay to radioimmunoassay ratio for "big" GH in
both pituitary extracts and plasma from normal subjects and acromegalics was
much lower than that for "little" GH. These findings suggested that, although
"big" GH is present in both plasma and the pituitary gland, its affinity for GH
receptors on IM-9 human lymphocytes is much reduced.

In a larger study, utilising gel filtration in acromegalic patients (Gorden,
Lesniak, Eastman, Hendricks & Roth, 1976)%, the relative proportion of the
elution profile comprising the "big" and pre-"big" (eluting before "big" GH)
immunoreactive GH was much less for acromegalic patients, when compared with
normal subjects. In contrast, the proportion of "little" GH was always greater in
the acromegalics, both in the basal state and following the administration of a
stimulus. These studies have therefore confirmed the earlier findings of Goodman
et al. (1972)*°, Gorden et al. (1973a)*, and Bala et al. (1970)*.

Wright et al. (Wright, Goodman & Trimble, 1974)* extracted "big" GH
(BGH) from saline extracts of human pituitary and from normal and acromegalic
human plasma and characterised this further. They studied the effect of 8M urea
on BGH since this material has the capacity to dissociate peptide subunits held
together by noncovalent bonds. When BGH from pituitary extracts was refiltered
in the presence of urea, approximately 60% ran as "little" GH (LGH). When the
portion of the BGH which was "urea-stable” was refiltered in 8M urea, all of it

ran again as BGH. These observations indicated that at least two fractions of BGH
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existed in the human pituitary: one form that dissociates in the presence of urea
and a second form which is stable in the presence of urea. Similar results were
observed in studies of BGH extracted from acromegalic plasma. The LGH derived
from urea treatment of BGH was found to be identical to the pituitary hGH
standard used in the study. In the same study, the effects of repeated freezing and
thawing of BGH were assessed. Freezing and thawing, like exposure to 8M urea,
can cause dissociation of peptide units linked by noncovalent bonds. Once again, it
became clear that the pituitary and plasma BGH consisted of two forms: one form
which dissociated during storage and freezing and thawing with consequent
liberation of LGH and a second form which did not dissociate under these
conditions. Further studies revealed that the freeze-stable BGH was identical to the
urea-stable fraction. These studies suggested that the fraction of BGH that is
convertible to LGH by urea or freezing consists of LGH bound to another subunit
by non-covalent bonds, and that the stable fraction of BGH consists of LGH bound
to another moiety by a covalent bond. By both Sephadex gel filtration and
centrifugation, the two forms of BGH had a molecular size about twice that of
LGH, providing further evidence to support the theory that BGH actually consists
of LGH dimers.

In a separate study (Benveniste, Stachura, Szabo & Frohman, 1975)%,
BGH derived from human pituitary extracts was treated with 2-mercaptoethanol
with and without urea. Mercaptoethanol is a chemical capable of dissociating
disulphide bonds. On exposure of BGH to this reducing agent, 60% of BGH was
eluted in the position of small GH with the remainder eluting as BGH. The latter

remained stable on subsequent re-exposure to either 2% mercaptoethanol or
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exposure to 8M urea alone. However, when pituitary-extracted BGH was exposed
to 1% mercaptoethanol together with 8M urea, immunoreactive GH was observed
only in the position of small GH. Hence, the findings of this study appear to be
consistent with those of Wright et al. (1974)*, suggesting that "big" GH is
heterogeneous and a fraction of it is dependent upon the formation of inter-
polypeptide chain disulphide bonds.

Soman and Goodman (1977)56‘ found that the amino acid composition of
both urea-labile and urea-stable "big" GH was essentially identical with that of
"little" GH, thereby supporting the hypothesis that these two forms of GH
represent dimeric forms of "little" GH. Radioreceptor assays utilising plasma
membrane receptors from livers and mammary glands of pregnant rabbits, from
livers of adult female Sprague-Dawley rats, and from human liver, revealed that
urea-stable "big" GH prepared from immunochemical grade pituitary hGH and
from saline extracts of two pituitaries was 56 - 68% as effective as little GH in
displacing radiolabelled (*’I) "little" GH in the three animal preparations, while in
human liver it was as effective as "little" GH.

Dimers of hGH are heterogeneous; Chapman et al. (1981)% reported the
existence of 20kDa homodimers and 20kDa/22kDa heterodimers whilst Brostedt
and Roos (1989)% reported the existence of four noncovalent dimers, consisting of
22kDa and 20kDa homodimers and two different 20kDa/22kDa heterodimers, the
latter having contrasting physicochemical characteristics. Additionally, they also
isolated three covalent dimers consisting of 22kDa hGH and a cleaved form of
24kDa hGH. Growth-promoting activity of dimeric GH has been estimated as 10-

20% of monomeric 22kDa (Li)*® whereas the lactogenic activity ranges from 34-
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250% depending on the type of dimer (Brostedt, Luthman, Wide, Werner & Roos,
1990)**. The dimeric forms composed of two 22kDa hGH molecules as well as
one of two (22kDa-24kDa) hGH forms behaved equivalently to 22kDa hGH in the
Nb2 cell bioassay on a molar basis. The mitogenic actions on the Nb2 cells
initiated by 20kDa hGH and the variant composed of two 20kDa hGH molecules
were only 10% and 30%, respectively, of that observed with 22kDa hGH. The
greatest bioactivity in the mitogenic Nb2 cell bioassay, about twice that of 22kDa
hGH, was exhibited by the least acidic of the (20kDa-22kDa) hGH dimers.

The existence of disulphide-linked dimers was reported by Singh et al.
(Singh, Seavey & Lewis, 1974)® and Benveniste et al. (1975)%. Lewis et al.
(Lewis, Peterson, Bonewald, Seavey & VanderLaan, 1977)%' characterized a
covalently linked disulphide dimer of hGH with a molecular weight of 45,000 Da.
Using in vivo rat weight gain assays and pigeon crop sac assays, they reported that
the growth-promoting activity of the disulphide dimer was greatly diminished
whilst the lactogenic activity was similar to that of hGH monomers. Disulphide-
linked dimers constitute approximately one third of all oligomers in the pituitary

and plasma (Stolar et al., 1984a)’.

1.1.1IV. Placental GH

The hGH-V gene, expressed in the placenta, gives rise to GH-V (placental
GH) (Frankenne, Rentier-Delrue, Scippo, Martial & Hennen, 1987; Cooke, Ray,
Emery & Liebhaber, 1988; Frankenne, Scippo, Van Beeumen, Igout & Hennen,
1990)%263%4_ Glycosylated forms of this variant are also present in the placenta

(Frankenne et al., 1990)*, as is a non-glycosylated alternative splice form called

38



GH-V2 (Cooke et al., 1988)%. The latter is believed to be cell membrane-bound
rather than secreted. A small amount of GH-V transcript has been found in
pituitary tumour tissue and may therefore be expressed in pathological conditions
such as acromegaly (Frankenne et al., 1987)%,

In rodents, hGH-V is biologically active as a growth-promoting hormone
(Selden, Wagner, Blethen, Yun, Rowe & Goodman, 1988; MacLeod, Worsley,
Ray, Friesen, Liebhaber & Cooke, 1991)%% and appears to be equipotent to
pituitary 22kDa hGH (GH-N) as a somatogen. In marked contrast, hGH-V is 10 to
30-fold less potent than GH-N as a lactogen in the Nb2 lymphoma cell assay
(Nickel, Kardami & Cattini, 1990; Ray, Okamura, Kelly, Cooke & Liebhaber,
1990; MacLeod et al., 1991)%7:%.%_ Additionally, hGH-V is equipotent to hGH-N
in interacting with high affinity human growth hormone-binding protein (hnGHBP),
which represents a truncated hepatic GH receptor (Baumann, Davila, Shaw, Ray,
Liebhaber & Cooke, 1991)®. There may be an association between enhanced GH-
like bioactivity and raised levels of IGF-1 in late pregnancy, when GH-V
concentrations are high, and GH-N is suppressed (Frankenne, Closset, Gomez,
Scippo, Smal & Hennen, 1988; Caufriez, Frankenne, Englert, Golstein, Cantraine,

Hennen & Copinschi, 1990)™"

1.1.V. Secreted GH forms
1.1.VA. In vitro

Study of human pituitary tumour explants in vitro indicated the release of
several forms of GH (Talamantes et al., 1981; Kohler, Bridson & Chrambach,

1971)**™, These included 85% 22kDa hGH, 5% 20kDa hGH, 5-10% acylated and
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deamidated hGH and 5% dimeric and oligomeric GH. No cleaved forms of GH

were secreted.

1.1.V.B. In vivo

The predominant GH form secreted in vivo is monomeric 22kDa hGH
(75%), with smaller amounts of 20kDa hGH (16%) and "acidic GH forms" (9%)
(Baumann et al., 1985a, 1983a)?!**, The latter refers to deamidated and the N-
acylated forms. Spontaneous secretion and pharmacological stimulation result in
the release of the same GH forms from the pituitary (Baumann et al., 1985a;
Stolar, Baumann, Vance & Thorner, 1984b; Baumann & Stolar, 1986a)?-">™,
There does not appear to be a difference in secreted forms between normal
subjects and acromegalics, men and women, or children and adults (Baumann et
al., 1983a; Baumann & Stolar, 1986a; Baumann et al., 1987a)**’*¢, The
proportions vary depending on the time elapsed between secretion and sampling,
owing to the different clearance rates of the various isoforms.

In addition to monomers of hGH, oligomers of the hormone are also
secreted in vivo. These forms have often been described as "big GH" (see above).
Because of its propensity to dimerize (Lewis et al., 1978; Chapman et al.,
1981)"*%, a higher proportion of 20kDa hGH is found in the dimeric fraction
(Stolar et al., 1984a)*’. Approximately two-thirds of these oligomers are
noncovalently associated, with a third being disulphide-linked (Stolar et al., 1984a,
1984b)*”-". These oligomeric forms are probably secreted as such from the
pituitary gland, rather than being formed after secretion in plasma or peripheral

tissues (Stolar & Baumann, 1986; Baumann, Vance, Shaw & Thomer, 1990a)”>7¢,
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These findings therefore suggest that the contents of secretory granules are
released into the circulation, regardless of the type of secretory stimulus (Baumann
& Stolar, 1986a)’*. GH-V is secreted into maternal, but not fetal, circulation
during pregnancy (Frankenne et al., 1988), and is therefore unlikely to be a

potent somatogen in the developing fetus.

1.1.VL. Circulating GH
The heterogeneity of GH in the circulation is the result of the following

(Baumann, 1991)%:

a) Pituitary (or placental) secretion products (see above)

b) Metabolic clearance of individual GH variants

The different GH molecular forms are cleared at different rates, and this
will therefore affect their relative proportions in plasma as a function of time. For
instance, dimers and higher oligomers of GH are cleared more slowly than
monomers and may therefore accumulate (Hendricks, Eastman, Takeda, Asakawa
& Gorden, 1985; Baumann, Stolar & Buchanan, 1986b)”"7%, The 20kDa form of
hGH is cleared more slowly than 22kDa hGH, with the metabolic clearance rate
(MCR) for 20kDa hGH being approximately one-third that of 22kDa hGH in the
rat (Baumann, Stolar & Buchanan, 1985b)™. This slower clearance may be due to
dimerization of 20kDa hGH with a reduced glomerular filtration and may account
for the observation that oligomers and 20kDa hGH are present in higher

proportions in the circulation (15-50%) than in pituitary extracts (5-15%) or in
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culture media (3-8%) (Goodman et al., 1972; Gorden et al., 1973a; Wright et al.,
1974; Dimond, Wartofsky & Rosen, 1974; Benveniste et al., 1975; Guyda, 1975;
Lewis et al., 1977; Skyler, Rogol, Lovenberg & Knazeki, 1977; Talamantes et al.,
1981; Baumann and McCart, 1982; Stolar et al., 1984b; Hendricks et al., 1985;

Baumann et al., 1986b)50’51’54’80'55’81’61'82'32’33'73’77’78.

¢) Binding to circulating growth hormone-binding proteins
The interaction of hGH with its two binding proteins will be detailed in section

1.2.3.

d) Recirculating fragments derived from degradation in tissues.

Degradation of GH in peripheral tissues leads to the generation of
fragments which can then recirculate (Baumann & Hodgen, 1976). These
fragments probably account for the immunoactive GHs with molecular weights of
12 and 16kDa which have been described (Baumann et al., 1985a)?!. These

fragments are detectable mainly during periods when plasma levels of GH are low.

e) Spurious (non-GH-related) immunoreactivity

Certain molecules unrelated to hGH in plasma may masquerade as GH and
interfere with assays. For instance, Campino et al. (Campino, Szecowka,
Michelsen & Seron-Ferre, 1990)* suggested that certain components of
immunoreactive GH in the circulation of acromegalic patients resistant to treatment
with surgery and radiotherapy may in fact be immunoglobulins. Not only were

these immunoglobulins immunoreactive; they also bound to rat adipocyte
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membranes.

In summary, the proportion of the various components which form
circulating GH changes with time as a result of association and dissociation with

binding proteins, differential clearance kinetics and fragment generation.

1.1.VIL Urinary GH

A discussion of urinary GH is not strictly relevant to this thesis.
Nevertheless, although only a small amount of GH is detected in the urine, the GH
forms found in urine reflect monomeric plasma GH, with very similar proportions
of 22kDa, 20kDa and acidic GH forms (Baumann & Stolar, 1986a; Baumann &
Abramson, 1983b)’*#. Larger forms of hGH were not detected in urine; neither

were cleaved forms of hGH.
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1.2. THE CONTROL OF HUMAN GROWTH HORMONE SECRETION

The neuroendocrine regulation of human growth hormone (hGH) secretion
involves the interaction of two hypothalamic hormones; namely a stimulatory
peptide called growth hormone-releasing hormone (GHRH) and an inhibitory
peptide called somatostatin. Somatostatin was the first to be characterized and
sequenced (Brazeau, Vale, Burgus, Ling, Butcher, Rivier, Guillemin, 1973)%,
following isolation of the peptide from ovine hypothalamic extracts. Although the
existence of a stimulatory hypothalamic factor was proposed as early on as 1960
(Reichlin, 1960)%, it was only in 1982 that GHRH was isolated, characterized and
sequenced from pancreatic islet cell tumours (Guillemin, Brazeau, Bohlen, Esch,
Ling & Wehrenberg, 1982; Rivier, Spiess, Thorner & Vale, 1982)*7%,

The GHRH receptor has recently been cloned and sequenced (Mayo, 1992;
Gaylinn, Harrison, Zysk, Lyons, Lynch & Thorner, 1993)%-%, It is a 423-amino
acid protein that has seven putative transmembrane proteins characteristic of G-
protein-coupled receptors. It utilises CAMP as a second messenger. GHRH-
receptor mRNA is most abundant in pituitary extracts. Binding of GHRH to its
receptor results in intracellular cAMP accumulation. This leads to an increase in
pituitary GH gene expression, induction of the expression of the proto-oncogene c-
Jos and stimulation of the proliferation of pituitary somatotrophic cells (Barinaga,
Yamonoto, Rivier, Vale, Evans & Rosenfeld, 1983; Gick, Zeytin, Brazeau, Ling,
Esch & Bancroft, 1984; Billestrup, Mitchell, Vale & Verma, 1987; Billestrup,
Swanson & Vale, 1986)°1°29%_ Release of GH is also stimulated by GHRH

(Frohman & Jansson, 1986)%.
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Somatostatin appears to have inhibitory effects on GH release and any
effects that it may have on transcription of the GH gene may be indirect, via
GHRH inhibition (Sugihara, Minami, Okada, Kamegai, Hasegawa, &
Wakabayashi, 1993)®. In male rodents and in man, it would appear that GH
release takes place by a carefully regulated interaction between GHRH and
somatostatin so that somatostatin sets the timing of the occurrence of the GH pulse
whereas GHRH determines the magnitude of the pulse (Clark & Robinson, 1988;
Hindmarsh, Brain, Robinson, Matthews & Brook, 1991)°”%. This pattern of
GHRH and somatostatin secretion results in the typical pulsatile secretion of GH
observed in childhood. The integrity of this pulsatile pattern appears to be vital for

linear growth.
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1.3. THE INTERACTION OF HUMAN GROWTH HORMONE WITH ITS
RECEPTORS

Human GH induces several contrasting biological effects, ranging from
stimulation of linear growth to macrophage activation (Table 1). These effects
occur as a result of the interaction of the hormone with specific cellular receptors.

The human growth hormone receptor is one of a large group of single
membrane-spanning receptors for which no clear mechanism of action has been
defined. This group of receptors includes those for prolactin, erythropoietin,
granulocyte-macrophage colony-stimulating factors (GM-CSF and G-CSF) and
cytokines. The mechanism of signal transduction for these hormones remains
largely unknown (Kelly, Ali, Rozakis, Goujon, Nagano, Pellegrini, Gould, Djiane,

Edery, Finidori & Postel-Vinay, 1993)%.

1.3.1. Detailed structure of hGH

The first crystal structure reported for a member of the haematopoietic
family of hormones was that of porcine GH (pGH) in 1987 (Abdel-Meguid, Shieh,
Smith, Dayringer; Violand & Bentle, 1987)'®. The molecule consists of four
helices 21-30 residues long which are arranged in a left-handed bundle. The first
two helices are parallel to each other and anti-parallel to the last two helices. Long
cross-over connections link the two sets of parallel helices, and a short segment
connects helix 2 to helix 3. There is a distinctive bend in helix 3 at P (Proline) 86.
Disulphide bonds link C (Cysteine) 53 in the first cross-over connection to C164

in helix 4, and C181 in helix 4 to C189 near the C terminus. The structure of the
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complex between human GH (hGH) and the extracellular domain of its receptor
demonstrated that bound hGH has virtually the same structural fold as pGH (de
Vos, Ultsch & Kossiakoff, 1992)'!. However, the local structures of the
connecting loops differ significantly. For example, two short helical segments
(residues K (Lysine) 38-N (Asparagine) 47 and R (Arginine) 64-K70 respectively)
in the first long crossover connection were not found in pGH. Secondly, residues
R94-S (Serine) 100 in the short linker between helix 2 and 3 also have a helical
conformation, in contrast to the omega-loop conformation described for pGH. The
core of hGH is almost exclusively made up of hydrophobic side chains. The NH,-
and COOH-terminal helices (helices 1 and 4) are longer than the other two helices.

Helix 2 is kinked at Pro®.

