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Growth hormones. 1. Polymorphism. (Minireview)
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Summary. Pituitary growth hormone (GH) is not a single molecular species, but a
whole set of similar molecules, the individual specific characteristics of which constitute
the polymorphism of this hormone. The present paper deals mainly with various forms of
human GH, called « variants », and touches on this polymorphism in other species as well.

The 22 K variant (MW = 22,000 daltons) is the predominant form of GH to which ali
other variants are compared as to chemical structure and biological effect. These variants
are classified into two large groups : 1) mass variants, the molecular weight of which is
modified in comparison with that of 22 K ; these can be subdivided into aggregated and
non-aggregated forms, and 2) charge variants with modified electrophoretic mobility.
Outside this classification are entities which are not yet well known; these include
bioinactive GH, correctly detected by RIA but deprived of biological activity or, on the
contrary, strongly bioactive GH lacking immunoreactivity and consequently difficult to
study. Another outsider is the SV-hGH-2 variant encoded from a gene different from the
hGH-N gene normally coding for the other variants. In this case, the product could be
considered a true isohormone of 22 K and no longer a variant. The pituitary expression of
this gene has never been evidenced to date, but according to recent data, it could be
expressed at the placental level and be implicated in human placental growth hormone
(hPGH) synthesis. hPGH is a newly-found GH in pregnant women which takes over
pituitary GH from the 25th week onwards.

After the GH molecules are released by the pituitary in the blood stream, they are
partially taken up and carried by binding proteins. The physiological role of this
phenomenon could be the setting up of a GH reservoir and a GH sparing process since the
metabolic clearance rate of the complex GH-binding protein is slower than that of free GH,
thus increasing the biological half-life of the hormone.

Introduction.

Growth hormones (GH) represent a fascinating example of molecular
evolution. With prolactins and placental lactogens (PL) also called chorionic
somatomammotropins (CS) they are considered to belong to the same hormone
super-family because in many species, and especially in humans, they share a
number of biological, immunological and structural characteristics (Wallis, 1978 ;
Nicoll, 1982). The members of this family are derived from a common ancestral
gene that diverged about 400 million years ago into the GH and the prolactin
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branches (Miller and Eberhardt, 1983). However, human prolactin is thought to
derive from a divergence of GH genes about 20 million years ago, while rat and
ruminant prolactins would come from genes of the « prolactin » branch (Miller
and Eberhardt, 1983). Placental lactogen hormones probably appeared about
75 million years ago (Martal, 1980) from a duplication of the growth hormone
cistron. Though most of the members of this hormone family have specific
biological properties, some of them such as hGH (Li, 1972), ovine PL (Martal and
Djiane, 1975, 1977 ; Martal, 1978), bovine PL (Murthy et a/, 1982) or primate
PL (Josimovitch and Mac Laren, 1962 ; Friesen, 1965 ; Kaplan and Grumbach,
1965 ; Florini et a/, 1966 ; Shome and Friesen, 1971) display dual effects
characteristic of both lactogenic and somatotropic hormones. The genes of
several members of this family have been characterized. They consist of five exons
of nearly constant length for the same type of hormones, prolactin genes being
much larger (10to 12 Kb) than GH genes (2 Kb) because of larger introns (Miller
and Eberbardt, 1983). In 1976 Sussman et a/. showed that hGH biosynthesis was
processed by a postribosomal proteolytic modification of a larger molecule, a
pre-hGH. In 1980 Goodman et a/. identified two different genes ruling hGH
synthesis : one denominated hGH-N (N = « normal ») and accountable for the
synthesis of the « basic » 22,000-dalton molecule (22 K, see fig. 1a), the other
called hGH-V (V = « variant ») and giving rise to several amino acid changes and
deletions inside the molecule.

Primate GH is the only animal GH efficient in humans. However, the memory
of its common ancestral origin with the GH of other species is found both in the
high percentage of identical primary structures (table 1) and in the fact that
certain fragments of non-human GH exert a more or less pronounced biological
effect in humans (Liberti and Miller, 1978 ; Maciag et a/, 1980 ; Hubbard and
Liberti, 1980). According to Kawauchi and Yasuda (1987), GHs elicit four highly
conserved domains through phylogenetic evolution ; these are aminoacid align-

TABLE 1

Identity between the primary aligned structures of different hormones (from Martal, 1980).

Number of identical aminoacids

hCS hGH oGH bGH eGH hPRL oPRL pPRL
hCS 162 112 114 115 48 b5 52
hGH 85 % 122 124 122 51 56 42
oGH 59 % 74 % 189 173 49 52 51
bGH 60 % 75 % 99 % 175 49 53 52
eGH 60 % 74 % 91 % 92 % 46 51 49
hPRL 24 % 26 % 25 % 25% 23 % 143 156
oPRL 27 % 28 % 26 % 27 % 26 % 72 % 163
pPRL 26 % 21 % 26 % 26 % 25 % 78 % 82 %
% of identity
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FIG. 1. — Schematic representation of some mass variants of hGH. a) major form, the 22 000 dalton
monomer, b) pre-GH, with its leader peptide of 2 K at the N-terminus, ¢) two among the possible
configurations of the 45 K dimers, d) 24 K variant, a two chain form produced by a nick between
AA 139 and 140 in the large loop, e) the 20 K variant, shortened by a deletion between AA 32 and
46.
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ment positions 14-46 (A), 58-98 (B), 114-139 (C) and 151-194 (D) in non
mammalian GHs. The same authors suggest that domain C is responsible for
specific GH bioactivity. However, since no single domain is associated with
complete bioactivity (see part || on structure-function relationships), each of the
conserved domains and the tertiary structure itself are thought to play an essential
role in maintaining bioactivities. GH occupies a special place among the
hypophyseal secretions : it is the only one that has no well-defined anatomical
direct effector, and it accounts for about 10 % of the dry weight of the gland
(about 8 mg for a human pituitary), that is one thousand-fold more than that of
other hormones. The main biological activities of growth hormones (table 2) are
the basis of the bioassays used to quantify them (table 3).Growth hormones are