1.3.11. Distribution of GH receptors

Originally, it was believed that binding sites for GH were restricted to the
liver. With improved detection techniques, and with analysis of mRNA transcripts,
GH receptors have been identified in many different tissues. These include liver,
adipose tissue, lymphocytes and thymocytes, intestine, heart, kidney, lung,
pancreas, brain, cartilage, skeletal muscle, corpus luteum, testis and the placenta
(Kelly et al., 1993)®. The presence of a mRNA transcript does not always
correlate with the presence of binding sites. This may be due to low concentrations
of GH receptors in these tissues.

Human and other primate GHs, in addition to their conventional growth-
related activities, are lactogenic (Forsyth, Folley & Chadwick, 1965)'® and thus

bind to both prolactin and GH receptors. Prolactin, or lactogenic, receptors are
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distributed widely, and may be demonstrated in the mammary gland, ovary,
corpus luteum, testis, liver, pancreas, intestine, adrenal, kidney, lymphocytes,
brain and eye (Kelly et al., 1993)®. Prolactin receptors are up-regulated by both
PRL (prolactin) and GH (Posner, Kelly & Friesen, 1975; Baxter, Zaltsman &
Turtle, 1984)'%!%, Posner et al. (1975)!® demonstrated an induction of hepatic
lactogenic receptors in hypophysectomized rats by a renal pituitary implant and
concluded that hPRL secreted by the implant mediated the receptor induction.
These findings were questioned by Baxter et al. (1984)'* who demonstrated
induction of both somatogenic and lactogenic receptors in intact female rats by rat
GH, but not by rat prolactin. They suggested that the findings of Posner et al.
could be explained by the secretion of GH by the pituitary implant.

The significance of the interaction of hGH with lactogenic receptors
remains unknown since most of the growth-promoting effects of hGH are mediated
via somatogenic GH receptors. Nevertheless, in Laron-type dwarfism, a condition
characterized by severe resistance to GH action due to an absent or non-functional
GH receptor, GH-induced insulin resistance was mediated via lactogenic receptors
(Geffner, Bersch & Golde, 1993)'®. Human T-cell leukaemia-virus immortalized
T-lymphoblast cell lines from Laron dwarfs and normal individuals were
challenged with GH. Whereas the insulin resistance was reduced by antibody to
the GH receptor in normal individuals, in Laron dwarfs insulin resistance was not
abrogated by this antibody, but insulin sensitivity was restored by an antibody to

the prolactin receptor.
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1.3.II1. The general structure of the GH receptor

The receptors for the haematopoietins belong to the same superfamily. All
are single-pass transmembrane receptors, with a three-domain architecture: an
extracellular ligand-binding domain, a short transmembrane segment and an
intracytoplasmic domain. The extracellular domains of these receptors have low
but significant homology within their ligand-binding region of about 200 amino
acids. The intracellular domains of these receptors have little apparent sequence
similarity to each other or to other known proteins (Wells & deVos, 1993)!%,

The structure of the GH receptor in man and rabbits was first described by
Leung et al. (Leung, Spencer, Cachianes, Hammonds, Collins, Henzel, Barnard,
Waters & Wood, 1987)'”. The primary structure of the receptor consists of a 620-
amino acid (aa) protein, consisting of a 246 aa extracellular hormone-binding
domain, a single transmembrane region of 24 residues, and a cytoplasmic domain
of 350 residues. The extracellular domain contains seven cysteine residues with
five potential N-linked glycosylation sites.

The purified GH receptor from rabbit liver was characterized by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and a single protein with a
molecular weight (M,) of 130,000 was identified. The M, of the deglycosylated
receptor is 95,000, which is considerably greater than the M, of 70,000 calculated
from the amino acid sequence. A cDNA (complementary DNA) encoding the
human GH receptor was cloned using the rabbit cDNA as a probe. The degree of
amino acid sequence identity between the rabbit and human receptors was 84 %.
Ubiquitin is covalently linked to the receptor and accounts for a molecular weight

component of 10,000 (Leung et al., 1987)'7.
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The GH receptor is not related to the known tyrosine-kinase growth factor
receptors (Yarden, Escobedo, Kuang, Yang-Feng, Daniel, Tremble, Chen, Ando,
Harkins, Francke, Fried, Ullrich & Williams, 1986)'® and contains no internally
repeated domains or particularly cysteine-rich regions in the extracellular domain.
The seven extracellular cysteines are at the same position in the human and rabbit
sequences. Of the nine intracellular cysteines in the human receptor and eight in
the rabbit receptor, seven are at the same positions (Leung et al., 1987)'”.

Several studies have suggested the existence of multiple forms of the GH
receptor (for commentary see Beattie & Flint, 1993)'®. These include binding
studies with rabbit liver membranes which show varying potencies of different
forms of GH eg rat GH, human 20kDa and 22kDa GH (Hughes & Friesen,
1985)'"°. Hughes, Tokuhiro, Simpson & Friesen (1983)'"! suggested that rabbit
liver contains two types of GH receptor: a low capacity GH receptor (GHR-1)
which binds rat GH (rGH), 22kDa hGH and 20kDa hGH with comparable
affinities, and a second GH receptor (GHR-2), which constitutes the bulk of the
receptors for 22kDa hGH and binds 22kDa hGH with high affinity but rabbit GH,
rat GH and 20kDa hGH with low affinity. Recently, Urbanek et al. (Urbanek,
MacLeod, Cooke &'Liebhaber, 1992)"1? described isoforms of mRNA for growth
hormone receptors which were tissue-specific. Exons 2 to 7 of the human GH
receptor (hGHR) gene have been shown to encode the extracellular domain of the
protein. Urbanek et al. (1992) characterized a mRNA for a receptor isoform with
a deletion of exon 3 (hGHRd3) which arose by alternative splicing of the hGHR
gene. This hGHRJ3 is the single isoform expressed in the placental villi. Both

isoforms of the receptor have been located in the liver (Sobrier, Duquesnoy.
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Duriez, Amselem & Goossens, 1993)!%, and when transfected into COS-7 cells,
were found to bind hGH with a high affinity. Prolactin did not bind to either
isoform. Receptor microdiversity may in future be shown to complement the
diversity of structure of the growth hormone/prolactin family of hormones (Kelly,
Djiane, Postel-Vinay & Edery, 1991)'"* in terms of patterns of specific tissue
responses and may mediate the different biological activities of a hormone such as

GH (Hughes & Friesen, 1985)'°,

1.3.IV. The structure and function of the extracellular domain of the hGH
receptor (hGHBP)

The extracellular domain of the hGH receptor is found in serum where it is
termed the high-affinity human growth hormone-binding protein (\GHBP). This
was independently characterized in 1986 by two groups (Baumann, Stolar,
Amburn, Barsano & DeVries, 1986c; Herington, Ymer & Stevenson, 1986a)!'>!1¢,
The protein was specific for hGH and did not bind to hPRL, human placental
lactogen (hPL) and rat GH as determined by binding studies (Baumann et al.,
1986¢)'">.

Several investigators had previously suggested the binding of GH to plasma
proteins (Touber & Maingay, 1963; Hadden & Prout, 1964)"":!"® However, this
was considered to be an artefact and prevailing dogma held that polypeptide
hormones circulated in the free form. The heterogeneity of human growth
hormone in serum was for years felt to be due to aggregates of hGH (see section

1.1.1IIB). It had also been noted that there was a higher proportion of big GH
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forms in plasma than in the pituitary (Frohman et al., 1972; Goodman et al.,
1972)*°, This was initially attributed to the slower clearance of GH oligomers

| (Hendricks et al., 1985; Baumann et al., 1986b)”"""® but could also be attributed to
the presence of hGH-hGHBP complexes in the "big" and "big-big" fractions of
plasma. Additionally, the delay in recognition of the BPs may have been due to
the reversible nature of GH binding. Dissociation of GH from the complex readily
occurs during gel filtration (Baumann et al, 1986¢)'", with only a fraction of the
original complex emerging in the eluate. The dissociation is time, temperature and
dilution-dependent.

High affinity hGHBP is a glycoprotein with a molecular weight of 61kDa
which binds 22kDa hGH with a high affinity (K,=3-9 X 10®* M) and a limited
binding capacity (20ng/ml) (Baumann et al., 1986¢c; Herington et al., 1986a;
Herington, Ymer & Stevenson, 1986b; Baumann, 1990b)!!%116.11%.120_1n contrast, it
has been reported to bind 20kDa hGH only weakly (Baumann et al., 1986c,
Baumann & Shaw, 1990c)!’'?! | and such binding as did occur has been attributed
to contamination with 22kDa hGH (Baumann & Shaw, 1990c; McCarter, Shaw,
Winer & Baumann, 1990)'2'22, T now have reason to dispute this, as is
demonstrated in Chapter 3. The affinity for GH-V is similar to that for 22kDa
hGH (Baumann et al., 1991)%.

The binding protein is structurally and functionally related to the
extracellular domain of the somatogenic GH receptor present in the human liver,
whence it probably originates (Leung et al., 1987; Baumann & Shaw, 1988a;
Spencer, Hammonds, Henzel, Rodriguez, Waters & Wood, 1988; Barnard, Quirk

& Waters, 1989)17712124125  Barnard & Waters (1986)'% used a panel of
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monoclonal antibodies (MAbs) to demonstrate antigenic identity between the rabbit
liver membrane growth hormone receptor and the rabbit serum GHBP. This work
was confirmed when the rabbit liver GH receptor was cloned and sequenced and
its amino-terminal 37 residues shown to be identical to the amino-terminus of the
GHBP purified from rabbit serum (Leung et al., 1987; Spencer et al., 1988)!714,
Baumann & Shaw (1988a)'? showed cross-reactivity between the hormone-binding
region of the rabbit GH receptor and the human serum GHBP using an inhibitory
polyclonal anti-serum and one inhibitory MAb. Barnard et al. (1989)'*
demonstrated multiple cross-reactive epitopes on the human serum GHBP and the
rabbit liver GH receptor. In view of the 84% homology between human and rabbit
GH receptors (Leung et al., 1987)'” it would follow that the human serum GHBP
may derive from a human GH receptor. Derivation of the circulating GHBP by
proteolysis of the liver GH receptor would be consistent with the observed rapid
turnover of the GH receptor (Baxter, 1985)'”. Additionally, cultured human IM-9
lymphocytes can be induced to shed GHBP from their GH receptors in vitro by
exposure to sulfhydryl-inactivating reagents such as iodoacetamide and N-
ethylmaleimide, presumably iqvolving an unknown protease (Trivedi &
Daughaday, 1988)'%. On the other hand, in the mouse and the rat, GHBP is
transcribed from an alternatively spliced GH mRNA (Smith, Kuniyoshi &
Talamantes, 1989)'%. Clones from two receptor mRNA species have been isolated
from mouse liver. The larger of these is approximately 3.9kb and corresponds to
the full-length GH receptor clones, whereas the smaller mRNA is 1.2kb and has
the identical sequence for the 5’ region, but diverges just before the

transmembrane domain. The divergent sequence continues for 27 hydrophilic
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amino acids and this should therefore produce a soluble secreted GHBP. This
1.2kb mRNA has not been isolated in rabbit liver or man.

A recombinant, non-glycosylated form of hGHBP was characterized by
Fuh et al. (Fuh, Mulkerrin, Bass, McFarland, Brochier, Bourell, Light & Wells,
1990)'*. The molecular weight of this protein (amino acids 1-238) which was
expressed in Escherichia coli was 28kDa. This reduction in molecular weight,
compared with the naturally-occurring protein, was probably due to the absence of
carbohydrate. The molecule contains 7 cysteines, of which six form three
disulphide bonds. The binding characteristics of this recombinant protein are
similar to those of the naturally-occurring protein. For instance, the binding
affinities of both the recombinant and the naturally-occurring hGHBP for wild-type
and mutants of hGH are nearly identical. Additionally, the affinity of hGH for the
naturally-occurring hGHBP, consisting of amino acids 1-246, was identical to that
for the recombinant hGHBP, consisting of amino acids 1-238. These findings
suggested that the recombinant protein is properly folded and that the glycosyl
moieties on the serum GHBP and residues 239-246 are not important binding
determinants. This implies that sites of glycosylation are not principally involved
in the hormone binding epitope.

The high affinity hGHBP complexes approximately 40-45% of circulating
22kDa hGH under basal conditions (Baumann et al., 1986¢; Baumann, Amburn &
Shaw, 1988b; Baumann et al., 1990a)!'>117, At GH concentrations above 10-15
ng/ml, the bound GH fraction progressively declines due to partial saturation of
the GHBP (Baumann et al., 1988b)"*!. This may, in part, explain why patients

with acromegaly have lower proportions of "big" GH (ie bound GH) in their
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plasma than normal individuals (Gorden et al., 1976)®. In the rat, the metabolic
clearance of bound GH is 10-fold lower than that of free GH; its volume of
distribution is twice the intravascular space as opposed to the entire extracellular
space for free GH (Baumann, Amburn & Buchanan, 1987b; Baumann, Shaw &
Buchanan, 1989a)"*?1*, Degradation of complexed GH is also 10-fold lower than
free GH, primarily because the complex is too large to be filtered at the
glomerulus (Baumann et al., 1989a)'**. Bound GH can therefore act as a
circulating reservoir and buffer for the hormone.

The biological effects of hGHBP have been the subject of much debate.
The high affinity hGHBP inhibits the in vitro binding of hGH to a variety of
receptors (Mannor, Winer, Shaw & Baumann, 1991)*. GH binding was inhibited
in a dose-dependent manner in four receptor systems. These included rabbit,
female rat and human liver receptors as well as rat adipocytes. Of these, human
liver and rat adipocytes were the most sensitive to this effect. The binding protein
probably sequesters GH and renders it unavailable for interaction with the
receptors. Mannor et al. (1991)™* reported that physiological concentrations of the
hGHBP substantially inhibited receptor binding of physiological GH
concentrations. Whole human plasma also inhibited GH binding in a dose-
dependent manner. However, plasma which lacked the high affinity hGHBP either
endogenously (Laron dwarfs) or by selective depletion showed no inhibitory
activity on GH binding to either human or rabbit liver receptors, suggesting that
the high affinity hGHBP was the plasma constituent responsible for inhibition of
receptor binding. Additionally, when the effects of various animal sera with known

differences in high affinity BP levels were tested, sera with the highest GHBP
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levels (pig and rabbit) were the most potent inhibitors, followed by human, ovine
and bovine serum, in order of decreasing content of high affinity hGHBP. In
addition to these receptor studies, it was stated that high affinity hGHBP also
partially inhibited GH-stimulated IGF-1 (insulin-like growth factor-1) production in
human fibroblasts, although detailed results were not shown (Mannor et al.,
1991)™,

Until recently, only one study has described in detail the in vitro effects of
high affinity hGHBP on hGH bioactivity. Lim et al. (Lim, Spencer, McKay &
Waters, 1990)*° used 3T3-F442A preadipocytes which express somatogenic GH
receptors. They found that, using these cells, recombinant hGHBP partially
inhibited the bioactivity of hGH in vitro. Additionally, in a homologous receptor
assay, hGHBP inhibited binding of hGH to GH receptors expressed in IM-9
lymphocytes. In a later study, Amit et al. (Amit, Barkey, Youdim & Hochberg,
1992)"* analyzed the effects of sera with low GHBP levels (obtained from
prepubertal children, girls with anorexia nervosa, and patients with hepatic
cirrhosis), normal control sera from adults and sera with high GHBP levels
(obtained from obese patients) on hGH binding to a rabbit liver membrane
preparation known to be rich in GH receptors. The end-point of the study entailed
the measurement of the ability of GHBP to reduce the inhibitory capacity
(expressed as the ICsp) of hGH on ['*IThGH binding to GH receptors. The
concentration of GHBP in serum was positively correlated with the ICs, of hGH
incubated with different sera on ['*I]hGH binding to its receptors. High serum
hGHBP levels (eg. as observed in obesity) reduced the ability of hGH to inhibit

the binding of radiolabelled hGH to its receptors, compared with normal controls

56



and sera containing low levels of hGHBP (eg. as observed in prepubertal children,
anorexia nervosa and hepatic cirrhosis). These findings therefore support the
findings of Mannor et al. (1991)'* and those of Lim et al. (1990)!* in that they
suggest that GHBP modulates the binding of GH to its receptors, possibly by
reducing bioavailable GH.

In marked contrast, in vivo studies in the rat showed that recombinant
hGHBP (thGHBP) led to a dose-dependent enhancement of body weight gain,
organ weight, bone growth and IGF-1 responses to hGH in two rat models of GH
deficiency (Clark, Cunningham, Moore, Mulkerrin, Carlsson, Spencer, Wood &
Cronin, 1991)"*’. Hypophysectomized rats were randomized and given injections
of hGH, rhGHBP, hGH + rhGHBP or an excipient. hGH induced a dose-
dependent increase in weight gain and bone growth whilst injections of rhGHBP
alone had no effect. Co-administration of thGHBP with hGH resulted in a greater
weight gain and bone growth than the same dose of hGH alone and, additionally,
induced greater weight gain than three times the dose of hGH. Both liver weight
and serum IGF-1 levels were greatly increased when hGH was given with
rhGHBP compared with hGH alone. thGHBP also enhanced the bioactivity of co-
administered hGH in the GH deficient dwarf rat. The in vivo enhancement of GH
bioactivity by hGHBP may be related to the reduced clearance and degradation of
bound hGH (Baumann et al., 1987b, 1989a)"32133,

Plasma levels of high affinity GHBP are highly variable among individuals,
but there is no sex difference (Baumann, Shaw & Amburn, 1989b; Daughaday,
Trivedi & Andrews, 1987a; Tar, Hocquette, Souberbielle, Clot, Brauner & Postel-

Vinay, 1990)!%%13%140 1 evels in the fetus and neonate were low, and rose during
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the first six years of life to a mean value which more than doubled that of
neonates. Thereafter, values rose progressively throughout childhood and puberty
to reach maximum values in young adults (Baumann et al., 1989b; Daughaday et
al., 1987a; Tar et al., 1990; Silbergeld, Lazar, Erster, Keret, Tepper & Laron,
1989; Merimee, Baumann & Daughaday, 1990)!313%.140.14.142  Gerym GHBP levels
correlated well with height standard deviation score (SDS) and weight SDS for
both sexes before puberty whilst during puberty, a correlation was only observed
with weight SDS in males. In all age groups studied, no correlation was observed
between serum GHBP and height velocity (Silbergeld et al., 1989)!*!. Although
levels of high affinity GHBP in plasma can vary between individuals, no circadian
variation was observed (Snow, Shaw, Winer & Baumann, 1990)!**. GHBP levels
may be reduced in a range of pathological conditions such as, for example, Laron
dwarfism, liver cirrhosis, uraemia, and insulin-dependent diabetes mellitus
(Daughaday & Trivedi, 1987b; Baumann, Shaw & Winter, 1987c; Baumann et al.,
1989b; Baumann, Shaw & Amburn, 1988c; Amit, Barkey, Youdim, Hochberg,
1990; Mercado, Molitch & Baumann, 1991)!44.145.138.146,147.148 1 5\ Jevels of GHBP
have also been described in pygmies (Merimee et al., 1990; Baumann, Shaw &
Merimee, 1989¢)*>_ In these subjects, no age-related increase was observed in
GHBP concentrations. Their short stature was therefore thought to be secondary to
a failure of GH receptors to increase in a normal manner.