TABLE 2

Biological effects of hGH (from Chawla et a/., 1983 (reproduced, with permission, from the Annu.
Rev. Med., vol. 34, C 1983, by Annu. Rev. Inc.).

Metabolic Stimulates amino acid transport
Stimulates protein synthesis in most cell types
Stimulates DNA/RNA synthesis in most cell types
Stimulates polyamine synthesis
Stimulates lipolysis
Inhibits insulin action on glucose metabolism

Physiologic Increases renal blood flow, glomerular filtration rate, and tubular
reabsorption of PO,
Increases basal metabolic rate
Stimulates new bone formation
Stimulates erythropoiesis
Expands extracellular fluid space

Anatomic Accelerates linear growth
Reduces adipose mass and enlarges lean body mass (muscle, liver,
kidney, heart, G. |. tract, pancreas, skeleton, connective tissue)

globular proteins, or rather polypeptides, of about 190 aminoacids (AA), whose
secondary structure is almost entirely an x helix. Two disulfide bridges between
AA 53-165 and 182-189 delineate, respectively, a large loop comprising 70 % of
the molecule and a small loop near the C-terminal. However, this GH is not
represented by only one molecular entity, but by a collection of parent molecules.
Our purpose in this report is to recall the existence of these various forms that are
generally called « variants » or sometimes « ioshormones ». Part | will discuss the
naturally occurring GH forms to the exclusion of forms deliberately and
artefactually modified by a chemical or enzymatic process with a view to obtain
a product with enhanced or suppressed activity. Such molecular modifications
will be discussed in part Il (Chéne et a/, 1988) dealing with structure-function
relationships. To abide by the recommendations of the « Commission on
Biochemical Nomenclature », we have used the term « variant » for factors whose
differences arise from posttranslational modifications, and have reserved the term
« isohormone » for factors whose differences are found at the gene level.
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The existence of GH polymorphism is mainly attributable to the existence of
charge variants and mass variants. This last category can be divided into two main
types, aggregated and non-aggregated ; these will be treated first in the pituitary
and then in the plasma for didactic reasons. We have drawn a part of our
information from Chawla et a/. (1983) and we have used their classification.
Afterwards, additional forms like bioinactive hGH or human placental GH will be
considered. Most of the studies were done on human GH. In the following
chapters, we wili discuss upon hGH heterogeneity, using it as a model. The
outline of this discussion is found in table 4.

I. Mass variants.

A. Aggregated forms.
a) In pituitary.

1) Pre-hGH. — Pre-hGH is a 24,000-dalton compaonent corresponding to
the addition of a small 2,000-dalton peptide on the Phe residue at the N-terminus
of the 22 K basal molecule (fig. 1b). Growth hormones are synthesized as
pre-hormones. The conversion of pre-hGH to hGH involves the removal of this
small peptide, called leader peptide or signal peptide, from the nascent hormone
by a protease attached to the rough endoplasmic reticulum at the time of the
secretion step. This may explain why this 24 K form is never found in plasma.
Therefore the signal peptide plays a key role in the synthesis and secretion of a
fully active hormone (Gaye et a/., 1977 ; Lingappa and Blobel, 1980).

2) « Big » and « big-big » forms. — For many years, « big » and « big-big »
forms, ie. high moiecular weight proteins, have been found by biochemists
during the extraction/purification of GHs from plasma or pituitary extracts. For a
time, « big» hGH was considered as a prohormone for hGH (pro-hGH) and
« big-big » as a precursor for pro-hGH (pre-pro-hGh). Today, these appellations
are no longer used. Is called « big-big » the form whose MW > 45 K (Stolar et a/.,
1984) and which immunoreacts with an antibody directed against hGH. The
« big » and « big-big » GH would be actually arbitrary distinctions of a series of
oligomers up to the pentamer form. The reported proportions of these oligomers
relative to total GH vary according to the authors, starting material and methods
used [gel filtration on Sephadex, polyacrylamide gel electrophoresis (PAGE) with
or without sodium dodecyl sulfate (SDS), a denaturing detergent]. Thus,
Frohman et a/. (1972), starting from fresh pituitaries, isolated a 45 K form on G 75
Sephadex that they estimated accounted for about 1 % of the total immunoreac-
tivity. Treated with guanidine, 80 % of this variant was dissociated into mono-
mers. Benveniste et al. (1975) succeeded in converting all the 45 K material into
22 K components by mercaptoethanol and urea treatment. They concluded that
60 % of the dimers were attributable to interchain disulfide bridges, the remaining
40 % being non-covalent dimers (fig. 1¢). Starting from previously purified hGH,
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TABLE 4

The growth hormone variants will be described according to this framework.