Levels of high affinity hGHBP in acromegaly and GH deficiency appear to
be normal, and this suggests that regulation of GHBP is independent of hGH
(Baumann et al., 1986¢; Baumann, 1990b; Baumann et al., 1989b; Baumann et

al., 1988c)!1%120:138.146  pogtel-Vinay et al. (Postel-Vinay, Tar, Hocquette, Clot,
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Fontoura, Brauner & Rappaport, 1991)'* have, on the other hand, suggested that
in a group of prepubertal growth hormone-deficient children, GH treatment led to
an increase in high affinity hGHBP levels. Additionally, in a group of children
with pubertal delay, GHBP levels decreased significantly following testosterone
treatment whereas in a group of four boys with precocious puberty, treatment with
luteinising hormone releasing hormone (LHRH) led to a decrease in the level of
testosterone with an increase in the level of GHBP. The authors therefore
concluded that the level of testosterone was negatively correlated with GHBP.
Amit et al. (Amit, Hertz, Ish-Shalom, Lotan, Luboshitzki, Youdim & Hochberg,
1991)"*! have demonstrated reduced levels of GHBP in hypothyroid adults and
children compared with their respective controls. Levels were higher in
hyperthyroid patients who had high free T4 levels (>40pmol/L). Hence thyroxine
may play an important role in the regulation of GH receptors and GHBP levels.
Several methods exist for the measurement of hGHBP. Several groups have
used a standard method whereby serum or plasma is incubated with radiolabelled
GH, followed by separation of bound from free GH using gel filtration (Tar et al.,
1990; Merimee et al., 1990)1*12 Amit et al. (1990)'*” modified this technique by
using dextran-coated charcoal to separate bound and free GH. This minimized the
degree of dissociation of the GHBP complex which occurred during the time
involved in the gel chromatography procedure, which had previously led to
underestimation of GHBP levels. However, these methods are cumbersome, and
the results are difficult to interpret because of the possible interference by
endogenous GH in the sample. Additionally, the proportions of free and

complexed GHBP cannot be determined with precision. In order to overcome these
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difficulties, Carlsson et al. (Carlsson, Rowland, Clark, Gesundheit & Wong,
1991)"? described a ligand-mediated immunofunctional assay for measurement of
both total and complexed GHBP which does not require prior removal of
endogenous GH or physicochemical methods to separate free GH from the
GH/GHBP complex. This highly sensitive assay (31-2000pM/L) is based upon the
capture of GHBP on a microtitre plate by an anti-GHBP monoclonal antibody
which recognizes both free GHBP and hGH-bound GHBP. Recombinant hGH is
added to saturate all binding sites, and an anti-GH antibody conjugated with
horseradish peroxidase is used to detect the amount of GH (endogenous and
exogenous) bound to the GHBP. The same procedure, but without incubation with
hGH, allows measurement of the endogenous GH/GHBP complex.

Detailed analysis of the high-affinity hGHBP has shown that it consists of
two domains (residues 1 to 123 and 128 to 238 respectively) linked by a single
four-residue segment of polypeptide chain. Each domain contains seven § strands

that form a sandwich of two antiparallel 8 sheets (De Vos et al, 1992)'.

1.3.V. The interaction of hGH with the extracellular domain of the

somatogenic GH receptor.

1.3.VA. Scanning mutational analysis of hGH

Homologue scanning mutagenesis was performed to identify the epitopes on
hGH for binding to its cloned liver receptor and eight different anti-hGH
monoclonal antibodies (Mab’s) (Cunningham, Jhurani, Ng & Wells, 1989a)'%3,

This process entails the substitution of segments from functionally divergent but
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structurally similar molecules into the structure of hGH without disrupting the
overall fold of the variant. The segments are taken from homologous hormones
such as hPRL and placental lactogen (PL) which do not bind tightly to the hGH
receptor (> 1000-fold lower affinity). Competitive binding of '*I-labelled hGH to
the extracellular portion of the cloned liver hGH receptor was used to quantify the
relative affinities of the purified segment substituted growth hormones for the
extracellular domain of the liver receptor. An enzyme-linked immunosorbent assay
(ELISA) was used to assess the binding of the eight different monoclonal
antibodies to the hGH variants. The monoclonal antibodies were directed against
epitopes which covered most of the hGH molecule. By analysing those chimeras
that were most disruptive to binding, areas of the molecule which were important
in modulating binding affinity were mapped out. These studies identified residues
in the N-terminal portion of helix 1, an extended loop region between residues 54-
74 and the C-terminal portion of helix 4 as being important for binding to the
hGHBP. The collection of disruptive variants formed a patch on the model of hGH
despite being distantly separated in primary sequence. The complementary higher
resolution technique of alanine-scanning mutagenesis confirmed that the middle
and COOH-terminal segments of the hGH molecule were more important in
binding than the NH,-terminal segment (Cunningham & Wells, 1989b)'**.
Additionally, for one mutant (substitution of Glu'™ by Ala), the binding affinity of
the GH mutant for the hGH receptor actually increased 4.5-fold, suggesting that
this side-chain in hGH naturally inhibits binding to the hGH receptor.

Human prolactin (hPRL) shares only 23% sequence identity with hGH and

has an affinity for the hGHBP which is more than 10°-fold lower than that of
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hGH. The molecule contains different side chains at 17 positions in hGH where
alanine substitutions caused a two-fold or greater change in binding affinity.
Cunningham et al. (Cunningham, Henner & Wells, 1990a)'** used the process of
site-directed mutagenesis and binding analysis and constructed a mutant of hPRL
containing only eight substitutions which bound to the hGHBP with only a six-fold
lower affinity than 22kDa hGH.

Similarly, Lowman et al. (Lowman, Cunningham & Wells, 1991)'%
engineered human placental lactogen (hPL) by a similar process to bind tightly to
the hGHBP. hPL normally shares 85% sequence identity with hGH and binds
2300-fold more weakly to the hGHBP. Following incorporation of five
substitutions derived from alanine-scanning data on hGH, an hPL variant was
constructed with a binding affinity which was only 1.6-fold weaker than hGH. The
five substitutions included substituting Glu'™* with alanine and this had the effect of
reducing the affinity of the mutant for the extracellular domain of the prolactin
receptor (hPRLBP) by > 1000-fold.

These studies suggest that the structural scaffolds for these three
homologous hormones were very similar and that residues identified by alanine
scanning are indeed functiénally important (Wells, Cunningham, Fuh, Lowman,

Bass, Mulkerrin, Ultsch & DeVos, 1993)',

1.3.VB. Alanine scanning of hGHBP
Nine charged residues on the hGHBP molecule, when mutated to alanine,
caused two- to eight-fold reductions in the binding affinity of the molecule for

hGH. All of these important charged residues, with one exception, were in the
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first half of the molecule, the disulphide-rich domain (Bass, Mulkerrin & Wells,
1991)"*8. When the set of disruptive alanine mutants in the first half of the
molecule were mapped on the model of the extracellular domain of the
haematopoietic receptors predicted by Bazan (1990)'%, they formed a patch in the

loop regions predicted for the hGHBP.

1.3.VC. Binding of one hGH molecule to two molecules of hGHBP

Crystals of hGH complexed with the recombinant hGHBP were dissociated
and analysed by high pressure liquid chromatography (HPLC). The ratio of hGH
to hGHBP was found to be 1:2 (Ultsch, de Vos & Kossiakoff, 1991; Cunningham,
Ultsch, de Vos, Mulkerrin, Clauser & Wells, 1991a; Figure 2)'%5!, Gel filtration
analysis of mixtures of hGH and hGHBP showed that the complex had a molecular
weight of approximately 75kDa, consistent with the formation of a hGH.(hGHBP),
complex (Cunningham et al., 1991a)'®!. Additionally, at a 1:2 ratio of hGH to
hGHBP, a single 75-kDa complex peak was observed whereas at different ratios
smaller peaks were observed and these corresponded to free components. The
hGHBP did not self-associate at the highest concentrations studied. Competitive
displacement of '»I-labelled hGH by hGH or its analogs from the hGHBP,
followed by precipitation with the anti-receptor antibody Mab5 (Barnard,
Bundesen, Rylatt & Waters, 1984)'%? has been used extensively to investigate the
binding of hGH to GH receptors (Spencer et al., 1988, Cunningham et al.,
1989a)'**13, The stoichiometry of binding predicted from these studies suggested
that a single hGH molecule binds to a single hGHBP molecule. However, when

two other Mabs to hGHBP were used (3B9 and 3D9), the stoichiometry of binding
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of hGH to hGHBP was 1:2 (Cunningham et al, 1991a)'®!. The data from this latter
study suggests that Mab5 blocks the binding of the second hGHBP to the
hGH.hGHBP complex, and this results in the formation of a monomeric complex.

The formation of an hGH.(hGHBP), complex led to the suggestion that two
sites existed on hGH for binding the hGHBP. The binding of human prolactin or
human placental lactogen to the hGHBP is more than 10° or 10° times weaker than
that of hGH respectively. As discussed previously (1.3.VA), by incorporating
eight substitutions into hPRL (Cunningham et al., 1990a)"* or five into hPL
(Lowman et al., 1991)"%, variants of these lactogens were produced which bound
to hGHBP with binding affinities which were only 6 or 1.6 times weaker
respectively than that of hGH. Using the technique of gel filtration, two
symmetrical peaks were noted at a 2:1 ratio of hGHBP to either the hPRL (24kDa)
or hPL (22kDa) variants. One corresponded to a 1:1 complex with hGHBP whilst
the second peak represented a stoichiometric excess of the hGHBP. Peak
compositions were confirmed by SDS-PAGE (Cunningham et al., 1991a)'®. These
data indicate that hPRL and hPL variants were missing important determinants for
dimerization of the hGHBP and suggest that there were two binding sites on hGH
for the hGHBP. One of these sites (called site 1) has been functionally
characterized in detail by alanine-scanning mutagenesis of hGH (Cunningham &
Wells, 1989b)!3* and includes residues in the N-terminal portion of helix 1, an
extended loop region between residues 54-74 and the C-terminal portion of helix
4.

A sensitive fluorescence quenching assay based upon fluorescence

"homoquenching" was developed to study the hormone-induced dimerization of the
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hGHBP without the need for immunoprecipitation by Mab5 (Cunningham et al.,
1991a)'!. In this assay fluorescein undergoes homoquenching when two molecules
come close together. An hGHBP mutant with a free thiol at its penultimate residue
(Ser237Cys or S237C) was covalently coupled to S-iodoacetamidofluorescein (5-
IAF). The highly fluorescent adduct (called S237C-AF) contained a single
fluorescein molecule covalently linked near the site of attachment of the hGHBP to
the transmembrane segment in the case of the full-length hGH receptor. When
hGH was added to the hGHBP, fluorescence quenching was observed to be
maximal at a hGH-hGHBP ratio of 1:2. Additionally, the hPRL and hPL
analogues which bound but did not dimerize the hGHBP did not induce
homoquenching of fluorescence.

Cunningham et al. (1991a)"® used the fluorescence dimerization assay to
identify binding determinants on hGH for the second molecule of hGHBP. Mutants
of hGH in site 1 disrupted dimerization of the hGHBP as observed in this assay.
Variants of hGH, with mutations or deletions in regions outside of site 1, derived
as a result of alanine- or homologue-scanning mutagenesis, were tested in this
assay. Two of these variants (deletion of residues 1-8 and substitution of hPRL
111-129) resulted in large increases in the ECs, for dimerization as determined by
fluorescence homoquenching with no effect on binding to site 1 as determined by
the Mab5 immunoprecipitation assay. These findings suggested that specific
residues at or near the N terminus as well as residues in helix 3 were very
important in the binding of hGH to hGHBP. When the disruptive alanine
substitutions were mapped on a model of hGH, they formed a patch (site 2)

adjacent to that for site 1 (Figure 2).
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The addition of excess hGH to the hGH.(hGHBP), complex generated a 1:1
complex (hGH.hGHBP) by gel filtration (Cunningham et al., 1991a)'®'. In the
fluorescence dimerization assay, titration of S237C-AF with hGH concentrations
greater than 0.5 molar equivalent led to reversal of the observed fluorescence
quenching with an ECs, of about 30nM at 6 times greater molar excess (ECs, for
homoquenching 0.54+0.15 nM for serial dilutions of a 1:2 mixture of hGH to
S237C-AF). Hence, excess hGH dissociated the hGH.(S237C-AF), complex and
this data was consistent with the hGHBP containing two overlapping sites for
binding hGH.

In order to identify which binding site is used to form the hGH.hGHBP
complex under conditions of excess hGH, Cunningham et al. (1991a)'®! used two
hormone variants which have just one functional site. The hPL variant which
contained a functional site 1 but lacked a functional site 2 (Lowman et al., 1991)'%
dissociated the hGH.(hGHBP), complex with an ECy, comparable to that of hGH.
On the other hand, an hGH double mutant (Lys172Ala, Phel76Ala) which retained
site 2 determinants but lacked a functional site 1 was unable to reverse
dimerization even at a 160-fold hormone excess. Hence, the dissociation of the
hGH.(hGHBP), complex by excess hGH was mediated through site 1, and not site
2, with the hGHBP in the hGH.(hGHBP), complex coming off site 2 on hGH first
and then binding excess hGH through site 1. These elegant studies suggested that
hGH-induced dimerization of the hGH receptor occurs through a two-step
sequential binding mechanism. In step 1, an hGH.hGHBP complex is formed at
site 1, followed by the binding of an additional hGHBP at site 2 in step 2 to give

hGH.(hGHBP),. The existence of the site 1 intermediate (h\GH.hGHBP) is
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suggested by dissociation of hGH.(S237C-AF), complex by functional site 1
variants. Additionally, the formation of the hGH.hGHBP complex via site 1 can be
trapped by Mab5 which blocks dimerization, or by hPL or hPRL variants which
have only a functional site 1. Thus, two sites on hGH appear to sequentially bind
two corresponding and overlapping sites on the hGHBP.

Fuh et al. (Fuh, Cunningham, Fukunaga, Nagata, Goeddel & Wells,
1992)'%* constructed a hybrid receptor which contained the extracellular binding
domain of the hGH receptor linked to the transmembrane and intracellular domains
of the murine granulocyte colony-stimulating factor receptor. Addition of hGH to a
myeloid leukaemia cell line (FDC-P1) which expressed the hybrid receptor caused
proliferation of these cells. At very high hGH concentrations, the proliferative
activity was lost (IC5, = 2uM). This finding was consistent with the prevention of
dimerization by excess hGH. Low concentrations of bivalent monoclonal
antibodies to the hGHBP stimulated cell proliferation whereas higher
concentrations inhibited proliferation. Corresponding monovalent Fab fragments
had little or no effect on cell proliferation. Mutants of hGH at site 1 had a much
lower affinity for the receptor, as did the site 2 mutant G120R. However, the site
2 mutant antagonized hGH-induced proliferation of the cells, whereas the site 1
mutant had no effect. These studies underlined the importance of the two-step
sequential dimerization in signalling.

These findings have been supported by those of Silva et al. (Silva, Weber
& Thorner, 1993)'*, who examined the hGH induced phosphorylation of cellular
proteins in the IM-9 human lymphocyte cell line. The cell line responded to hGH

(0.1-100nM) by increasing the level of tyrosine phosphorylation of two proteins of
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93 and 120 kDa. This effect was attenuated by co-incubation with the site-II
mutant G120R, confirming the reported antagonistic effect of this molecule.
Consistent with this, high concentrations of hGH (1-2xM) inhibited hGH-induced
tyrosine phosphorylation. Attenuation of hGH-induced tyrosine phosphorylation
was first observed with 20nM hGH.

De Vos et al. (1992)'* were the first to describe the high-resolution
structural details of a polypeptide hormone (hGH) when complexed with the
extracellular domain of its receptor (W\GHBP). The structure shows that the bound
hGH is a four-helix bundle protein and that the structures of the two bound
hGHBPs are virtually identical and contain two immunoglobulin-like domains
(Figure 3). The structural data corroborate much of the functional and mutagenesis
data on the hormone (de Vos et al., 1992)!", with good agreement between the
sites elaborated by mutational analysis and those in contact. There are however
some important differences between the structural and functional models. hGH has
a larger contact surface than revealed by the functional analysis. Residues 24, 39-
42 and 167-168 make good contacts but appear to be of little or no functional
significance when mutated (Cunningham et al., 1989a; Cunningham & Wells,
1989b)!53154, Additionally Glu-174 is buried on binding, but when mutated to
alanine, binding is improved, possibly by relieving stearic crowding. Finally, Asn-
12 in site 2 appears as a contact but is functionally silent. Whereas the functional
analysis suggested that the two binding sites on hGHBP for sites 1 and 2 on hGH
overlapped, the structure shows that the sets of residues used by hGHBP for
binding hGH are virtually identical. In addition to hormone-receptor contacts,

receptor-receptor contacts have also been described in the complex. Therefore,
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binding of the second receptor to hGH may give the complex extra stability as a
result of the interaction between the two extracellular domains near the COOH
terminus (De Vos et al., 1992)!°!. The C termini of the hGHBP molecules are also
brought together by hGH in such a way that the transmembrane and intracellular

domains are brought into juxtaposition for intracellular signalling.