MASS VARIANTS
Pituitary pre-GH (24 K)
Big and Big-big
Aggregated forms

Plasma 45 K & oligomers

80 K forms *80K

* 80 K complexe

Pituitary 24 K

20 K

Non aggregated forms

Plasma 24 K

20 K

CHARGE VARIANTS

Two-chain forms
*B,CD,E
" o2 and a3

Fast hGH (N-acetylated)

Stow hGH (alklin forms)

Deamidated forms

a and c forms

Glycosylated GH

Phosphorylated GH

OTHER VARIANTS

Bio inactive hGH
SV-gGH-2
17.5 K-hGH

Human Placental
GH (hPGH)

Lewis et al. (1977) confirmed the results of Benveniste and specified the
biological and immunochemical characteristics of the 45 K variant : compared to
the standard 22 K monomer, it was only 10-15 % as active in the weight gain
assay, about 50 % as active in the crop sac assay (lactogenic activity) and about
50 % as active in antibody binding. This immunoreactivity was even estimated as
not over 10 % by Sigel et al. (1980). Itis likely that antibodies in classical RIA are
not able to accurately recognize dimers.
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b) /n plasma.

According to Stolar and Baumann (1986), circulating aggregates appear to
originate from pituitary stores rather than from aggregation in the blood stream.
This assertion does not completely fit recent data and will be discussed later (cf.
« Physiological relevance of mass variants », p. 868).

1) Oligomers and 45 K dimers. — Aggregated forms in plasma are quite
similar to those described in the pituitary. But they could represent from 15 to
50 % of total plasma immunoreactivity, a much higher proportion than in the
pituitary (Benveniste et a/, 1975 ; Lewis et al, 1977 ; Stolar et al, 1984) or in
pituitary tissue culture media (Guyda, 1975 ; Skyler et a/, 1977). Like in the
pituitary, the plasma aggregated forms are distributed according to two types of
aggregates : 1) about 70 % are relatively labile and easily converted into 22 K
monomers during extraction ; they are likely due to non-covalent binding, 2) the
remaining 30 % are resistent to 1 % boiling SDS and only disulfide reduction
dissociates them into 22 K monomers (Stolar et a/, 1984). It must be noted that
the conversion of « big » hGH into monomers gives rise to much more 20 K variant
(see below) than predicted from its usual proportions. The strong propensity of
20 K to aggregate may explain this observation.

The bioactivity of the « big » form, assayed on human lymphocyte or rabbit
hepatocyte receptors, was only 26 to 40 % of that of the 22 K monomer (Soman
and Goodman, 1977). Other kinds of bioactivity were not determined, but its
immunoreactivity towards antibodies raised against 22 K was equipotent with
that of the monomer. This fact constitutes a striking contradiction with the low
immunoreactivity of pituitary « big » forms (Lewis et al., 1977 ; Sigel et a/., 1980).

2) 80K forms.

(i) 80 K variant. — Ellis et al.(1978) reported a « big » variant different from
those mentioned above. These authors were intrigued by the discovery that
plasma GH bioactivities, as assayed by the tibia line, were discrepant from the RIA
values (Ellis et al., 1976). The ratio between bioactivity and RIA activity ranged
from 50 to 200 (by definition this ratio is 1 for the 22 K reference). They
succeeded in isolating a variant of about 80 K molecular weight for which the
tibia/RIA ratio was more than 100. This acidic material (pH 5) was not studied
further. However, it could account for more than 80 % of plasma « tibial»
bioactivity !

A similar 80 K form, also found in rat plasma, had a tibia/RIA ratio of the same
order of magnitude as human 80 K (Ellis et a/, 1978). Though this 80 K variant
has not been identified in pituitary, its jugular vein concentration is about three
times higher than in the aorta.

(ii) The 80 K complex. — The eventuality of hGH binding to a plasma protein
has been often considered in the past but never evidenced. As early as 1977,
Beitins et a/. discovered that *"I-hGH injected in vivo or added in vitro to plasma
gave rise, 10 min later, to radiolabeled « big » forms. These newly radiolabeled
« big » forms, were due either to dimerisation or to binding to a plasma protein,
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which is neither an albumin nor a globulin. The Australian group of Herington
recently showed that rabbit serum possesses a protein of about 100,000
molecular weight which specifically binds human and bovine GHs (Ymer and
Herington, 1985). This protein is totally soluble, passes through 0.22-pm
Millipore filter, does not sediment at 200,000 x g and does not precipitate with
polyethylene-glycol. Such a protein was also found in normal sheep serum, but
not in serum from male rats (Ymer and Herington, 1985).

More recently, a similar protein was demonstrated in human species
simultaneously by Baumann and co-workers in Chicago and by the Herington
group in Melbourne. Baumann et al. (1985a) characterized a protein in human
plasma which specifically binds the 22 K variant and more weakly the 20 K
variant. This protein is neither an albumin nor an immunoglobulin ; by gel filtration
on G-100 Sephadex it has a 60-70 K MW, and with hGH it gives a 80-85 K
complex. It has a high affinity (Ka = 2-3 x 1083 M "), limited capacity (20 ng
hGH/ml), high specificity (it does not bind hPL, hPRL or rGH) and binding
reversibility. All these criteria are characteristic of a binding protein. The
association of hGH with the binding protein at a stoichiometric ratio of 1 mole
hGH/mole BP is rapid at 37 °C, and 75-80 % of maximal binding is reached after
5 min (Baumann, 1987). The source of this protein is not known, but it is
probably not of pituitary origin since it occurs in hypopituitary dwarfs. In
physiological conditions, 15 to 18 % of the circulating hGH would be in this form
and could represent a fraction of the « big-big » GH. Its affinity for hGH however
is lower than that of the GH receptor. According to Baumann (1987), binding
proteins exist in two different forms, a major one of 61,000 MW, responsible for
about 80-85 % of the circulating hGH binding, and another one with a MW of
about 100,000 daltons. Under basal conditions and up to levels of 20 ng/ml,
about 50 % of 22 K and 30 % of 20 K exist in complexed form. It is likely that
Herington et al. (1986) isolated the same protein from human sera, with the same
high affinity for hGH (Ka = 3.10 M "), about 1/3 to 1/5 that of GH receptors,
and a binding capacity of 1 840 fmol/serum ml. GH binding, dependent on time,
temperature, and serum concentration, is completely reversible and the complex
would have a molecular weight of about 74-85,000 daltons, as shown by gel
filtration on Ultrogel AcA 34. The molecular weight differences observed between
the two groups could result from the different chromatographic systems used for
their determination. From the point of view of specificity, this protein does not
bind other hormones of human origin (hPRL, hPL) or GHs and PRLs from other
species (bGH, oGH, oPRL). The authors estimate that 30 to 40 % of the GH in
normal serum may be in this bound form.

According to Silverlight et a/. (1985), plasma rGH in female rats could
circulate almost completely in 82 K form, whereas in males more than 65 % is
found as a monomer. In adenohypophysis of both sexes rGH is almost exclusively
found in the monomer form. The authors ascribe this difference between male and
female rats to the presence of a binding protein in the circulation, whose synthesis
would be sex-dependent.

The possible physiological relevance of the various bound forms will be
discussed later (cf. « Physiological relevance of mass variants », p. 868).
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B. Non-aggregated forms.
a) In pituitary.

1) The 24 K variant. — Except for a break in the chain within the large
disulfide loop (probably of proteolytic origin), between residues Phe 139 and
Lys 140, the 24 K variant is identical to the 22 K. The break converts the molecule
into a two-chain form (fig. 1). Its migration features on SDS-PAGE are modified,
the Stokes radius enlarged and, hence, its apparent molecular weight is increased
(Singh et al., 1974a).

Compared to the 22 K variant, the 24 K one retains its full immunological and
growth-promoting activities (Lewis et a/., 1980b) and has enhanced lactogenic
activity (Chawla et a/., 1983).

This 24 K variant must not be confused with pituitary pre-GH (see above)
whose MW is also 24 Kd.

2) The 20 K variant. — The 20 K form is probably the most important variant
of 22 K-hGH. It accounts for 10-15 % of the total pituitary store of hGH (Lewis
etal, 1978) and up to 20 % of the GHs released in a pituitary cell culture medium
after 24-hour incubation (Markoff et a/, 1986). According to Lewis et al.
(1980a), it differs from the basic 22 K by a deletion of 15 amino-acids (residues
32 to 46) (fig.1). This deletion does not result from the posttranscriptional
processing of mMRNA. The hGH-N gene (normal gene encoding for 22 K-hGH)
contains an alternate splice point (designated B’ in fig. 2). Wallis (1980) and de
Noto et al. (1981) suggested that 20 K with its 32-46 deletion might arise from
a splicing of the pre-GH messenger precursor RNA at this point. The determinism
which prompts the pituitary to synthesize 22 K rather than 20 K (or vice-versa) is
still unknown. Still recently it was thought that the synthesis of both forms was
controlled by different GRFs (since GRF 1-44-NH,, GRF 1-40-OH and GRF
1-37-NH, were found in hypothalamus) and that they themselves were control-
led by specific metabolic needs. However, Baumann and Stolar (1986) have
reported that a series of classical stimuli inducing a GH release, as specific as GRF
(1-40) or more generally acting as exercise, result in the same relative proportions
of three monomeric forms: 22 K (about 76 %), 20 K (about 16 %), acidic forms
(about 8 %) which were not structurally identified. No significant differences
were noted between men and women or between normal and acromegalic
patients. These authors concluded that the release of individual hGH forms was
not stimulus-specific.

With RIA the 20 K variant was only 30-35 % as active as the 22 K form (Lewis
et al., 1978). On the other hand, it has been reported to have growth-promoting
activity in hypophysectomized rats and lactogenic activity in the pigeon crop
assay equivalent to those of 22 K (Lewis et a/., 1978 ; Closset et a/., 1983), and
the same somatomedin-generating potency /n vivo (Spencer et al, 1981). In
other bioassays, however, shortening the N-terminal portion of the molecule
caused noticeable changes in biological activity. The 20 K variant was reported to
lack the early insulin-like effect (1 h) of 22 K (hypoglycemia and decrease in
serum FFA), the late rise (5 h) in serum FFA, the glucose uptake in the fat pad and
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FIG. 2. — Theoretical representation of the hGH gene and the mRNA transcripted from it. The hGH
gene contains three introns : intron A in the sequence of pre-GH, intron B between AA 31 and 32,
and intron C between AA 71 and 72. Note the alternate splice point B' at AA 47 (see text). These
introns are excised out when the gene is transcripted into the mRNA for the hormone (from
Chawla et al., 1983, reproduced with permission from the Annu. Rev. Med., vol. 34, C, 1983, by
Annu. Rev. Inc.).