1.3.VD The biological relevance of receptor dimerization

The two-step sequential dimerization of hGHBP by hGH is believed to be
crucial for the process of signal transduction (Wells et al., 1993)'¥’. First, the
hGHBP serves as a reasonable model for the full-length receptor because its
affinity for '*I-labelled hGH is only three-fold weaker (Spencer et al, 1988)'*.
Thus, since hGH induces dimerization of the hGHBP in solution, it will probably
do the same for the full-length receptor in vivo, when it is embedded in a fluid
plasma membrane. Secondly, homologues of hGH (ie hPRL and hPL) which have
been engineered to bind to hGHBP via site 1 (but not site 2) are inactive in cell-
based and rat weight-gain assays (Wells et al., 1993)'"". Hence, analogues of hGH
which do not dimerize hGHBP in vitro are inactive in vivo. Additional support for
the sequential dimerization mechanism of hGH was provided by assays of hGH
mutants which utilized a hybrid receptor which contained the extracellular domain
of the hGH receptor (h\GHBP) (Fuh et al., 1992)!%3. Wells et al. (1993)'” proposed
that dimerization of the extracellular domain of the hGH receptor by one hGH

molecule could bring the intracellular domains together so that they can interact.
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1.3.VIL. The intracellular domain of the GH receptor and signal transduction
The process of signal transduction for the GH receptor is at present
unclear. No second messenger mediating the effects of GH has been identified.
GH binding to the receptor results in tyrosine phosphorylation of several proteins
including mitogen-activated protein (MAP) kinase and the receptor itself (Carter-
Su, Stubbart, Wang, Stred, Argetsinger & Shafer, 1989; Stubbart, Barton, Tai,
Stred, Gorin, Goodman & Carter-Su, 1991; Moller, Hansson, Enberg, Lobie &
Norstedt, 1992; Campbell, Pang, Miyasaka, Saltie & Carter-Su, 1992)!65-166.167.168
It has been suggested that a GH-stimulated tyrosine kinase may be of vital
importance in the signal transduction process. However, the amino acid sequence
of the GH receptor bears no resemblance to that of any known tyrosine kinase
growth factor receptor (Leung et al., 1987)!”. Studies using a cloned liver GH
receptor have revealed that the level of phosphorylation varies with cell type, and
that the cloned receptor is probably a substrate for an associated tyrosine kinase,
as opposed to possessing intrinsic tyrosine kinase activity itself. The amount of
such a GH receptor-associated tyrosine kinase may be cell-specific (Wang, Uhler,
Billestrup, Norstedt, Talamantes, Nielsen & Carter-Su, 1992)'®. It has, also, been
postulated that the JAK (Janus Associated Kinase) family of tyrosine kinases is
implicated in signal transduction of hGH. This family consists of JAK 1, JAK 2
and TYK 2, these being predominantly located in the cytoplasm. The proteins have
molecular weights of approximately 130kDa and possess two protein kinase
domains. JAK 2 in particular is associated with the hGH receptor and is tyrosine
phosphorylated by hGH. These tyrosine kinases may also phosphorylate

transcription factors in the cytoplasm, giving rise to at least some of the biological
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effects of hGH (personal communications: P.A. Kelly, G. Norstedt, 1993-1994).
Recent work by Schwartz et al. has shown that activated JAK-2 also stimulates the
tyrosine phosphorylation of members of the STAT (signal transducers and
activators of gene transcription) family of DNA-binding proteins. In particular,
GH appears to stimulate the phosphorylation of a protein which is antigenically
related to p91 (personal communication: J. Schwartz, 1994).

Examination of oncogenes and protooncogenes has revealed a rapid
increase in the transcription of the protooncogenes c-fos and c-jun by GH in 3T3-
F442A cells (Gurland, Ashcom, Cochran & Schwartz, 1990)'7°. The induction of
transcription by GH does not appear to be mediated via IGF-1, although protein
kinase C is implicated in the process. The phosphorylated STAT proteins are
components of the GH-inducible DNA binding factor (GHIF) which binds to the c-
sis inducible element (SIE) in the c-fos promoter upstream of the serum response
element (SRE). The resulting Fos and Jun proteins act as coordinating
transcription factors in 3T3-F442A cells and regulate the transcription of other
genes which are likely to participate in long term events, such as those associated
with differentiation (Spiegelman, Distel, Ro, Rosen & Satterberg, 1988)!7!.

When constructs encoding the full-length GH receptor and mutations
resulting in a truncation series of the cytoplasmic domain were transfected into
FDC-P1 cells, it was apparent that mutants containing only the 54 amino acids
following the transmembrane domain were sufficient to elicit a GH response in
this system (Colosi, Wong, Leong & Wood, 1993)!72. Additional cytoplasmic
sequences may modulate receptor signalling or be required for a maximal

response. The overall sequence homology between the GH receptor and the
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cytoplasmic domains of the other members of the GH/cytokine receptor family is
quite low. The region of highest similarity is located near the transmembrane
domain and is included in the 54-amino acid functional cytoplasmic domain.
Within this region are two clusters of sequences. Box 1 is a proline-rich sequence
present in all members of the family whilst box 2 is a charge-containing sequence
present in half of the family. Box 1 is essential for mitogenesis whereas variants of
the GH receptor which include box 2 sequences show a substantial increase in
response when compared to mutants lacking box 2. Thus box 2 sequences may

modulate signalling for the receptor.

1.3.VIL. The prolactin receptor

Prolactin receptors have been characterized in microsomal membrane
preparations from an increasing number of tissues, in particular mammary gland
and liver. The physiological role of PRL in some of these tissues is unknown.

The sequence of the mature rat PRL receptor, deduced from the cDNA,
revealed that it consists of an extracellular region of 210 aa, a transmembrane
domain of 24 aa and a short cytoplasmic domain of 57 aa (Boutin, Jolicoeur,
Okamura, Gagnon, Edery, Shirota, Banville, Dusanter-Fourt, Djiane & Kelly,
1988)'™. There are five extracellular cysteines, the first four of which are located
near the N-terminal region, with a fifth near the transmembrane domain.
Additionally, three potential N-linked glycosylation sites have been described. This
short form of the prolactin receptor has been demonstrated in the rat and the
mouse (Kelly et al., 1993)%,

Transfection of this cDNA and expression of the receptor in CHO or COS-
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7 cells confirmed that the expressed receptor had a specificity and an affinity for
PRL identical to that already observed for PRL receptors in either rat liver or
rabbit mammary gland.

Using the cDNA of the rat PRL receptor as a probe, a cDNA library
prepared from rabbit mammary gland was screened and a cDNA was identified
that coded for a second long form of the PRL receptor, consisting of 592 aa, with
an extracellular and transmembrane region very similar to that of the rat PRL
receptor. However, the cytoplasmic domain consisted of 358 aa, and was much
longer than that found for rat liver (Edery, Jolicoeur, Levi-Meyrueis, Dusanter-
Fourt, Petridou, Boutin, Lesueur, Kelly & Djiane, 1989)'7*. The structure of the
human PRL receptor is similar, consisting of 598 aa (Boutin, Edery, Shirota,
Jolicoeur, Lesueur, Ali, Gould, Djiane & Kelly, 1989)!”>. Multiple forms of the
rat prolactin receptor have also been described (Kelly et al., 1993)%.

A mutant form of the PRL receptor has been described in the rat. The Nb2
lymphoma cell line is dependent on lactogens such as hGH and hPRL for growth
and contains high affinity PRL receptors (Gout, Beer & Noble, 1980; Shiu,
Elsholtz, Tanaka, Friesen, Gout, Beer & Noble, 1983)'76177_ The rat Nb2 prolactin
receptor is intermediate in size (393 aa) and this appears to be due to a deletion in
the PRL receptor gene, resulting in a loss of 594 bp in a region encoding a major
portion of the cytoplasmic domain of the long form of the PRL receptor (Ali,
Pellegrini & Kelly, 1991)'8. This mutated receptor has a molecular weight of
approximately 62,000 Da, with an affinity for PRL which is approximately 3.3-
fold greater than that of the long form of the receptor. These findings were

consistent with the higher affinity of PRL for the naturally-occurring prolactin
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receptor in Nb2 cells which was described by Shiu et al. (1983)!'"".

Although the overall amino acid identity between PRL and GH receptors is
approximately 30%, the identity increases to about 70% in certain domains of the
extracellular regions, specifically between the first two pairs of cysteines and in
the cytoplasmic domain just inside the transmembrane segment (Kelly et al.,
1993)%. Additionally, there are other extracellular and cytoplasmic regions of
relatively high (40-60%) identity.

Modification of any of the first four conserved cysteines in the extracellular
region of the rat PRL receptor, followed by transient transfection in COS-7 cells,
completely abolished receptor binding, thereby suggesting that the cysteine-rich
region was important for ligand binding (Rozakis-Adcock & Kelly, 1991)'”.

Functional assays involving cotransfection of a receptor cDNA along with a
fusion gene containing a target gene for PRL (eg B-lactoglobulin, 3-casein)
coupled to a reporter gene such as that for chloramphenicol acetyl transferase
(CAT) have been used to investigate the function of various forms of the PRL
receptor. Chinese hamster ovary (CHO) cells transiently transfected with the -
lactoglobulin gene promoter coupled to the gene for CAT and the long form of
PRL receptor cDNA showed a highly specific and significant response to PRL in
the form of induction of CAT activity (Lesueur, Edery, Paly, Clark, Kelly &
Djiane, 1990; Lesueur, Edery, Ali, Paly, Kelly & Djiane, 1991)!*®!¥!_ However,
transfection of the cDNA of a short form of the PRL receptor did not induce CAT
activity, although it bound PRL with an affinity which was comparable to that of
the long form of the receptor.

When a homologous system was used to test the activity of the long and
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short forms of PRL receptor as well as the mutant PRL receptor found in Nb2
cells, using the rat B-casein gene fused to the CAT gene, it was found that the
intermediate Nb2 form of the PRL receptor, which has 198 aa missing from the
cytoplasmic domain, was able to fully transmit the lactogenic signal and stimulate
the reporter gene (Ali, Edery, Pellegrini, Lesueur, Paly, Djiane & Kelly, 1992)'*%,
Additionally, in cells expressing the Nb2 form of the prolactin receptor, only
5ng/ml of ovine prolactin (0PRL) was necessary to stimulate CAT activity to 75%
of its maximal level, whereas 100ng/ml oPRL was required in cells expressing the
long form of the PRL receptor. Half-maximal stimulation was observed at
approximately 4ng/ml oPRL for the Nb2 form, compared with approximately
60ng/ml for the long form. This difference between the two receptors is consistent
with the reported increased affinity of the Nb2 receptor (Shiu et al., 1983; Ali et
al., 1991)!""'"% Hence, the amino acids essential for signal transduction are
conserved in the Nb2 form of the PRL receptor and the missing 198-aa segment of
the cytoplasmic domain of the PRL receptor in Nb2 cells is not involved in the
process of lactogenic signal transduction in functional assay systems using the rat
B-casein gene.

Lactogen-mediated mitogenesis of Nb2 cells does not involve modulation of
intracellular cAMP concentrations (Kornberg & Liberti, 1989)!%3. The involvement
of G proteins in PRL action has been suggested by cross-linking experiments and,
also, studies using pertussis and cholera toxins, which are known to effect ADP
ribosylation of the o subunit of G proteins and which have been shown to
modulate lactogen-stimulated mitogenesis of Nb2 cells (Too, Shiu & Friesen,

1990; Barkey, Calvo & Dufau, 1988)"**1%  Additionally, Larsen (1992)'%
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demonstrated enhancement of pertussis toxin-stimulated ADP-ribosylation of G
proteins in Nb2 cell membranes by hGH.

Phorbol esters can induce a significant stimulation of Nb2 cell proliferation,
suggesting that activation of protein kinase C may be involved in the effects of
lactogenic hormones (Buckley, Montgomery, Kibler, Putnam, Zukoski, Gout, Beer
& Russell, 1986)'".

It has been suggested that, like the GH receptor, the PRL receptor must
also undergo a sequential dimerization process on activation by lactogens. Some
monoclonal antibodies to the rat PRL receptor which can dimerize the receptor are
known to be weak agonists (Elberg, Kelly, Djiane, Binder & Gertler, 1990)"®.
Additionally, alanine-scanning mutagenesis studies (Cunningham & Wells,
1991b)'* have shown that hGH contains a set of functional determinants for
binding to the hPRL receptor which overlap those of site 1 for binding to the hGH
receptor. These include residues in the central portion of helix 1, specific residues
in the 54-74 loop region and the central portion of helix 4. Although these binding
sites overlap, they are not identical. In particular, the site for hPRL receptor
binding contains three ligands for coordinating zinc (Zn?*) which are of
importance in the binding of hGH to the hPRL receptor, but not for binding to the
hGH receptor (Cunningham, Bass, Fuh & Wells, 1990b)!%.

Fuh et al. (Fuh, Colosi, Wood & Wells, 1993)"! investigated the
mechanism of action of hGH on the intermediate length rat PRL receptor in Nb2
cells and on the long form of the human hepatic prolactin receptor transfected into
FDC-P1 cells of murine myeloid origin. Self-inhibition of hGH was observed at

high GH concentrations (uM). This would be consistent with the receptor
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dimerization hypothesis since an excess of hGH would result in excessive
formation of the hGH.receptor monomeric complex and preclude the formation of
hGH. (receptor), complexes. The affinity of the site 1 double mutant
(K168A/E174A; Lysinel68Arginine/Glutamic acid174Arginine) for the PRL
receptor was greatly reduced. Similarly, the G120R (Glycine120Arginine) site 2
mutant was virtually inactive in the Nb2 cell proliferation assay. High
concentrations of the site 1 mutant were ineffective at antagonizing the action of
hGH whilst the G120R site 2 mutant was a potent antagonist of hGH. Hence,
mutants of hGH which bound tightly with site 1, but not with site 2, were potent
antagonists, whereas those with site 2 intact, but with a compromised site 1, were
not. The hGH analogues produced similar effects for antagonizing the action of
hPRL. This suggests that the sites for hPRL binding to the hPRL receptor overlap
those for binding hGH. Analogous results were observed when FDC-P1 cells were
transfected with the full-length hPRL receptor cloned from a human hepatoma cell
line. These data suggest that the mechanisms for activation of the intermediate
Nb2 cell or long forms of the PRL receptor are virtually identical to that for the
hGH receptor. The cell-based proliferation assays show bell-shaped response
curves consistent with sequential formation of a hormone.(receptor), complex,
with the hGH containing two distinct sites and the hPRL receptor containing two
overlapping sites.

Site 1 on hGH for binding to both types of PRL receptor is virtually
identical to that previously defined for binding to the recombinant non-glycosylated
extracellular domain of the human prolactin receptor (1(PRLBP) by alanine

scanning mutagenesis of hGH (Cunningham & Wells, 1991b)'®. This epitope
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overlaps that for binding to hGHBP but is not identical and has a unique
requirement for binding zinc. The structural and functional details of site 2 on
hGH for binding to the second hPRL receptor have not been elaborated in detail as
yet. Nevertheless, since the mutant G120R is virtually inactive in either PRL cell-
based assay, and is a potent antagonist, Gly-120 must be very close to the second
receptor.

Not only are the sites on hGH that recognise the hGH receptor probably
similar to those that recognise the hPRL receptor, it seems likely that the sites on
the two receptors are similar as well. For example, when hGH binds to the
hPRLBP in the presence of Zn?*, the metallic ion coordinates to His-18 (Histidine-
18), His-21 and Glu-174 (Glutamate-174) on hGH as well as His-188 on hPRLBP
(Cunningham et al., 1990b)'®°. Sequence alignments show that His-188 on the
hPRLBP corresponds to Asn-218 (Asparagine-218) on hGHBP. In the
hGH.(hGHBP), complex, Asn-218 on each hGHBP makes direct contact at either
site 1 or site 2 of hGH (DeVos et al., 1992)'!. His-188 is present in all PRL
receptors, but not in GH receptors.

Trp (Tryptophan)-104 is conserved in all GH and PRL receptors, this being
the residue that contacts Gly-120 in the hGH.(hGHBP), complex (DeVos et al.,
1992)'%. Since the hGH mutant G120R disrupts dimerization of the hPRL
receptor, it may contact the same Trp in the hPRL receptor. Hence, these
homologous hormones (hGH and hPRL) and their receptors use topologically
similar (although not identical) epitopes to bind sequentially and generate a

hormone. (receptor), complex.
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1.3.VIIl. Low-affinity hGHBP

Baumann and Shaw (1990d)'*? described a second GHBP which had a
molecular weight of 100kDa and a lower affinity for hGH. It is specific for h\GH
and appears to be unrelated to the high affinity BP or the GH receptor. It is
responsible for a minority of circulating protein-bound GH.

It has been demonstrated that only a minority of 20kDa hGH binds to high
affinity hGHBP, with the majority (80%) binding to a separate binding protein.
Baumann and Shaw (1990c)'* have speculated that low affinity GHBP is really a
BP for 20kDa hGH which cross-reacts with 22kDa hGH, since its affinity for
20kDa is somewhat higher than that for 22kDa hGH. It may be related to an, as

yet, unidentified receptor for 20kDa hGH.
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1.4. THE EFFECT OF ZINC ON GROWTH AND GROWTH HORMONE

The requirement of zinc for the growth and well-being of both plants and
animals is well established. Zinc is second only to iron in importance as an
essential trace metal. The metabolic functions of zinc are largely based on its
presence in zinc metalloenzymes, over 70 of which have been identified in various
living systems (Parisi & Vallee, 1969)'. Important zinc metalloenzymes in man
include carbonic anhydrase, alkaline phosphatase, RNA and DNA polymerases,
thymidine kinase, carboxypeptidases and alcohol dehydrogenase. The zinc atoms
are an integral, firmly bound part of the metalloprotein molecule and are often
directly involved in the active catalytic site. They also contribute to the structural
stability of metalloenzymes.

Zinc is also required for the metabolism of nucleic acids and synthesis of
protein (Prasad, 1969)'*. The proportion of RNA to DNA in various animal
tissues has been shown to be affected by zinc deficiency. Lowered RNA levels and
RNA/DNA ratios could result from both increased catabolism and decreased
biosynthesis of the polynucleotides as well as from increased plasma ribonuclease
activity. The conformation and composition of polynucleotides have also been
shown to be altered in zinc deficiency. Hence, altered tissue RNA and DNA
content may contribute to the impaired protein synthesis and growth failure which
is observed in zinc deficiency.

The metallic ion was first shown to be essential for animal growth in 1934
(Todd, Elvehjem & Hart, 1934)!%. Subsequently, several studies have shown that

zinc deficiency in man is associated with growth limitation. In an early study,
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Prasad et al. (Prasad, Miale, Farid, Sandstead & Schulert, 1963)'* reported low
levels of zinc in plasma, red cells and hair in a group of Egyptian subjects with
dwarfism, hepatosplenomegaly, iron deficiency anaemia and hypogonadism, as
compared with a group of normal controls. Hambidge et al. (Hambidge,
Hambidge, Jacobs & Baum, 1972)'7 measured concentrations of zinc in hair in a
group of normal American subjects and found that low levels of the metallic ion
were associated with poor appetite, poor growth and hypogeusia. Buzina et al.

(Buzina, Jusic, Sapunar & Milanovic, 1980)'®

described low plasma and hair zinc
concentrations in a group of children with short stature (height < 10th centile for
age). In a separate study, a group of Canadian boys with short stature, low hair
zinc concentrations and hypogeusia were treated with zinc supplements (Gibson,
Smit Vanderkooy, MacDonald, Goldman, Ryan & Berry, 1989)'*°. Those subjects
with hair Zn?>* concentrations less than 1.68 umol/g showed a marked
improvement in the height-for-age Z (HAZ) score over a 12-month period, whilst
those boys with Zn?* concentrations > 1.68 umol/g showed no change in HAZ
scores.