the diabetogenic effect in dogs (Frigeri et al., 1979 ; Lewis et al, 1981b).
Moreover, in RRA using plasma membrane receptors from both pregnant rabbits
and normal female rats (somatotropic receptors) or mammary gland receptors of
pregnant rabbits (lactogenic receptors), specific binding was only 3-20 % and
22-53 %, respectively, as effective as with 22 K (Sigel et a/., 1981). These findings
suggest that 20 K and 22 K may have separate receptors in target cells though
they were shown to have a similar affinity for both kinds of liver and mammary
gland receptors from pregnant rabbits (Closset et al., 1983). A recent work of
Smal et al. (1986) using isolated rat adipocytes (a target for the insulin-like
effects of GH) and cultured IM-9 human lymphocytes (more specific for growth
effects) shows that 20 K is a potent agonist of 22 K in the lymphocyte assay, while
its potency in the adipocyte is only 3 %. In receptors from pregnant rabbit liver,
20 K also behaves like 22 K (Smal et a/., 1987). Thus the receptors for hGH appear
to be different in various tissues. Those of IM-9 human lymphocytes and rabbit
liver can bind both 22 K and 20 K, while those of adipocytes poorly recognize the
20 K variant hence depriving the 20 K variant of any insulin-like effect. The recent
data of Kostyo et a/. (1985) and Tinsley et a/. (1986) show that the Met-20 K
variant, obtained from recombinant DNA techniques in £. coli, has substantial
diabetogenic and insulin-like activities but that the doses required to obtain
activity are higher than with 22 K. It can thus be inferred that the deletion region
32-46 has a role in the full expression of the activity, either because it contains
a portion of the active site for this property or because it alters the conformation
of the 20 K molecule. However, in respect to the doses used by the different
authors, such apparently controversial results are not necessarily discrepant.
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b) /n plasma.

The 24 K variant described by Lewis in the pituitary has not been detected in
plasma yet, perhaps because of its low concentration or the lack of recognition of
the antibodies not specifically directed against it.

The circulating 20 K material accounts for 5-15 % of total GH immunoreac-
tivity, which agrees with its relative proportion in the pituitary gland. Baumann et
al. (19856b) found that the 20 K and 22 K variants had similar distribution
volumes, corresponding about to the extracellular fluid space, but the metabolic
clearance rate of 20 K was 2 to 3-fold lower than that of 22 K.

Physiological relevance of mass variants.

In this chapter, we will focus on the qualitative and quantitative importance
of GH mass variants and discuss their physiological implications.

a) GH production in vitro.

The analysis of GH production in cell cultures provides a means of knowing
which forms are synthesized. The secretion product of normal human pituitary
glands, or of acromegalic pituitaries maintained in organ culture, was examined
by Baumann and Mac Cart (1982) using polyacrylamide gel electrophoresis and
electrofocusing. They found that pituitary secretes primarily the 22 K variant.
Other forms, if secreted, were below the detection threshold of the method.
However, using a combination of SDS-PAGE and immunoblotting, Markoff et al.
(1986) succeeded in producing both the 22 K and the 20 K variants in human
pituitary cells cultured for 16 days. Under basal conditions, the cells released
2.8 ug of hGH-22 K/ml and 0.7 ug of hGH-20 K/ml of medium per day. GHRH
treatment (108 M) resulted in a stimulation of both variants in the same
respective proportions. Curiously, the 20 K/22 K ratio increased with time from
1/19 in the first hour of incubation to 1/4 by 24 h. Whatever the conditions,
secreted hGH appeared essentially as monomers. Thus, in vitro-produced hGH
appears to be more homogeneous than the hGH present in most pituitary extracts.
Identical observations were made /n vivo with GH peaks obtained with secreta-
gogues (cAMP or prostaglandin E2) or from acromegalic tissue, which were
qualitatively indistinguishable from normal spontaneous hGH (Baumann and
Mac Cart, 1982).

On the contrary, about 40 rat immunoreactive proteins were seen by
2 D-PAGE analysis of cell-free translation products of mRNA derived from male
rat pituitary cells in monolayer culture (Yokoya and Friesen, 1986). Among them,
16 proteins had a molecular weight of 22,000 daitons or less. The release of most
of them was either stimulated or inhibited by hGRF and somatostatin, respecti-
vely. These findings suggest that rat GH has a lot of variants.

b) GH species in vivo.

In mouse serum, GH was reported to be present in « big » and « little » forms
(Sinha, 1980). In 15-day old animals the « little » form was the major constituent,
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while at 80 days of age the « big » form was predominant. Thus larger forms of GH
are considered by the author as natural entities, resulting mostly from postsecre-
tional transformations in the systemic circulation. He suggested that the « big»
GH represent minipackets of hormones designed to facilitate hormone transport
and action at the level of target tissues.