The mechanism of this growth failure associated with zinc deficiency
remains controversial. In a group of Egyptian boys with retarded growth, delayed
sexual maturation and zinc deficiency, a subnormal GH response to insulin-
induced hypoglycaemia was observed in 14 out of 18 subjects, as compared with 4
out of 8 "normal" controls (Coble, Bardin, Ross & Darby, 1971)*®. Pituitary and
serum levels of GH were also decreased in juvenile zinc deficient rats, with serum

GH concentrations also being low in adult animals (Root, Duckett, Sweetland &

Reiter, 1979)*. On the other hand, Droke et al. (Droke, Spears, Armstrong,
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Kegley & Simpson, 1993)® reported that, although basal concentrations of GH in
serum were not affected by zinc, the GH response to a growth hormone-releasing
factor analogue (GRF-A) was greater in zinc-deficient lambs when compared with
marginal or zinc-replete controls. Levels of insulin-like growth factor 1 (IGF-1) in
severely zinc-deficient lambs were considerably reduced when compared with
marginally deficient and zinc-replete lambs.

Cossack (1984)? reported a significant decrease in the level of
somatomedin-C (SM-C or IGF-1) in zinc-deficient rats when they were compared
with pair-fed, continuously pair-fed and ad-libitum fed rats. flasma SM-C
correlated with Zn* concentrations in the tibia and with body-weight gain. In
further studies (Cossack, 1986)?®, rats given a low protein, low zinc diet showed
an increase in body weight gain and plasma IGF-1 as the amount of zinc or zinc
and protein increased in the diet. No change was observed when the level of
protein alone was increased. In a further study, rats starved for three days showed
an immediate decrease in plasma IGF-1 levels (Cossack, 1988)*®. A drastic
increase in the plasma IGF-1 levels was observed in response to the first 24h of
refeeding, regardless of the intake of zinc. However, following 48h of refeeding,
the level of plasma IGF-1 decreased significantly in the Zn**-deficient group and
in the group fed 30ppm Zn** whilst in the groups fed 90 or 140ppm Zn?*, the
IGF-1 level continued to increase, reaching the control (rats fed rat chow
throughout the study) level at 192 h. These findings were consistent with previous
data (Phillips & Young, 1976)*® which showed that cartilage growth activity in
young male rats fasted for 72 hours was significantly reduced to hypopituitary

levels. A decrease in serum somatomedin preceded the decrease in growth activity.
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The decrease in IGF-1 was not attributable to GH deficiency, since treatment with
bovine GH did not prevent the fall in IGF-1 levels. The refeeding of 72h - fasted
rats was associated with an increase in serum IGF-1 levels which was significant
after 6h and comparable to control levels after 24h of refeeding. The increase in
somatomedin was followed by an increase in cartilage growth activity, which was
significant after 12h and comparable to control levels after 48h of refeeding.

In a study performed by Oner et al. (Oner, Bhaumick & Bala, 1984)%,
skeletal growth, as measured by the tibial epiphyseal width, was markedly
diminished in zinc-deficient rats and was increased towards normal by addition of
zinc to the zinc-deficient diet but not by bovine GH injections. This suggested that
impairment of skeletal growth in zinc deficiency is not primarily due to decreased
GH secretion. The correlation between tibial epiphyseal width and serum zinc
concentration was much greater than that between body weight gain and zinc
concentration. The mean tibial epiphyseal width was significantly greater in pair
fed control rats when compared with the zinc-deficient rats, whereas the mean
body weight gain in these groups was not significantly different. This suggested
that the decreased skeletal growth in zinc deficiency is not just due to caloric
malnutrition. The mean serum immunoreactive somatomedin concentration in pair
fed control rats was lower than in the ad libitum diet group indicating that caloric
malnutrition resulted in subnormal serum levels of somatomedin. However, the
mean serum IGF-1 concentration in the zinc-deficient rats was lower than in the
pair-fed control group, implying that this was an effect of zinc deficiency, and that
low serum IGF-1 levels in this condition are not just due to caloric malnutrition.

There was a significant correlation between serum IGF-1 concentrations and tibial
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epiphyseal width. Hence, impaired skeletal growth and reduced levels of IGF-1 in
zinc deficiency appear to be due mainly to an effect of the metallic ion whilst the
reduced body weight gain is due to the caloric malnutrition associated with the
anorexia of zinc deficiency. Bovine GH did not increase body weight gain or
skeletal growth, providing evidence against the possibility of growth retardation in
zinc deficiency being primarily due to decreased GH production or secretion.
Since somatomedin is thought to mediate the skeletal growth-promoting effects of
GH (Daughaday, Hall, Raben, Salmon, Van Den Brande & Van Wyk, 1972)*®,
reduced levels of IGF-1 in zinc-deficient animals may be the main explanation of
growth retardation in zinc deficiency. Since the reduction of IGF-1 levels was
much greater in zinc-deficient rats than in pair-fed controls, and since bGH
treatment had only a minimal effect on IGF-1 levels in zinc-deficient rats, one
could speculate a role for zinc in the action of GH at the molecular level, with
decreased effectiveness of GH in stimulating the production of IGF-1 in zinc-
deficient states.

In a recent study, Dicks et al. (Dicks, Rojhani & Cossack, 1993)*”
reported reduced levels of IGF-1 in zinc-deficient rats and their pair-fed controls,
when compared with rats on an ad libitum diet. Plasma IGF-1 was lower in the
zinc-deficient rats than in pair-fed controls, although this effect did not reach
statistical significance. The decrease in body weight gain observed appeared to be
entirely the result of the decrease in food intake as weight gain for the zinc-
deficient and pair-fed groups were similar. Tail lengths, which measure
longitudinal growth, were reduced to a greater extent in zinc-deficient animals

when compared with their pair-fed controls, as were liver and tibial weights. This
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suggested a small effect of zinc deficiency with a dominant effect of decreased
food intake. These findings contradict those of Oner et al. (1984)*” and Cossack
(1986, 1988)***2% who reported a greater effect of zinc on IGF-1 levels and
growth, this being independent of the effect of food intake. However, the findings
corroborated those of Oner et al. (1984)*” in that bGH had no effect on growth
parameters in zinc-deficient rats. Reduced levels of IGF-1 have also been
documented in children with low hair zinc concentrations (Ghavami-Maibodi,
Collipp, Castro-Magana, Stewart & Chen, 1983)?'°. Zinc supplementation
increased somatomedin-C levels and improved linear growth in these children.

Recently, ionic zinc (Zn*) has been reported to markedly influence the
binding of hGH to lactogenic receptors (Cunningham et al., 1990b)'*°. The
extracellular domain of the hPRL receptor (hnPRLBP) was expressed and secreted
into the periplasm of Escherichia coli. This hPRLBP was then purified and used
subsequently in binding studies. Initially, the binding of hGH to the purified
hPRLBP was weak and highly variable. Titration with ZnCl, at a fixed
concentration of ['*IJhGH and hPRLBP established that formation of the hormone-
receptor complex was optimal at 50uM ZnCl,. The affinity constant for the
binding of hGH to hPRLBP was increased approximately 8000-fold by 50uM
ZnCl, when compared with buffer containing 1mM EDTA and no Zn?>*. Zn?* had
no effect on the binding of hPRL to hPRLBP and, in fact, the binding affinity of
hGH for hPRLBP was 100-fold greater than that of hPRL. Zinc lowered the
affinity of hGH for hGHBP four-fold.

These authors also showed that zinc binds in a noncooperative fashion to a

single site in the hGH.hPRLBP complex. The tight binding of zinc required the
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presence of both hGH and hPRLBP, suggesting that the zinc site is at the interface
of the complex. As discussed previously (section 1.3.VII) scanning mutational
analysis using alanine identified three residues in the hGH (His'®, His* and Glu'™)
and one residue in hPRLBP which act as probable zinc ligands. The three residues
on hGH are clustered when mapped upon a model of hGH, with His'® and His*
being located on adjacent turns of helix 1 and positioned near Glu'™ on helix 4
(Figure 4).

This model for the zinc binding site on hGH may account for the weak or
undetectable binding of non-primate GHs to lactogenic receptors. Non-primate
GHs contain His” and Glu'™ but, instead of His'®, they contain GIn'®. hGH-V,
which binds more tightly to somatogenic than lactogenic receptors (MacLeod et
al., 1991)%, contains Arg'® and Tyr* instead of His at these two positions. This
may account for its weaker binding to the PRL receptor.

The zinc independence for the binding of hPRL to hPRLBP remains
unclear. All 13 PRLs from different species aligned and numbered according to
the sequence of hGH contained His?, and 10 of the 13 contained His!®. However,
they all contained Asp'” in place of Glu'™ and the Asp'™ may be incapable of
complexing Zn**,

The zinc binding site is positioned on the edge of the epitope identified for
binding to the hGH receptor. The model suggests that zinc reduces binding of
hGH to the hGHBP by stearic interference. Binding of hGH to the hGHBP is
enhanced four-fold by mutation of Glu'™ to Ala (Cunningham & Wells, 1989b)'**.
Hence, paradoxically, whilst Glu'™ is essential for zinc-mediated binding to

hPRLBP, it may hinder the binding of hGH to hGHBP.
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Thus, this polypeptide hormone-receptor "zinc sandwich" provides a
molecular mechanism to explain why non-primate GHs are not lactogenic and,
also, suggests a molecular mechanism which might explain the growth failure of
childhood zinc deficiency.

Additionally, zinc has been implicated in the storage of hGH in the anterior
pituitary gland. At concentrations of hGH greater than micromolar, Zn?* promotes
the formation of an hGH dimer (Cunningham, Mulkerrin & Wells, 1991¢c)*'!. Gel
filtration, sedimentation equilibrium and equilibrium dialysis experiments have
demonstrated that His', His? and Glu'™ participate in coordinating Zn?>* and
promoting formation of the hormone dimer. The fourth zinc ligand may be a water
molecule or, alternatively, the three Zn** ligands on hGH may bridge two Zn**
ions in the dimer. This Zn?*.hGH dimer is proposed as the major storage form of
hGH in somatotropic vesicles in the anterior pituitary gland. The (Zn**.hGH),
complex is more resistant to denaturation than the monomer. Additionally, the
complex could dampen stimulatory effects which could arise from local high
concentrations of hGH near the pituitary gland. The hormone would not become
available in its monomeric form until the hGH concentration approaches its

dimerization dissociation constant (~3uM).
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1.5. THE MEASUREMENT OF IMMUNOACTIVE SERUM GH
CONCENTRATIONS

It is now well-recognised that growth rate is determined largely by the
amplitude of pulsatile growth hormone secretion (Albertsson-Wikland, Rosberg &
Hall, 1987)*'2. In the assessment of a child with short stature, the monitoring of
growth rate over a period of time defines normality. However, there may
sometimes be a need to investigate a child with tests of GH secretion without prior
acquisition of auxological data.

Investigations are unlikely to be useful in any child who is growing at a
normal rate. The only children who should be investigated with reference to their
growth hormone secretory status are those growing at a slow rate in middle
childhood in whom other causes of growth failure have been excluded by clinical
examination and/or screening investigations.

The hypothalamo-pituitary GH axis is extremely sensitive to a variety of
different inputs and the reproducibility of most tests of GH secretion is therefore
likely to be poor in any individual child. Assessment of the physiological secretion
of GH over a 12-24 hr period has been advocated by some authors as a more |
relevant method of identifying children who might benefit from GH treatment
(Spiliotis, August, Hung, Sonis, Mendelson & Bercu, 1984; Bercu, Shulman, Root
& Spiliotis, 1986)**?'. In these studies, serum GH concentrations were measured
using a variety of immunodiagnostic kits. However, although this strategy may be
more reproducible than that based upon provocative tests of GH secretion (Zadik,

Chalew, Gilula & Kowarski, 1990)*%, it can be extremely time-consuming and
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expensive (Albertsson-Wikland & Rosberg, 1988; Hindmarsh, Smith, Brook &
Matthews, 1987; Rose, Ross, Uriarte, Barnes, Cassorla & Cutler, 1988)2!6:217:218

At present, the diagnosis of GH insufficiency is based upon the
measurement of GH concentrations in one of a variety of provocative tests using
eg insulin, glucagon, arginine, GHRH and L-Dopa. These different stimuli act in
contrasting ways and it is at present unclear as to which neuroendocrine pathways
are of the greatest relevance to the physiological secretion of GH.

The most widely-used of these tests is the insulin tolerance test. The
distribution of peak serum GH concentration responses to insulin is continuous in a
large group of short children with varying growth rates (Dattani, Pringle,
Hindmarsh & Brook, 1992)*°. No clearly demarcated sub-populations exist, with
considerable overlap between values observed in groups of short slowly growing
children and short normally growing children. Additionally, these provocative tests
can be difficult to interpret. For example, a high serum GH concentration at time
0 leads to considerable difficulty in the interpretation of the test (Kaplan, Abrams,
Bell, Conte & Grumbach, 1968)™. Secondly, the test was designed to evaluate the
readily-releasable pool of GH. Hence, if there has recently been a pulse of GH,
then the pool will be depleted and the subsequent response to provocation
attenuated (Devesa, Lima, Lois, Fraga, Lechuga, Arce & Tresguerres, 1989; Suri,
Hindmarsh, Brain, Pringle & Brook, 1990)**!*2, Thirdly, the growth of a child
may vary with the seasons (Marshall, 1975)?? and there is evidence to suggest
cycles of periodicity greater than 1 year (Butler, McKie & Ratcliffe, 1990).
Since GH secretion is related to growth rate, if the ITT (insulin tolerance test) is

performed during a time of relatively good growth, the peak GH response may be
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much better than if it had been performed at a time of poor growth. Hence, as
with all provocative tests of GH secretion, there is difficulty in equating 1-year
growth data with a 1-day stimulation test.

In children with neurosecretory dysfunction, where the control of GH
secretion is abnormal, a pharmacological test may falsely suggest that GH
secretion is normal when in fact the pattern is grossly disorganised (Spiliotis et al.,
1984)%3,

An additional complication is the availability of a wide range of methods
for measuring serum GH concentrations. These include radioimmunoassays and
immunoradiometric assays (IRMA) which use a variety of antibodies directed
against different epitopes on the GH molecule. Hence, absolute values of serum
GH concentrations may vary depending upon the assay used. Blethen & Chasalow
(1983)* found that, for the same serum samples, a polyclonal RIA consistently
gave higher values than Hybritech’s two-site monoclonal IRMA. Rudman et al.
(Rudman, Chawla & Kutner, 1985)??® measured immunoactive GH levels in groups
of children with short and normal stature using two different immunoassays and
found that, for certain nocturnal sera, the GH measurements differed markedly in
the two assays, reading higher in the polyclonal assay than in the biclonal assay.
In another study (Levin, Chalew, Martin & Kowarski, 1987)%, two different
monoclonal assays were compared with a polyclonal assay. The monoclonal assays
used were the Hybritech IRMA and the Wellcome two-site IRMA. The mean ratio
of GH values of the Wellcome IRMA to the polyclonal radioimmunoassay was
1.35 whilst that of the GH values of the Hybritech to the polyclonal assay was

0.75. The mean ratio of GH values by the Hybritech IRMA to the Wellcome
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IRMA was 0.55. This study suggested that several forms of GH were present in
the circulation and that the different immunoassays used antibodies which had
differing affinities for the GH isoforms.

When the monoclonal Hybritech IRMA was compared with three
polyclonal assays, it was noted that the Hybritech assay consistently gave
significantly lower estimates of the GH concentration than the other assays (Reiter,
Morris, MacGillivray & Weber, 1988)?%. In a further study, the serum GH values
observed in four RIAs and two IRMAs were compared (Celniker, Chen, Wert Jr.
& Sherman, 1989)*°. There were up to 6-fold differences in serum GH
concentrations between the different assays. The Hybritech assay again consistently
gave the lowest results. Differences in standard materials, standard diluents, and
the immunoreactivity of antibodies all contributed to this variability. However, it
is important to note that the Hybritech IRMA failed to recognise the 20kDa variant
of hGH, unlike the other assays.

In view of the discrepancies between the various immunoassays, a universal
cut-off value for the diagnosis of GH deficiency or insufficiency following the
administration of a provocative stimulus would be clinically inappropriate. Each
laboratory measuring serum GH concentrations needs to construct its own
"normal” cut-off value. For instance, using the Hybritech IRMA, a cut-off value
of 13.5mU/L provided optimal performance in terms of efficiency, sensitivity and

specificity (Dattani et al., 1992)?%,

94



1.6. THE ROLE OF BIOASSAYS IN THE MEASUREMENT OF SERUM
GH

Immunoassays for hGH measurement depend upon the binding of one or
more antibodies to epitopes on the target hormone. Such binding sites may be
distant from the binding sites for physiologically-relevant ligands eg. surface
receptors on target cells. Immunoassays may therefore detect biologically inactive
hormone fragments or aggregates, or fail to detect bioactive fragments where the
assay antibody binding site is absent or obscured. Hence, immunoassays may be
too "structurally-specific" and thereby give rise to misleading conclusions
concerning the biological potency of the hormone when acting on the target cell.
This problem may derive from the use of antibodies in immunoassays which have
been raised against the unmodified monomeric form of the hormone. The latter
may not detect modified but bioactive forms present in the sample. In addition,
reference preparations for use in immunoassays may consist solely of purified
monomeric hormone and so may not reflect the composition of the hormone in the
serum being assayed. This may prove to be a problem with the new International
Reference Preparation of hGH, 88/624, which is a recombinant monomeric
preparation of 22kDa hGH.

In the light of these problems with immunoassays, bioassays may be more
relevant for the measurement of serum GH concentrations. They would have the
considerable advantage of specifically measuring the hormone which is biologically
active. They are therefore sometimes referred to as "functionally-specific" assays.
This would in theory be particularly useful in situations where growth failure

occurs in spite of normal GH responses to provocation as measured by
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radioimmunoassays. Kowarski et al. (Kowarski, Schneider, Ben-Galim, Weldon &
Daughaday, 1978)>° described two such children in whom serum somatomedin
levels were initially low but responded to the administration of hGH. Their hGH
responses to provocation were satisfactory in the radioimmunoassay, but the hGH
concentrations as measured in a radioreceptor assay were much lower. The growth
of these two individuals improved on hGH treatment and it was consequently
proposed that these patients secreted a biologically inactive form of hGH which
was measurable in the radioimmunoassay, but not the receptor assay. Frazer et al.
(Frazer, Gavin, Daughaday, Hillman & Weldon, 1980)*! reported similar findings
in a further group of five short pre-pubertal children in whom the mean ratio of
the stimulated radioimmunoassay (RIA)-GH to radioreceptor assay (RRA)-GH was
1.9740.4. Three of these children significantly increased their height velocities
following commencement of GH treatment. The authors concluded that growth in
certain children is dependent on exogenous GH, even though they are not GH
deficient by standard criteria.

On the other hand, Bistritzer et al. (Bistritzer, Lovchick, Chalew &
Kowarski, 1988)%? described 4 non-obese healthy boys with normal linear growth
in whom the GH concentrations as measured by a double antibody RIA were low.
When measured in an IM-9 cell RRA, the GH concentrations were much higher,
giving rise to RRA:RIA ratios which were much greater than that of a control
group of children and young adults with normal growth and stature. These findings
suggested the presence of a bioactive form of hGH which was not detectable in the
immunoassay.

Clearly, a bioassay for hGH would have been valuable in evaluating the
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patients described in the above studies. Pre-existing bioassays of human GH have
included in vivo bioassays such as the rat tibia bioassay (Greenspan, Li, Simpson
& Evans, 1949)™3 and the rat weight gain assay (Papkoff & Li, 1962; Wilhelmi,
1973)>*% in hypophysectomized rats and the pigeon crop sac assay (Nicoll,
1967)%. Although these classical bioassays have physiologically relevant end-
points, they are relatively insensitive and require large quantities of GH to achieve
a demonstrable effect (eg Sug GH daily for several days in the rat tibia bioassay
and 50ug of GH daily in the rat body weight gain assay). Additionally, the
specificity of the assays have not been adequately defined. For instance, thyroxine,
prolactin and testosterone have been shown to have an effect in the rat tibia as
well as the body weight gain assay (Greenspan et al., 1949; Papkoff & Li,
1962)»*3*, Moreover, thyroxine and testosterone synergize with GH in these
assays. Administration of primate GH to hypophysectomized rats can also lead to
the development of antibodies to the injected protein, and thereby add a further
confounding factor for the interpretation of the in vivo bioassays (Papkoff & Li,
1962)*. Finally, these in vivo bioassays are technically cumbersome, expensive,
imprecise and time-consuming. They are therefore unsuitable for the measurement
of GH bioactivity in human serum.

Assessment of GH "bioactivity" in serum has in the past been approximated
with radioreceptor assays. A radioreceptor assay (RRA) using cultured human
lymphocytes which bind hGH was first described by Lesniak et al. (Lesniak, Roth,
Gorden & Gavin, 1973)*". This assay was specific for the binding of hGH. In
contrast, an RRA described by Tsushima & Friesen (1973)*%, which used plasma

membrane fragments derived from the liver of pregnant rabbits, bound human,
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monkey, bovine and ovine GH and was therefore not species-specific. Both of
these assays were relatively insensitive. The latter assay was modified and used to
measure GH levels in basal and pharmacologically-stimulated samples of serum in
a group of short children (Sneid, Jacobs, Weldon, Trivedi & Daughaday, 1975)%.
RIA determinations of samples were also made and comparisons between the two
assays revealed a mean RIA:RRA ratio of 1.23+0.21 in the basal state, with a
mean ratio of 1.78+0.18 in the stimulated state. These findings suggested the
presence in serum of immunologically active but biologically non-functional
molecules, which appear to be associated with heightened hGH secretion in
response to various stimuli.

Subsequently, Rosenfeld and Hintz (1980)**° described a modified form of
the RRA which utilised IM-9 lymphocytes, and was called a "receptor modulation
assay". In this assay, exposure of cultured lymphocytes to hGH led to a time- and
concentration-dependent reduction in binding of ['*I]hGH by the homologous
receptor. This decrease in binding was due to the loss of specific receptors from
the cultured cells due to GH-dependent "down-regulation”. This system, unlike
RRAs, had the advantage of not being seriously affected by non-specific effects of
human serum, and, also, measuring a cellular response to the hormone, as
opposed to receptor binding. No discrepancies were observed between RIA and
RMA estimations of GH concentrations in serum samples from acromegalics,
neonates, and, also, a group of short children who underwent provocative tests of
GH secretion.

Although receptor assays are useful in predicting the ability of GH to bind

to its receptor, it is conceivable that there are forms of GH which interact
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normally with GH receptors but cannot trigger the post-receptor events which
culminate in an appropriate cellular response to the hormone. This has led to the
development of in vitro cell-based bioassays. The most commonly used cell line is
that derived from the Nb2 rat lymphoma.

The bioassay of a hormone entails setting up a series of standard purified
preparations of the hormone under investigation over a known concentration range.
The cellular responses to each incremental dose of reference stimulator are then
used to construct a dose-response curve against which the responses of the
unknown "test" samples are calibrated and hormone concentrations derived. It is
essential that the specificities of test and control stimulators should be perceived as
identical by the target tissue. The functional specificity of the target tissue restricts
the tissue response to those hormones which have an intrinsic bioactivity upon the
target tissue. Other molecules, which may be present, including many which may
have close structural analogy to the stimulator, will not be recognized by the target
tissue, if they do not induce the specified cellular response. In contrast,
"structurally-specific" saturation assay systems may fail to distinguish closely
related forms of a hormone in which subtle differences in molecular conformation
are associated with hormonal forms of differing potencies or function.

In several situations, differences may be observed between bio- and
immunoassays of hGH. These discrepancies may arise as a result of many factors.
The biological half-life of a hormone molecule may differ from its immunological
half-life. Additionally, immunologically active metabolites of the hormone may be
biologically active or inactive. These discrepancies are often expressed as

bioactive:immunoactive (B:I) GH ratios, when they will differ from unity.
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Changes in these ratios may indicate a change in the form and biopotency of GH
being released. It is, however, important to note that, unless a common reference
preparation is employed for both the bio and immunoassays, the interpretation of
B:I ratios is difficult.

The availability of established cell lines having stable and specific response
characteristics which are maintained over an indefinite period has led to the
increasing use of bioassays in endocrinology. Ideally, the cellular event used as the
biological end-point should reflect both the normal physiological function of that
organ in vivo and the physiological or pathological process under investigation. In
addition, the ideal bioassay should be sensitive, specific, precise, technically
amenable and should have a capacity for a high throughput of samples (Robertson
& Bidey, 1990)*'.

There are a wide range of biological end-points for in vitro bioassays.
These include cell proliferation, the accumulation of cellular metabolites including
second messengers such as CAMP, or the release of specific products. Objective
decisions as to which of several possible alternative intracellular responses of a

cell should form the basis of an in vitro bioassay for a hormone requires an
assessment of the sensitivity and specificity of a given response towards the
agonist under investigation. In addition, there should be a critical evaluation of the
technical demands made by quantification of the response end-point, and its
precision of measurement over the dose range of interest. Nb2 cells were derived
from a transplantable lymphoma (designated Nb2 node) which arose in the lymph
nodes of an oestrogenized male rat of the Noble (Nb) strain (Noble, Hochachka &

King, 1975)**2. These cells can be propagated in continuous suspension culture in
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medium supplemented with fetal calf serum, and they stop replicating if
transferred to medium without this supplementation. Stationary cultures obtained
after 24 hrs in the depleted medium resumed growth following the addition of
small amounts of hPRL or rat serum (Gout et al, 1980; Noble, Beer & Gout,
1980)!7243_ As little as 1% rat serum stimulated growth of such stationary cells.
However, serum from oestrogenized rats was at least 10 times more potent and
serum from rats bearing pituitary tumours was even more potent and stimulated
growth at a concentration of only 0.001%. In contrast, serum from
hypophysectomized rats failed to stimulate Nb2 cells at a concentration of 5%,
even if the animals were oestrogenized. This data suggested that Nb2 cells were
stimulated by pituitary-derived growth factors and that oestrogen stimulated
lymphoma growth indirectly, via the pituitary gland (Noble et al., 1980)%%.

Tanaka et al. (Tanaka, Shiu, Gout, Beer, Noble & Friesen, 1980)**
showed that these cells proliferated in response to human, ovine, bovine and rat
PRLs. Additionally, they responded to placental lactogens of human, ovine, and
bovine origin. However, although the cells proliferated in response to hGH, they
showed no response to rat, bovine and ovine GH. The potencies of hGH and
hPRL appeared to be similar in this bioassay. A Coulter counter was used to
measure cell numbers. The growth stimulatory effects of hPRL and hGH were
neutralised by using anti-sera to these lactogens.

Human serum led to a dose-dependent increase in cell numbers in the
concentration range 0.25-2.5%. Higher concentrations of serum had an inhibitory
effect. The authors expressed the growth-promoting activity of several serum

samples in terms of the concentrations of a hPRL standard producing the same
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increase in cell population. The mean ratio of the growth-stimulating activity of
the serum samples, expressed as the equivalent concentration of hPRL, to the sum
of hPRL and hGH estimated by radioimmunoassay was 0.95 + 0.04 (mean +
SEM). By using antisera to hGH and hPRL, the bioactive concentrations of hPRL
and hGH respectively in the serum were estimated. However, there was a
significant degree of cross-reaction of the anti-PRL with hGH. The mean
bioactive:immunoactive ratio of hGH in the sera was reported to be 1.03 + 0.11
(mean + SEM; n=20).

The affinity of PRL receptors on Nb2 cells for hPRL is unusually high,
with an approximately 20-fold greater affinity than that of other PRL target cells

)'77. Maximal stimulation of

such as mammary gland and liver (Shiu et al., 1983
growth by hPRL occurred when only 35% of the maximal binding of PRL was
achieved.

Tokuhiro et al. (Tokuhiro, Dean, Friesen & Rudman, 1984)**5 compared
GH values as observed in an Nb2 cell bioassay (using a Coulter counter to
measure cell proliferation), an IM-9 receptor modulation assay and a
radioimmunoassay in a group of healthy adult volunteers and groups of children
with normal or with short stature. The sensitivity of the Nb2 cell bioassay was
limited to 3 ng/ml (~7.8 mU/L, assuming a specific bioactivity of 2.6 U/mg).
The correlation between the bioassay and the RIA, and that between the receptor
modulation assay and the RIA, was excellent. Nevertheless, the combined mean
bioassay:radioimmunoassay (B:I) ratios of samples taken 30 min before and at

peak stimulated GH RIA levels (1.01 + 0.18) were significantly higher than ratios

of samples taken 30 and 60 minutes after maximal GH secretion (0.69 + 0.27).
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Using the uptake of tritiated thymidine, uridine and leucine, Emoto et al.
(Emoto, Tsushima, Shizume, Tanaka, Saji, Ohba, Wakai, Arai & Ohmura,
1987)** demonstrated that hGH stimulates DNA, RNA and protein synthesis of
Nb2 cells in a dose and time-dependent sequential manner. Synthesis of RNA was
maximal 3 h after addition of hGH whilst that of protein was maximal 12 h after
addition of the lactogen. Incorporation of tritiated thymidine ([SH]JTdR), reflecting
DNA synthesis, was maximal 18 h after addition of the hormone.

Subsequently, the use of tritiated thymidine to measure DNA synthesis
formed the basis of a bioassay for the estimation of GH concentrations in human
serum (Emoto et al., 1987)*¢. The mean bioassay:immunoassay ratio in twelve
sera from patients with acromegaly, GH deficiency or anorexia nervosa was 1.05
+ 0.34 (mean + SD).

Ealey et al. (Ealey, Yateman, Holt & Marshall, 1988)*’ described an
eluted stain assay (ESTA) which is a cytochemical hormone bioassay adapted for
microcultures of target cell lines. Cells are maintained in the wells of microtitre
plates and quantification of their cytochemical responses to added hormones can be
achieved by elution of a chromogenic product, followed by measurement of its
spectrophotometric absorption with a microtitre plate reader. Specific intracellular
responses of the cells to hormonal stimuli can therefore be rapidly quantified,
since the 96 replicate microcultures in a given plate can be measured in a few
seconds. ESTA bioassays have been established for the measurement of growth
hormone, prolactin, TSH and HCG bioactivities. ESTA provides a system which
has a rapid and precise end-point determination and is convenient to run.

The bioassay of hGH using ESTA is based upon the use of Nb2 rat
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lymphoma cells bearing lactogenic receptors. The cells are plated out onto a
microtitre plate and incubated with hGH over a 96-hour period. Cellular reducing
activity is then assayed by adding a yellow tetrazolium salt MTT to the wells,
when the MTT is reduced to its purple formazan. The latter is sparingly soluble,
and must then be eluted into the medium by the addition of a detergent eg.
acidified Triton-X100. Bioassay responses of the 96 wells are then quantified with
a microtitre plate reader, reading optical densities at a test wavelength of 595 nm
and a reference wavelength of 655 nm. The assay is highly quantitative and
precise, with a sensitivity of the order of 0.02-0.05mU GH/L. The assay is also
capable of a large sample throughput.

The principal mediators of cellular MTT reduction in the ESTA system are
NADH and NADPH (Berridge & Tan, 1993)*®. Relative insensitivity of pyridine
nucleotide-dependent MTT reduction to respiratory inhibitors suggests
compartmentalization outside the mitochondrial inner membrane.

In contrast to the assays described above, which utilize lactogenic receptors
responding to both hGH and hPRL, an ir vitro bioassay for hGH which utilises
somatogenic GH receptors has recently been described (Foster, Borondy,
Padmanabhan, Schwartz, Kletter, Hopwood & Beitins, 1993)**°. This assay utilised
cultured 3T3-F442A pre-adipocytes, which had been treated with serum-free
medium prior to and during assay. Continuous exposure of these cells to hGH
produced sustained suppression of lipid accumulation when cells were incubated
with GH for 24-48 hours. This dose-dependent suppression of lipid accumulation
was the basis of the bioassay. Since insulin, glucocorticoids and oestradiol modify

glucose and lipid metabolism, excess exogenous insulin, dexamethasone and
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oestradiol were added in order to climlinate the potential non-specificity in the
assay. Under these conditions, GH produced dose-dependent linear suppression of
lipid accumulation between 1.25 and 40 ng/ml, with an EDs, of 3 ng/ml. The
assay was highly specific for hGH. The minimum detectable concentration of
bioactive GH in serum ranged from 3.1 to 6.3 ng/ml.

Serum samples from seven children with short stature were taken before
and after pharmacological stimulation and assayed in the 3T3-F442A cell bioassay.
The correlation coefficient between the bioassay and a double antibody RIA was
0.513 for all values. Comparing basal and peak GH responses to arginine and
insulin stimulation, there was a greater increase in GH as determined by the RIA
than that determined by bioassay. Night-time peak and trough GH samples were
also processed in both assays in children with Turner syndrome. GH bioactivity
was generally greater than GH immunoactivity. However, although the GH
immunoactivity in the trough sera was only 0.7 + 0.03 ng/ml, the bioactivity of
GH in the troughs was reported to be surprisingly high ie. 11.8 £+ 1.7 ng/ml.
When exogenous GHRH was administered, bioactive GH concentrations were
again higher. The trough GH concentrations were 2.1 + 0.7 and 15.6 + 5.2
ng/ml in the immunoassay and bioassay respectively, with respective peak GH
concentrations of 8.7 + 5.0 and 28.2 + 2.7 ng/ml. A critical assessment of their
results suggests that the assay could not reliably measure trough GH
concentrations, because they were at or near the detection limit of the bioassay.
The sensitivity of the bioassay was approximately ten-fold less than that of the
immunoassay.

In addition to the disadvantage of the obvious lack of precision and
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sensitivity, this assay has problems due to the potential interference by hormones
such as insulin and glucocorticoids, the use of radioactive tracers and its
technically demanding nature. This contrasts with the alternative lactogenic ESTA
bioassay which we have utilised in our studies. This has the advantages of a
superior sensitivity and precision, a high sample capacity coupled with technical

amenability, and avoidance of the use of radioactivity.
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1.7. CONDITIONS RESULTING IN EXCESSIVE GH SECRETION
1.7.1. Acromegaly

Acromegaly was first described as a distinct clinical syndrome in 1886
(Marie, 1886)>°. Cushing later confirmed the pituitary source of the disorder
(Cushing, 1909)»!, and postulated the excessive secretion of growth-promoting
hormone by a hyperfunctioning pituitary gland.

Several causes of acromegaly are known in man (for review see Melmed,
1990)>2. These include 1) excessive secretion of GH by eg. pituitary tumours,
extrapituitary tumours such as pancreatic, lung and bré#st tumours and 2)
excessive secretion of GHRH by eg. hypothalamic hamartoma, pancreatic and
carcinoid tumours and small cell lung tumours. The commonest cause of
acromegaly is the somatotroph adenoma, accounting for over 80% cases.
Mammosomatotroph adenomas lead to enhanced secretion of both GH and
prolactin.

The pathogenesis of somatotroph adenomas remains far from clear. GHRH
may be implicated in view of its stimulatory effect on somatotroph DNA synthesis
and cell replication (Billestrup et al., 1986)*, and its induction of c-fos expression,
this being a growth signal-transducing oncogene (Billestrup et al., 1987)%. Other
evidence suggests that somatotroph cells can become intrinsically abnormal, with a
lack of response or a paradoxical response to physiological stimuli such as glucose
and L-dopa, and a lack of pituitary desensitization to GHRH (Melmed, Braunstein,
Chang & Becker, 1986)?. Recently, mutations in the Gso subunit of G-proteins
have been described in a subgroup of GH-secreting pituitary adenomas

characterized by high levels of basal GH secretion and intracellular cyclic AMP
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(Vallar, Spada & Giannattasio, 1987)>*. The altered Gsa proteins were due to
point mutations in two critical sites, Arg?® (replaced by either Cys or His) and
GIn*? (replaced by Arg), which result in decreased guanosine triphosphatase
(GTPase) activity of the protein (Landis, Masters, Spada, Pace, Bourne & Vallar,
1989)%. The intrinsic ability of Gsa to hydrolyze GTP is impaired and
constitutive activation of adenylyl cyclase will result. Hence Gs may transduce
growth-promoting stimuli in pituitary cells and a somatic mutation may convert Gs
into an oncogene product (gsp) in some tumours.

Acromegaly occurs with equal frequency in both sexes with an incidence of
3-4 per million (Melmed, 1990)*2. Younger patients tend to have more aggressive
tumours. The clinical features of acromegaly are due to the local effects of the
expanding pituitary mass, as well as effects of the excess secretion of GH. The
latter include coarsening of facial features, bony proliferation and soft tissue
swelling with enlargement of extremities. Hyperhidrosis, macroglossia, headache,
visual disturbances, amenorrhoea, impotence, glucose intolerance, hypertension,
cardiomyopathy, osteoarthritis and carpal tunnel syndrome are other clinical
features of the condition.