In man, we have already noted the high proportion (15-50 %) of total
immunoreactive GH of « big » hGH forms in plasma. Gel profiles on SDS-PAGE
indicated that two-thirds of these « big » forms were non-covalently aggregated
and easily converted into « little » forms. The remaining third could be converted
almost completely into monomeric forms by sulfhydril reduction of the bridges
(Stolar et al,, 1984). The « little » forms consist essentially of monomers, of which
22 K is the major variant (about 76 to 85 %), followed by 20 K (about 7 to 16 %)
and the more acidic forms: N-acetylated, deaminated, or cleaved chains
(5-10 %). Growth hormone collected from spontaneous bursts or after physio-
logical stimuli such as excercise, or pharmacological stimuli as L-DOPA, GRF,
estrogens or TRH, resulted in the same electrophoretic patterns and the same
relative proportions in both sexes and in acromegalics (Baumann et a/., 1983 ;
Stolar et a/., 1984 ; Baumann et al., 1985a ; Baumann and Stolar, 1986 ; Markoff
et al., 1986). Thus, the release of pituitary hGH variants is not stimulus-specific.
In contrast, plasma hGH patterns during basal periods were much more variable
and, besides the usual variants, included immunoreactive components with
molecular weights of 30 K, 16 K and 12 K which were consistently identified.
Their relative preponderance differed greatly from one subject to another. Such
hGH fragments, not reported before, could represent a dominant part of the total
immunoreactivity in the basal state (Baumann et a/., 1985a). The same relative
proportions of major forms found in plasma were also reported in human urine
(Baumann and Abramson, 1983). Indeed, urinary hGH is presumed to reflect the
pattern of plasma hGH. However, only a minute fraction (< 0.01 %) of the hGH
secreted clears through the kidneys which do not seem to be responsible for any
interconversion among the hGH forms.

The discrepancy between the full growth-promoting and somatomedin-
generating (Lewis et al., 1978 ; Spencer et al, 1981) potency in vivo of the
hGH-20 K variant, as compared to 22 K, and its poor binding interaction on 22 K
receptors in a variety of tissues (Sigel et al., 1981 ; Wohnlich and Moore, 1982 ;
Smal et al., 1986) has been emphasized above. One possible mechanism
explaining normal bioactivity /n vivo, despite low receptor binding, could be the
more prolonged persistence of the 20 K variant in the blood stream. Some years
ago, after injecting hGH material from U. J. Lewis into mice, Sigel et a/. (1982)
failed to discriminate different half-life values for hGH and the 20 K variant.
However, the above-mentioned hypothesis was verified by the team of Baumann
(1985b) who found that the metabolic clearance rate (MCR) of hGH-20K
injected into rats was 2 to 3-fold lower than that of 22 K. Furthermore, the MCRs
of the dimers of each of them were significantly lower than those of the
corresponding monomers (5-fold in the case of hGH-22 K and 2-fold in the case
of hGH-20 K). Both dimers were also degraded at slower rates than the
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monomers (Baumann et a/, 1986b). These observations may account for the
relative preponderance of large molecular weight GH forms in blood as compared
to pituitary.

The findings of Hendricks et al. (1985) constitute a leap forward in the
understanding of the mechanisms by which the « big » forms occur. These authors
injected hGH as bolus into euthyroid hypopituitary patients ; blood samples were
collected from 5 to 180 min after the injection and the plasmas were gel-filtered
on Sephadex G-100. Figure 3 shows the interconversion which occurred from
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FIG. 3. — Sephadex G-100 patterns showing changing percentages of hGH components as the
sampling time interval increased after iv hGH injection in hypopituitary patients. Left arrow marks
the void volume and the beginning of the least retarted (pre-big) hGH peak, followed by the big
hGH component and then the major peak of little hGH. Right arrow denotes the salt elution.
Percentages were calculated from pooled fraction values within a given peak divided by the sum
of all fractions measured. The longest sampling from the injection time (180 min) contains a
significantly lower percentage of the little, most biologically active hGH component (from
Hendricks et a/, 1985, with permission).
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« little » forms to « big » ones as a function of the time elapsed. The longer the time
after initial hGH injection, the larger the percentage of the bigger hGH
component, and the larger the component, the longer it took to be cleared from
the plasma (fig. 4). The data of Nixon and Jordan (1986) who studied GH in
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FIG. 4. — Clearance of hGH components. The data plotted are the mean concentrations (nanograms
per mt) of total hGH and its components at each time point for two studies. For these, the 5 min
mean hGH concentration was plotted as 100 %. Component concentration : total hGH concen-
tration X percentage of the component, as determined by gel filtration, as shown in fig. 3. Insert :
half-live (t1/2) for each hGH component. The t1/2 represents the time required for 50 %
reduction of mean hGH (from six studies) using the concentration at 30 min as the initial reference
point (from Hendricks et a/, 1985, with permission).

human cerebrospinal fluid (CSF) strengthen this concept. In CSF, a biological
fluid largely isolated from serum proteins, virtually all the GH (more than 97 %)
occurred in monomeric form, whereas the large component comprised more than
15 % of the total immunoreactivity in simultaneously-obtained serum. When
monomeric hGH extracted from CSF was incubated with serum, 16 % of the
immunoreactivity eluted in the « big » material region (fig. 5). Thus the /n vitro
events reproduced /n vivo observations already made by Hendricks et a/. (1985).
Moreover, as did Hendricks et a/, Nixon and Jordan observed that the binding of
hGH to serum proteins was time-dependent (fig. 5).

The physiological role of such binding has not been determined to date.
However, some recent results on the biological effects of the full complex
hGH-antibody evoke troubling analogies and raise questions. Monoclonal
antibodies to hGH and bGH are able to potentiate the actions of these hormones

Reproduction, nutrition, développement n® 4A/88. — 2
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FIG. 5. — Elution patterns on Sephadex G-100 chromatography.

A) The elution pattern of human cerebrospinal fluid {CSF) (top panel), serum {middle panel) and CSF
incubated in growth hormone-poor serum {bottom panel). The addition of growth hormone-poor
serum changed the elution pattern causing the appearance of large molecular weight species.
Arrows show elution position of added radioactive markers.