The diagnosis is based upon elevated levels of immunoactive GH with the
absence of GH suppression after the administration of glucose. IGF-1 levels are
elevated. Magnetic Resonance Imaging may identify the tumour.

Campino et al. (1990)* reported that the serum high molecular weight
immunoreactive hGH in a single acromegalic patient was an IgG molecule. This
molecule cross-reacted in the hGH RIA and bound specifically to GH-binding sites

in adipocyte membranes. By interacting with one or more subtypes of the GH
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receptor, these GH-like antibodies may accentuate or attenuate some or all of the
metabolic and somatic disorders of acromegaly. It was proposed that these
antibodies could arise against the receptor itself or against the specific GHBP in
plasma, which is identical to the extracellular domain of the GH receptor.

These GH-like antibodies were further characterized by the same group
(Campino, Szecowka, Lopez, Mulchahey & Seron-Ferre, 1992)%° and it was
reported that two acromegalic patients with different histories of the disease had
developed anti-GH receptor antibodies with GH-like biological activity when
assayed in an Nb2 cell bioassay using a Coulter counter to measure cellular
proliferation. In one patient, the IgG cross-reacted with the GH
radioimmunoassay, giving high concentrations of immunoreactive GH. In the
second patient, the immunoreactive levels of GH were low, with an elevated level
of IGF-1, suggesting that the antibody to the GH receptor was bioactive but failed
to react with the GH RIA. This work has yet to be independently confirmed.

Several other studies have examined the serum of acromegalics using a GH
radioreceptor assay or, alternatively, a bioassay. Herington et al. (Herington,
Jacobs & Daughaday, 1974)*7 compared GH values in sera from 19 active
acromegalic patients as measured in two contrasting radioimmunoassays and a
radioreceptor assay. The first RIA gave consistently higher GH values than the
RRA (mean RIA:RRA ratio 1.42). With the second RIA, which utilised a different
anti-serum to hGH, the RIA:RRA ratio increased to 1.80. These findings therefore
suggested the presence of GH molecules which are immunoactive, but possibly
biologically inactive, in acromegaly. Additionally, these findings provided yet

another example of variations in the immunological specificity between different
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antisera to GH, as was discussed previously.

Other studies have reported a higher proportion of "little" GH in the serum
of acromegalic patients when compared with normal subjects (Gorden et al.,
1973b; Gorden et al., 1976)°>*. Additionally, the “little" GH component from
acromegalic patients, once isolated by Sephadex gel filtration, was more potent in
the receptor assay than comparable material from normal subjects.

However, using a receptor modulation assay (RMA) based upon IM-9
lymphocytes, Rosenfeld & Hintz (1980)**° reported an RIA:RMA ratio of 1.0 in
random serum samples taken from 10 adults with active acromegaly. These
findings were confirmed by Gavin III, Trivedi & Daughaday (1982)** who
modified the RMA and found that the mean RIA:RMA ratio for acromegalic
patients was 1.0740.26 whilst that for normal subjects was 1.17+0.68. These
findings would be consistent with those of Baumann et al. (1983a)* who reported
that, on chromatography and polyacrylamide gel electrophoresis, the monomeric
hGH circulating in acromegaly is qualitatively indistinguishable from normal hGH
and consists predominantly of 22kDa hGH.

When samples from acromegalic patients were processed in the
conventional Nb2 cell bioassay, a B:I ratio of 0.96+0.13 (mean + SD; n=30)
was reported (Tanaka, Shishiba, Gout, Beer, Noble & Friesen, 1983)>°.
However, all sera samples were diluted by 20-50 fold prior to assay and no
comment was made as to the parallelism of patient sera when tested against the
GH standard curve. Additionally, a reducing agent, mercaptoethanol, was used in
the bioassay and, as discussed previously (section 1.1.1IIB), this may have an

effect on GH bioactivity in serum. Baldwin et al. (Baldwin, Aston, Butler,
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Buchanan & Norman, 1988)*® demonstrated that, using the conventional Nb2 cell
bioassay for hGH, the B:I ratio was 2.08 using a radioimmunoassay. The authors
suggested that the ratio was not unity owing to the "interaction of antibodies with
different standards". No change in the B:I ratio was found in the acromegalics on
TRH stimulation of the pituitary gland.

The clinical management of acromegalic patients can be problematic.
Several options are available. These include surgery, radiotherapy and the use of
medication such as bromocriptine and somatostatin. Although symptomatic control
is important, biochemical acromegaly may persist despite symptomatic relief and
GH and IGF-1 levels may not be reduced to normal (Wass, 1993)*!. Many
surgical series have used GH concentrations of <10mU/L to define a cure, but
some patients may have raised concentrations of IGF-1 with these GH levels.
Evidence suggests that GH concentrations of <5mU/L on multiple sampling
throughout the day or throughout a glucose tolerance test are associated with a
normal IGF-1 concentration. Hence, in view of the discrepancies arising between
various immunoassays, the estimation of GH concentrations by bioassay may be of

some value in the assessment of acromegalic patients.

1.2.7.11. Laron-type dwarfism

Laron et al. (Laron, Pertzelan & Mannheimer, 1966)%* described three
siblings with hypoglycaemia and other clinical and laboratory signs of growth
hormone deficiency, but with abnormally high concentrations of immunoreactive
serum growth hormone. Since this initial description, the Israeli investigators have

described 41 patients (Laron, 1993)** and approximately 140 other children have

111



been reported from throughout the world. They are usually of Mediterranean
origin and from consanguinous unions. It was originally believed that this
condition resulted from a defect in the GH molecule (Laron et al., 1966)*2,
Subsequently, it was demonstrated that exogenous GH failed to increase serum
sulphation factor (IGF-1) levels in these patients and normality of their circulating
GH was demonstrated by fractionation, antibody binding and hepatic receptor
binding (see review by Rosenbloom, 1992)’*. Definitive evidence that the
abnormality lay in the GH receptor was obtained in 1987, when binding studies
demonstrated that serum high affinity GHBP, which is identical to the extracellular
domain of the GH receptor, was absent in some patients with Laron dwarfism
(Daughaday & Trivedi, 1987b; Baumann et al., 1987¢)'*!. However, marked
genetic heterogeneity and phenotypic variation has been described in this condition
(Meacham, Murphy, Klinger, Erster, Laron & Parks, 1990; Rosenbloom, 1992;
Berg, Argente, Chernausek, Gracia, Guevara-Aguirre, Hopp, Perez-Jurado,
Rosenbloom, Toledo & Francke, 1993)%522%_ Thus, for example, Buchanan et
al. (Buchanan, Maheshwari, Norman, Morrell & Preece, 1991)*7 described
patients with classical features of Laron syndrome, but in whom the presence of
GHBP activity was detected. The circulating level of this binding protein was
comparable to that of normal subjects, as was its affinity for hGH.

At least 19 molecular defects have been described in patients with the
phenotype initially described by Laron (for reviews see Amselem, Duquesnoy &
Goossens, 1991; Amselem, 1993)*%?%_ These include gene deletions, nonsense
and frameshift mutations and missense mutations.

These molecular defects result in a variety of clinical features such as
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severe growth failure, a bone age which is delayed with respect to chronological
age, but advanced with respect to height age, micropenis and small hands and feet.
Craniofacial anomalies include sparse hair growth in early childhood, saddle nose,
delayed closure of anterior fontanelles, and prominence of the forehead. Hip
dysplasia, a chubby appearance and hypoglycaemia are other features associated
with the condition (for review see Rosenbloom, Guevara-Aguirre & Rosenfeld,
1993)7,

Biochemically, the condition is characterized by elevated random
concentrations of GH in sera of children, with normal or elevated concentrations
in adults. Levels of IGF-1, IGF-II, IGFBP-3 and GHBP tend to be low, but levels
of all of these with the exception of GHBP are significantly higher in adults,
suggesting sex steroid activation of IGF-1, IGF-II and IGFBP-3. Height standard
deviation score (SDS) was found to correlate with IGF-1 SDS, IGF-II SDS and
IGFBP-3 SDS in patients in the European study population whereas, in a
population of Ecuadorian patients, highly significant correlations were found
between absolute levels of IGF-1 and statural SDS for adults and, also, between
absolute levels of IGFBP-3 and statural SDS for both adults and children
(Rosenbloom, Savage, Blum, Guevara-Aguirre & Rosenfeld, 1992; Guevara-
Aguirre, Rosenbloom, Fielder, Diamond & Rosenfeld, 1993)%7!:72,

Recently, children with Laron dwarfism have been commenced on
recombinant derived IGF-1 treatment. The initial results are promising. Five
children with Laron dwarfism treated for three to ten months with an initial daily
dose of 150ug/kg responded with a marked increase in growth velocity with no

major adverse effects (Laron, Anin, Klipper-Aurbach & Klinger, 1992)*7,
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However, the effects of treatment on long-term growth remain to be established.
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1.8. CONSTITUTIONAL DELAY OF GROWTH AND PUBERTY

Constitutional delay of growth and puberty (CDGP) is a common condition,
predominating in boys, which occurs in otherwise normal adolescents with no
underlying disease. It is characterized clinically by relatively short stature at the
time of presentation associated with delayed puberty and delayed epiphyseal
maturation but with a height prognosis appropriate for their parental centiles
(Prader, 1975)”. Since spinal growth occurs mainly during puberty, in CDGP
boys have relatively long legs with a short trunk.

Diagnosis is made on clinical grounds. The mean age for the onset of
puberty in a boy (acquisition of a 4ml testicular volume) is 12.0 years. In girls,
the onset of puberty is at 11.4 years. The growth spurt occurs earlier in girls, with
peak height velocity occurring at breast stage 2 - 3. In marked contrast, the
growth spurt occurs later in boys with a peak height velocity at a testicular volume
of 10 - 12mls, with genitalia stage 4 - 5. It may be entirely normal for a boy to
enter puberty at 14 years and not to experience a growth spurt until 17 years of
age, by which time he would be considerably shorter than his peers. This situation
arises because of a pre-pubertal deceleration in growth rate such that growth
almost ceases before the onset of the growth spurt in extremely delayed pubertal
maturation. Boys who have CDGP also tend to progress through puberty more
slowly.

The prognosis for final height in these children is good since the timing of
the onset of the growth spurt in normal children has no effect on ultimate height
attainment. Because of the delay in epiphyseal maturation, the harmony of normal

growth is maintained.
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The endocrinological basis for the pubertal growth spurt lies in the
synergistic interaction between hGH and sex steroids (Aynsley-Green, Zachmann
& Prader, 1976)?. GH secretion is difficult to assess in late pre-puberty and early
puberty. The pattern of GH secretion parallels the change in growth velocity
(Stanhope, Pringle & Brook, 1988)7’. During the pre-pubertal deceleration phase,
there is a decrease in GH secretion. At the onset of the growth spurt, GH
secretion is increased. In later prepuberty in both boys and girls, and in puberty in
boys until the attainment of a 10 ml testicular volume, GH secretion may be
considerably reduced. Hence pharmacological tests of GH secretion at this stage of
pubertal development are usually primed by sex steroids (Eastman, Lazarus, Stuart
& Casey, 1971)*.

Psychological problems are common in children with delayed puberty and
short stature, especially in boys (Gordon, Crouthamel, Post & Richman, 1982;
Crowne, Shalet, Wallace, Eminson & Price, 1990)”%*°_ Boys more commonly
present with CDGP than girls for social reasons. They may be extremely anxious
and concerned with regard to final height and sexual function. Deviant behaviour
and severe psychological problems may ensue, with consequent interference with
education. Reassurance that the child’s pattern of growth and development is
normal and that expected height is within the normal range and appropriate for the
parents’ height may be sufficient in a proportion of children. However, in other
children reassurance may provide little consolation during the turmoil of
adolescence. Treatment may need to be considered in this situation.

Treatment is in the form of sex steroids or anabolic steroids. It is important

to ensure that progress through puberty is not too rapid since this could lead to a
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profound adverse effect on the psyche. Anabolic steroids lead to an improvement
in growth whereas sex steroids lead to both an improvement in growth and
development of secondary sexual characteristics. Girls with constitutional delay
can be treated with low dose ethinyl oestradiol which leads to breast development
and growth acceleration.

In boys, the anabolic steroid oxandrolone, administered orally at a dose of
1.25 - 2.5 mg daily for 3 - 6 months will induce acceleration of growth over this
short-term period (Marti-Henneberg, Niirianen & Rappaport, 1975)*° . Using this
low dose of the steroid, disadvantageous side-effects, such as advance in bone age
disproportionate to height gain, are virtually unknown (Stanhope & Brook,
1985)%!. Long-term studies have demonstrated no untoward effect on final adult
height (Joss, Schmidt & Zuppinger, 1989; Tse, Buyukgebiz, Hindmarsh,
Stanhope, Preece & Brook, 1990)%>%,

The mechanism of the improvement in growth remains largely unknown. In
a group of five subjects who received 0.1 mg/kg oxandrolone orally daily over a
period of two months, administration of GHRH led to a much greater GH
response, evaluated by immunoassay either as peak plasma GH levels or as plasma
GH integrated area, following oxandrolone administration as compared with pre-
oxandrolone (Loche, Corda, Lampis, Puggioni, Cella, Muller & Pintor, 1986)%.
These findings were supported by those of Ulloa-Aguirre et al., who reported that
oxandrolone treatment in a group of boys with CDGP led to an increase in mean
(24-h) serum immunoactive GH concentrations, with an augmentation of the daily
endogenous GH secretory rate achieved by specifically increasing the total mass of

GH released per pulse and, also, the maximal GH secretory rate within each pulse
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(Ulloa-Aguirre, Blizzard, Garcia-Rubi, Rogol, Link, Christie, Johnson &
Veldhuis, 1990)?®. No effect was observed on the duration and frequency of the
secretory events and the half-life of GH was unaltered. On the other hand, other
groups have reported no change in immunoactive GH concentrations following
commencement of oxandrolone (Link, Blizzard, Evans, Kaiser, Parker & Rogol,
1986; Clayton, Shalet, Price & Addison, 1988)*%%" 1In a group of ten boys with
CDGP, Malhotra et al. (Malhotra, Poon, Tse, Pringle, Hindmarsh & Brook,
1993)8 reported that there was no significant change in mean 24-hour serum GH
concentrations and in IGF-1 levels as a result of oxandrolone treatment, in spite of
an increase in height velocity. It was postulated that the growth-promoting effect
of oxandrolone is due to its androgenic effect which leads to suppression of LH
secretion and testosterone production. Serum concentrations of sex hormone
binding globulin (SHBG) decreased on oxandrolone treatment, and the ensuing
alteration in the testosterone-SHBG ratio, which is potentially androgenic, may
have contributed to the improved growth observed. If oxandrolone is administered
at an appropriate stage of puberty (ie. testicular volume 4 - 6 mls) then the
induced growth spurt may be sustained after the cessation of treatment.

It has also been postulated that oxandrolone may sensitize cartilage to GH.
Additionally, changes in high affinity GHBP levels have been described in
precocious puberty and in children with CDGP who have been treated with
testosterone. This androgen leads to a reduction in GHBP levels (Postel-Vinay et
al., 1991)"°, If a similar scenario occurred with oxandrolone treatment, then this
may lead to an enhanced GH bioactivity, with consequent growth acceleration. An

analogous situation may exist in Turner syndrome, where low-dose oxandrolone
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treatment led to an improvement in height velocity with minimal change in GH
secretory status as determined by immunoassay (Massarano, Brook, Hindmarsh,

Pringle, Teale, Stanhope & Preece, 1989)%°
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CHAPTER 2

MATERIALS AND METHODS - GENERAL
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Section 2.1
Materials

Human pituitary-derived GH (International Reference Preparation [IRP]
80/505) and human prolactin (hPRL; IRP 84/500) were provided by the National
Institute of Biological Standards and Controls (South Mimms, Herts, UK), as was
recombinant 22kDa hGH (IRP 88/624). The suppliers of IRP 80/505 state that analysis
on polyacrylamide gel (pH 7.8) indicated a predominant band of 22kDa hGH, about
5% 20kDa and small amounts of "slow", dimer and desamido hGH, as well as trace
amounts of several other proteins (Bangham, Gaines-Das & Schulster, 1985)?. 3-[4,5-
dimethyl-thiazol-2-yl]-2,5-di-phenyl-tetrazolium bromide (MTT) was purchased from
Sigma Chemical Co. Ltd. (Poole, Dorset, UK). RPMI-1640, L-glutamine, penicillin
and streptomycin were purchased from Gibco Ltd (Life Technologies Ltd., Paisley,
Scotland, UK). Horse serum and fetal calf serum were purchased from Tissue Culture

Services Ltd (Bodolph Claydon, Buckingham, UK).

Section 2.2
Cell culture

Rat Nb2 cells were grown in suspension culture in RPMI medium containing
50U penicillin/ml, 50ug streptomycin/ml, 2X10°M L-glutamine, 10% fetal calf serum
and 10% horse serum (Growth Medium). Before commitment to bioassay, the Nb2
cells were maintained as stock cultures for 24 h in 1% as opposed to 10% fetal calf
serum (Quiescent Medium). All cultures were incubated at 37°C in an atmosphere of

5% CO,/95% air throughout the study.
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Section 2.3
Bioassay

The ESTA (Eluted Stain Assay) is based upon the colorimetric reduction of a
yellow tetrazolium salt, MTT, to a purple formazan by Nb2 cells (Ealey et al.,
1988)?*. In the following sections, the protocol for the assay is described in detail,
using standard incubation conditions which were established as described in Section
2.4.

Dilutions of the appropriate hormone standard (previously snap-frozen and
stored in liquid nitrogen [N,] ) and the relevant reagents were prepared in assay
medium consisting of RPMI-1640, 50U penicillin/ml, 50ug streptomycin/ml, 2X10°M
L-glutamine and 10% horse serum (Assay Medium). The starting concentrations of the
hormone entailed performing between 3 and 5 ten-fold dilutions by weight.
Subsequently, doubling dilutions were by volume. The Nb2 cells were spun down and
resuspended in this assay medium at a density of 4-8 X 10° cells/ml. The cell
suspension (50ul per well) was transferred to a 96-well microtitre plate [Nunc code 1
67008A; Kamstrup BK-4000, Roskilde, Denmark (supplied by Gibco)]. The selected
dose of hormone was added to the cells as an additional 50ul. When appropriate,
reagents selected for investigation were added to the wells in volumes of 20ul, at the
required concentrations. The experimental controls were set up using assay medium
only in place of the hormones or the reagents under investigation. All concentrations
are expressed as final concentrations in the wells. The outer wells of the microtitre
plates were not used in view of potential "edge" effects.