B) '?51-GH after 30 min of incubation with phosphate-buffered saline (upper panel), 30 min (middle
panel) and 24 h (lower panel) of incubation with growth hormone-poor serum (from Nixon and
Jordan, 1986, with permission of Acta Endocrinologica).

on growth and on sulfation of cartilage in hypopituitary dwarf mice and
hypophysectomized male rats (Aston et a/., 1986) ; they can even increase the
effective potency of hGH by at least 25-fold in the SM-C generation in hypox rats
(Wallis and Aston, 1987). Thus, in the same manner as IGF-binding protein
complexes are supposed to constitute a hormone reservoir and increase IGF
half-life in the circulation, the binding of hGH on specific binding proteins or
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monoclonal antibodies could lead to a slower elimination rate of growth
hormone, rendering it more available to tissues. Such a mechanism would supply
low, but constant, levels of the hormone to its target cells, thus better stimulating
cell growth than if applied in high but temporary concentrations. If enhancement
of the biological effectiveness of GH by binding on antibodies is confirmed by
further experiments, it could be of great interest in both human clinical use and
animal breeding and meat production. However, long-term treatments with such
artificial protein complexes are likely to rapidly give rise to immunological
refractoriness.

In conclusion, it now appears that in fanned-out mass variants of GH,
monomeric 22 K occupies the main place, followed by 20 K. Both are able to
aggregate (especially 20 K) to form dimers and oligomers up to pentamers in the
pituitary as well as in the blood stream. Most are held together by non-covalent
bonds and the remaining are connected by disulfide bridges. In serum they both
tend to bind to proteins to form large complexes which, in turn, presumably
represent an important part of the « big-big » forms.

Il. Charge variants of GH.

The majority of charge variants were identified from various extracted and
purified preparations of pituitary hGH. Few of them were found in plasma, except
for acidic GH, like N-acetylated or deaminated forms which are systematically
reported to accompany 22 K and 20 K monomers.

1) Two-chain forms. — In 1973, Chrambach and co-workers, using a PAGE
system, isolated a series of hGH variants (labeled B, C, D, E) of the same
molecular weight but showing a progressive increase in electric charge from B
(basic), the major component, to E (acid). Variants C, D and E could result from
the progressive digestion of B with plasmin (Chawla et a/., 1983). According to
Lewis and Cheever (1965), all preparations of hGH might be contaminated with
a proteinase. If plasmin was such a proteinase inherent in Chrambach’s
preparation, the conversion from B to E forms might be explained. The four
variants were identical in RIA. But interestingly, the growth-promoting, lactoge-
nic and somatomedin-generating activities of the more acidic forms, D and E,
were 3 to 8-fold as potent as B (Yadley et a/., 1973). Plasmin is known to cleave
the large disulfide loop in the region 136-140 (Baumann and Nissley, 1979).
Such a cleavage, which can involve a single nick or removal of a short peptide
sequence, converts the single-chain molecule into a two-chain structure.
Secondary and tertiary structures are modified by this change. The metabolic
clearance rate is significantly lowered, which might at least partially account for
its enhanced biological activity (Baumann, 1976).

Nearly at the same time, Lewis et a/. also characterized four charge variants
from extracts of human pituitary gland (Singh et a/.. 1974b ; Lewis et al., 1976).
These forms, designated o, ,, @3 and f, appear to be electrophoretically similar
to the four forms B, C, D and E studied by Chrambach et a/. Among these, o, and
az, which were shown to lack sequences 135-140 and 135-146, respectively,
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seem to be the more interesting. Like the B to E series, all the Lewis-modified
forms were indistinguishable from the intact hormone by RIA. By tibial and
lactogenic assays, a@; was 5 and 10-fold, respectively, more active than native
hGH.

The cleaved form of hGH, isolated from the pituitary and that had growth-
promoting activity, was found in only small amounts in the pituitary (Lewis et a/.,
1980b). Whether these charge isomers are actually in the pituirary or the blood is
still uncertain. They were purified from pituitaries collected several hours after the
death of the patients and thus long enough to allow the internal proteases to
work. But none of the proteases tested in vitro degraded hGH in the way needed
to obtain a. Nevertheless, Chrambach’s isomers were also isolated from the
tissue culture of a pituitary adenoma (Kchler et a/, 1971). All these two-chain
variants, if present in plasma, could be produced by proteolytic plasmin-like
cleavage at the time of secretion and thus might have physiological importance.
Furthermore, Lewis et a/. have detected a peptide in blood, corresponding to the
deletion peptide residues 132-146 of hGH (Chawla et a/., 1983).

2) Fast GH.— In electrophoresis a minor component migrates just before the
22 K front and therefore is more acidic and more rapid. It was termed « fast hGH »
(Lewis et al, 1979). After isolation on DEAE-cellulose, structure analysis
indicated that the N-terminal phenylalanine was blocked by an acety! (Lewis et
al, 1980b). This N-acetylated hGH is equipotent with 22 K in the tibial assay line
and in RIA as well. Lewis et a/. (1980b) estimated that fast GH accounts for about
5 % of the growth hormone in pituitary gland.

3) Deamidated forms. — The group of Lewis also reported two desamido
forms of hGH resulting from the deamidation of AsN-152 and GIN-137 (Lewis
et al, 1981a). Their bioactivities were not reported, but their immunoreactivity in
RIA was half that of the 22 K variant.