The cells were incubated for 96h under the conditions described above. Their
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reducing activity was then assayed by adding 10ul MTT solution (Smg/ml in phosphate
buffered saline). After a further incubation period, which was 40 minutes unless stated
otherwise, during which time activated cells reduced the yellow MTT salt to its purple
formazan, the stain was eluted into the medium by the further addition of 50ul acidified
Triton-X100 (10% Triton in 0.09M HCI). Bioassay responses of the 96 wells were
quantified with a Biorad microtitre plate reader (scanning in 30 s; Model no. 3550,
South Richmond, CA, USA) reading optical densities at a test wavelength of 595 nm
and a reference wavelength of 655 nm. The determinations for all experiments were
made on triplicate microcultures and the results expressed as means and standard

deviations.

Section 2.4
Optimization of ESTA
2.4.1 Period of incubation of the bioassay

Nb2 cells were incubated in Quiescent Medium (QM) for 24h prior to assay.
Subsequently, the cells were plated out at a concentration of 2 X 10°/ml and incubated
with appropriate concentrations of hGH [IRP 80/505; 0.078-10 mU/L (0.03125-4
ng/ml)] on three different microtitre plates. The bioassay was terminated after varying
time periods, namely 72, 96 and 120h. The assay was performed as described above

and the three resulting standard curves are shown in Figure 5.
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The magnitudes of response to each dose of hGH tested were greatest after 5 days
incubation. The maximal response to GH was achieved at lower doses of GH than
those required after the shorter incubation periods. On the other hand, after incubation
for only 3 days, the magnitudes of response at the higher GH doses were seriously
compromised. It was considered that a 96 h incubation period was the optimal
compromise in terms of assay performance and convenience, and this incubation period

was therefore adopted for all future assays.

2.4.2 Effect of duration of incubation in Quiescent Medium (QM) on the bioassay

Standard curves of GH were set up as described above using Nb2 cells which
had been incubated in either fresh growth medium (GM) for the preceding 24h or in
QM for either 24 or 48h prior to assay. Three GH standard curves [IRP 80/505;
0.078-10 mU/L (0.03125-4 ng/ml)] were prepared within a single microtitre plate in
order to minimize variation between plates. The assay was then set up as described
above and the ensuing GH standard curves are shown in Figure 6. Incubating the Nb2
cells in QM for 48h led to lower optical densities at the higher GH doses. On the other
hand, when no QM was used, no plateau was observed, even a. GH concentrations of
10mU/L. A slight decrease in OD was observed at intermediate doses. After 24h
incubation in QM, a marginal increase in OD was observed at intermediate doses and
a plateau was approached at the highest doses. In a second experiment, Nb2 cells were
plated out onto a microtitre plate directly without maintenance of cultures in QM and
incubated with varying concentrations of hGH for 5 days on the top half of a 96-well

microtitre plate. After 24h, a further GH standard curve was set up on the lower half
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of the same plate using Nb2 cells which had been left in QM over the preceding 24h.
All wells in the plate were then simultaneously processed, adding 10xl MTT, after
96h. The two resulting standard curves are shown in Figure 7. There was little
difference between the cells which had been incubated with GH standards in Assay
Medium (AM) for 5 days, with no prior exposure to QM and those which had been
incubated in QM for 24h followed by a 4-day exposure to GH standards in AM.
However, with the latter conditions, slightly increased ODs were observed at
intermediate doses. For our standard bioassay protocol, we therefore adopted a 24h
incubation period in QM, followed by a 4-day period of exposure to the growth

hormone.

2.4.3 Timing of bioassay

The growth medium in which Nb2 cells are suspended was changed twice a
week in order to deliver fresh nutrients to the cells. With this routine, cells were placed
in QM either 24 or 48h after the GM had been changed. Bioassays were then set up
after 24h in QM using varying concentrations of hGH (0.078-20mU/L; 0.03125-
8ng/ml). The dose-response curve obtained 48h after a change in GM was superior to
that when the assay was set up 72h after a change in medium (see Figure 8), since
greater magnitudes of response were observed at doses ranging from 0.1 - 1.0 mU
GH/L. Since the response curves were similar, the larger responses observed 48h after
a change in GM improved assay precision. In future experiments, whenever possible,
the cells were used after only 24h in fresh growth medium, and the bioassay carried

out according to the standard conditions described above (section 2.4.2) ie. 24h in QM

127



D % 7

)$1>'% $*
Pl

E *O0

v B ey g
# $1& " #
! N (
L) 1 %
M1 ! -K "
5
!
# N 9!
& ! $

Z'([ #3=+

'+

Q . "+

!
=<

)

#

>3 % $ &

#
:J 7 B#3=+4

Z9[ -K "

n .? 1

" !& "

" (1%
"2 !
& n
"< %
) % 4)



N | *

Z'([ #3=+

4

$' '+

=< <
L- " ZB][
$ n

L 7-:#3=+4
$ %
I !
I 1 #
| # K

1) -<T7 $=#
$1& " #
)
2)
) &
% "<
L-" ) %

#
$

&
!



followed by 96h exposure to the growth hormone.

2.4.4 Comparison of different batches of horse serum

Prior to the use of each new batch of horse serum, an assay was set up
comparing a GH standard curve prepared using the new batch of horse serum with a
GH standard curve prepared using the old horse serum within the same microtitre plate.
The concentrations of GH used were 0.0195-2.5SmU/L (0.0078-1ng/ml). Typically,
little difference was observed between the two GH standard curves, indicating the
equivalence of different batches of horse serum, as shown in representative results of
Figure 9. Analogous results were also observed with different batches of fetal calf
serum (not shown). Several batch changes for both horse and fetal calf serum were
necessary during the 3-year period of our investigations; however, routine testing, as

has just been described, demonstrated that all the batches tested were satisfactory.

2.4.5 Comparison of GH standards stored for two different periods

GH standard curves were prepared using IRP 80/505 which had been stored at
a concentration of 100U/L (prepared by weight) for a period of either two or nine
months in liquid N,. The assay was performed as described in section 2.3. No
significant difference was observed between the two standards as shown in Figure 10.
This demonstrated that the storage conditions for our hGH standards were suitable for
our long-term studies. Since independent serial dilutions were used for each of these
bioassays, the differences observed were probably derived from inherent dilution

€ITOrS.
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2.4.6 Comparison of two different Nb2 cell aliquots

Two aliquots of Nb2 cells which had been stored for 5 years in liquid N, were
thawed rapidly and suspended in 10mls of fresh GM. After four passages over a period
of two weeks, GH standard curves using the two different aliquots were obtained using
the method described in section 2.3. Cells from aliquot 2 yielded a curve which was
marginally shifted to the right, but reproducibility between the two aliquots was

considered satisfactory for our purposes (Figure 11).

2.4.7 hGH probably acts by sequentially dimerizing the lactogenic receptor
Increasing concentrations of hGH, which spanned a wider range of
concentrations than those usually used (IRP 80/505; 0.625 - 10°mU/L) were added to
Nb2 cells. The resulting standard curve in the ESTA bioassay is shown in Figure 12.
The plateau of the GH standard curve extended over 5 orders of magnitude. At the
highest dose tested (10°mU hGH/L), inhibition of hGH bioactivity was observed. This
is consistent with the model proposed by Fuh et al. (1992, 1993)'**'*' who suggested
that hGH and hPRL (human prolactin) interacted with their receptors by a two-step
sequential dimerization process (Figure 3). From this, it is predicted that excess hGH
(micromolar concentrations) is auto-inhibitory, due to the formation of 1:1 hormone-

receptor complexes which would be biologically inactive.
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SUMMARY

These studies demonstrate the rugged nature of ESTA. Using different GH
standard preparations, different batches of horse serum and fetal calf serum and
different aliquots of Nb2 cells, comparable GH standard curves were obtained. The
optimal assay conditions were incubation of Nb2 cells for 24h in QM prior to assay
followed by incubation of the Nb2 cells with the appropriate hormonal reagents over
a 4-day period. The assay should ideally be performed within 48h of changing the

growth medium, with the cells being maintained in QM for 24 of these 48h.
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CHAPTER 3

EFFECT OF A RECOMBINANT HUMAN GROWTH HORMONE-

BINDING PROTEIN ON HUMAN GROWTH HORMONE

BIOACTIVITY
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Section 3.1
Introduction

Following the characterization of a naturally-occurring high affinity hGHBP
(Baumann et al., 1986¢; Herington et al., 1986a)!'>1¢, several studies have
investigated its interaction with hGH. These studies revealed that the protein has a
high affinity and limited capacity for 22 kDa hGH (Baumann et al., 1986c;
Herington et al., 1986a; Herington et al., 1986b; Baumann, 1990b)!!%116.119.120
Moreover, this binding protein is considered to bind 20kDa hGH only very weakly
(Baumann et al., 1986¢c; Baumann & Shaw, 1990c)''>1%,

The binding protein appears to be a soluble and truncated hepatic GH
receptor, consisting of the extracellular domain of the receptor (Leung et al.,
1987)'. The biological relevance of the hGHBP has been the subject of much
speculation. It has been proposed as an in vivo regulator of GH bioactivity (Lim et
al, 1990; Clark et al., 1991)*51% It exhibited limited inhibition of in vitrro GH
bioactivity when tested in a bioassay based upon somatogenic growth hormone
receptors (Lim et al, 1990)'%.

We have investigated the in vitro effects of a recombinant hGHBP on hGH
bioactivity using ESTA, which utilises lactogenic receptors, as opposed to
somatogenic receptors, located on Nb2 cells. Additionally, we have investigated
the interaction of recombinant methionyl 20kDa hGH with both lactogenic

receptors and the hGHBP.
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Section 3.2
Materials and Methods

Recombinant 20 kDa methionyl hGH (thGH-20) and hGHBP (rhGHbp)
were gifts from Genentech, Inc. (South San Francisco, CA). The rec hGHBP was
non-glycosylated with a molecular weight of 28kDa. It was prepared by using a
plasmid constructed to secrete the extracellular domain of the liver hGH receptor
into the periplasmic space of Escherichia coli. It was purified by affinity
chromatography and fast protein liquid chromatography (FPLC). Radioligand
binding studies showed the thGHBP to have an affinity for 22kDa hGH which was
comparable to that of the naturally-occurring high affinity hGHBP (Fuh et al.,
1990)'*°. Human pituitary hGH (IRP 80/505) and human prolactin (IRP 84/500)
were supplied by the National Institute of Biological Standards and Controls
(Blanche Lane, South Mimms, Herts, UK). Porcine ACTH was purchased from
Sigma Chemical Co. Ltd. (Poole, Dorset, UK).

Experiments were performed as described in Chapter 2. Briefly, the
selected dose of hormone (hGH, hPRL or ACTH) was added to 50ul of cell
suspension in the wells of the microtitre plate. When appropriate, the rhGHBP
(20ul) was added to the wells at the required concentrations. The experimental
controls were set up using assay medium only in place of the hormones or the

rhGHBP. All concentrations were expressed as final concentrations in the wells.

Units of concentration
For ease of comparison between the different hormones and isohormones of

hGH, all concentrations are expressed in molar terms. These have been calculated
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using the following molecular weights:

rhGHBP, 28kDa; rhGH-20, 20kDa; pituitary-derived hGH (IRP 80/505) and rec
22kDa hGH (IRP 88/624), 22kDa; human prolactin, 22.5kDa and porcine ACTH,
4.6kDa.

The Specific Bioactivity of the human pituitary GH preparation (IRP
80/505) was 2.6 IU/mg and that of hPRL (IRP 84/500) was 21.2 IU/mg. The
activity of the porcine ACTH was 71 U/mg.

The ICs, for the interaction between the thGHBP and each hormone was
calculated by estimating the concentration of thGHBP required to achieve 50%
inhibition of the bioactivity of the hormone, having initially subtracted the
baseline OD (AM + rhGHBP) from the maximal OD achieved by the

concentration of hormone used in the absence of rhGHBP.
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Section 3.3
Results
The effect of rhGHBP on the stimulation of Nb2 cells by 22kDa hGH as opposed to
prolactin

Nb2 cells were stimulated with 22kDa hGH [or, more precisely, the human
pituitary reference preparation IRP 80/505 which is a mixture of 22kDa and
20kDa hGH, with the latter contributing only 5% of the total (see Chapter 2)].
Stimulation of the cells with a low dose of this GH (0.156mU/L; 3pM) in the
ESTA bioassay was inhibited in a dose-dependent manner by increasing
concentrations of thGHBP (Figure 13). Significant inhibition was first observed
with 2.5ng thGHBP/ml (0.09nM; confirmed in three out of four experiments),
when the molar ratio of rhGHBP:hGH was 30, and 50% inhibition was achieved
at 20ng/ml (0.71nM). When tested in three separate experiments over a period of
three weeks, the ICs, was 25+7ng/ml (0.9+0.25nM). This IC,, was comparable
to a circulating concentration of the high affinity hGHBP, previously reported to
be 1nM from an in vivo human study (Baumann, 1991)3. In the only other in vitro
bioassay used in this manner, the contrasting pre-adipocyte system, the ICs, was |
estimated to be 2nM, when tested against a much higher concentration of rec
22kDa hGH (Lim et al., 1990)'*. Complete inhibition of the ESTA response was
observed at the highest concentration of thGHBP tested (625ng/ml; 22.3nM).

In contrast, stimulation of the Nb2 cells by prolactin in a parallel bioassay
was not significantly inhibited by these concentrations of rhGHBP (Figure 13).

This dose of prolactin (1.56mU/L; 3pM) was equimolar to the dose of hGH used
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and gave a comparable magnitude of stimulation. The slight decrease observed
with all binding protein concentrations when compared with the bioactivity
observed with prolactin alone was clearly not dose-related. This inhibition was not
reproduced in a subsequent experiment, where a range of prolactin doses (0.195 -
6.25mU/L; 0.41 - 13.1 pM) were challenged with a high concentration of the
binding protein (2500ng/ml; 89.3 nM) with no resulting effect on bioactivity (see
Table 3; p=0.14-0.5 for the four PRL doses).

Nb2 cells have also been shown to respond to high doses of ACTH (Gout
et al., 1980; Ealey, Gaines-Das, Schulster, Storring & Marshall, 1991)'"6%!_ As
shown in Table 3, an exceptionally high dose of rhGHBP (1667ng/ml; 59nM) did
not inhibit ACTH stimulation in the ESTA bioassay (p=0.98). This high dose of
the thGHBP had no intrinsic effect on Nb2 cells (p=0.10). Our findings therefore

confirm that the thGHBP shows hormonal specificity for 22kDa hGH.

The effect of rhGHBP on the stimulation of Nb2 cells by 20kDa hGH assessed with
ESTA

Dose-related stimulation of Nb2 cells with rec methionyl 20kDa hGH
(0.0156 - 100ng/ml; 0.8 - 5000pM) was observed in the ESTA bioassay (Figure
14). Maximal stimulation was achieved with 8ng/ml (400pM). This was of the
same magnitude as that achieved with the human pituitary GH (80/505) which was
tested in the same experiment. The two response curves were, within the limits of
experimental error, parallel and the EDs, for the thGH-20 was estimated to be
1.6ng/ml (80pM), which was 8-fold higher than the EDy, for the human pituitary

GH (0.20ng/ml; 9pM). In separate studies, carried out earlier by Dr. P.A. Ealey,
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Table 3

Contrasting effects of recombinant human GH-binding protein (thGHBP) on
ACTH, prolactin and pituitary-derived hGH stimulation of Nb2 cells in the
eluted stain assay

The recombinant binding protein was added to equipotent doses of ACTH and
hGH on a single microtitre plate (Experiment 1). In a separate experiment, a high
concentration of thGHBP (90nM) was added to four concentrations of prolactin
(PRL) (Experiment 2). The results are expressed as optical density X 100 and are
the means + SD of triplicate microcultures.

Optical density

(X 100)
Experiment 1
Assay medium only 1.6 £ 0.1
+ rhGHBP (1000ng/ml; 35.7nM) 1.5 £ 0.1
+ hGH (0.31mU/L; 0.006nM) 29.2 + 1.5

+ hGH (0.006nM) + rhGHBP (156ng/ml; 5.6nM) 2.2 + 0.1
+ ACTH (100mU/ml; 308nM) 28.1 + 2.4

+ ACTH (308nM) + rhGHBP (1667ng/ml; 59.5nM)  28.0 + 0.4

Experiment 2

+ PRL (0.195mU/L; 0.4pM) 1.0 + 0.1
+ PRL (0.4pM) + rhGHBP (2500ng/ml; 90nM) 0.9 + 0.1
+ PRL (1.56mU/L; 3.2pM) 5.7+ 0.8
+ PRL (3.2pM) + rhGHBP (2500ng/ml; 90nM) 6.2 + 0.7
+ PRL (3.125mU/L; 6.4pM) 17.7 £ 2.2
+ PRL (6.4pM) + rhGHBP (2500ng/ml; 90nM) 14.7 + 0.5
+ PRL (6.25mU/L; 13pM) 39.4 + 2.7
+ PRL (13pM) + rhGHBP (2500ng/ml; 90nM) 37.1 £ 0.9
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the human pituitary GH preparation (80/505) which we have used was compared
in the ESTA bioassay with a recombinan; preparation of 22kDa hGH, coded
88/624. Parallel dose-response curves were observed for the two preparations in 6
separate bioassays, and the specific bioactivity of the recombinant hormone was
estimated to be 3.38 + 0.45 U/mg (mean + SD), which is 30% greater than that
assigned to 80/505 (personal communication: Dr. P.A. Ealey).

Increasing concentrations of the thGHBP inhibited the responses observed
with 2 doses of thGH-20 (Figure 15). At the higher dose of rhGH-20 (4ng/ml;
0.2nM), significant inhibition was achieved with a thGHBP concentration of
65ng/ml (2.32nM). The ICs, was 280ng/ml (10nM). Complete inhibition required
rhGHBP concentrations of at least 2000ng/ml (71.4nM). In the same experiment,
" with the lower dose of thGH-20 (1ng/ml; 0.05nM), the ICs, was reduced to 130ng
rhGHBP/ml (4.6nM). This reduction of about 100% in IC,, with the lower
concentration of rhGH-20 was reproducible in 3 independent experiments. In
addition, a similar change in ICy, values was obtained when thGHBP was tested

against 22kDa hGH (see below).

The nature of the inhibition of 22kDa hGH bioactivity

In the presence of increasing concentrations of the thGHBP (0, 25 and 156
ng/ml) the response curve to 22kDa hGH was progressively shifted to the right
(Figure 16A). Within the limitation of the experimental error of this bioassay,
parallelism appeared to be retained, and a similar maximal response was achieved
in the absence and presence of the binding protein. This suggests that the

inhibition is competitive. Using the pre-adipocyte system (Lim et al., 1990)'*, the
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