4) Slow hGH-alkaline forms. — Another type of heterogeneity was descri-
bed by Lewis et al. (1979) when they incorporated urea in the electrophoresis gel
system. They observed two components which migrated more slowly than the
major form of hGH. These slow-migrating components did not seem to be
artefacts produced by urea treatment since the major hGH component, reanalysed
on urea-containing gels, did not show slow forms, indicating that hGH was not
converted to the slower migrating forms by exposure to urea (Lewis et al., 1980b).
Both the slow forms had growth-promoting and lactogenic activities, but the
faster migrating one had greater lactogenic potency than the major form of hGH.

5) a and ¢ hGH forms. — After removal of all previously described mass and
charge variants, purified hGH preparations could be expected to be « pure ».
However, when Lewis et a/. analysed such a « pure » preparation on isoelectric
focusing in polyacrylamide, they were surprised to observe two additional
components flanking the major band designated 1 ¢ and 1 a because of their
cathodal and anodal migration behaviour (Lewis et a/., 1976). These components
could have been allelic modifications in which aminoacid substitution of neutral
residues prevents detection by disc electrophoresis but not by isoelectric
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focusing. The immunological and biological activities of these two forms were not
studied further. It is noteworthy that the desamido form (see above) showed the
same three components (Lewis et a/., 1976).

6) Glycosylated GH. — A recent paper by Sinha and Lewis (1986) deals
with a putative glycosylated hGH detected in human pituitary gland. The analysis
of hGH-related genes predicts that such a form can exist (Moore et al., 1982). The
hGH-V gene differs from the normal hGH-N gene at 13 positions of the
amino-acid sequence (see below). One of the substitutions involves the
replacement of Lys-140 by AsN, giving rise to an AsN-GIN-Ser sequence, an
appropriate sequence for N-linked glycosylation. Sinha and Lewis using a lectin
binding immunoassay think that they have identified such a glycosylated GH.

At a recent symposium devoted to growth hormone and growth factor
research held in Milan, Berghman et a/. (1987) told of the discovery in chick of
two glycosylated variants, a minor one of 22 K indistinguishable from the 22 K
holoprotein, and a major form of 25 K. These two forms together accounted for
3 to 5% of the total GH content of chicken pituitary.

7) Phosphorylated GH. — Liberti et a/. (1985) showed that a natu-
rally-occurring ovine GH was phosphorylated. This supposes the existence of a
GH kinase. To date, other pituitary hormones lack phosphorylated forms. This
suggests that the putative kinase is highly specific for GH or may be contained
within somatotrophs and, therefore, that it is not accessible to the other
hormones.

The same group also identified phosphorylated GH in rat anterior pituitary
incubated in a 32 P, containing medium as well as in the medium itself. Gel
filtration on Sephadex G-75, SDS-PAGE and autoradiography indicated that
phosphorylated GH was synthesized and secreted by rat pituitary glands in vitro
(Liberti and Joshi, 1986).

lll. Others kinds of GH.

1) Bioinactive GH. — Some years ago, the failure of children to grow was
sometimes attributed to functional hGH deficiency resulting from pituitary
secretion of a structurally abnormal hGH with substantial immunoreactivity but
little or no bioactivity. The bioinactive hGH concept was first introduced by
Kowarski et al. (1978), then by several authors after a series of convergent
observations on children with growth retardation and delayed bone age. These
children showed: normal basal levels of hGH, normal hGH response to
provocative tests, subnormal RRA/RIA ratios (about 0.4), subnormal SmC levels
(about 0.2 1U/ml) and SmC levels which could be corrected and growth velocity
normalized by appropriate GH treatment (data from Kowarski et a/., 1978 ; Hayek
et al, 1978 ; Frazer et al, 1980; Rudman et al, 1981). The criteria for a
bioinactive GH diagnosis are listed in table 5. For more extensive data and
comments, the reader will refer to Chawla et a/. (1983).
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TABLE 5

Diagnostic criteria for bioinactive hGH in short children (from Chawla et a/., 1983 (reproduced, with
permission, from the Annu. Rev. Med., vol. 34, C 1983, by Annu. Rev. Inc.).

. Peak GH (RIA) after provocative tests and during sleep > 12 ng/ml.

. Current height < 3rd percentile.

. Bone age/chronologic age < 0.8.

. Growth velocity below normal for chronologic age by two standard deviations (2 SD) or more.

o AW =

. Plasma SmC (average of three estimates) below normal average for chronologic age by 2 SD or
more.

[=2]

. RRA/RIA ratio for serum GH below normal average by 2 SD or more.
. Normalization of SmC after 10 days’ hGH at 0.08 units/kg/day.

8. Normalization of growth velocity and serum SmC during 6 months treatment with hGH at
0.08 units/kg/day.

9. Growth velocity and SmC decline to subnormal rates within 2 months and within 10 days,
respectively, after long-term hGH treatment is stopped.

~J

2) Simian virus human growth hormone-2 (SV-hGH-2). — The gene coding
for 22 Kand 20 K is called hGH-N (see above). Another gene coding for a pre-GH
form with 15 aminoacid substitutions (2 in the leader peptide and 13 distributed
throughout the « mature » protein chain) was reported by Seeburg (1982) and
called hGH-V. It is not known if this gene is normally expressed in pituitary, but
it was expressed in a monkey kidney cell system by cloning in a simian virus
(Pavlakis et al, 1981). This new hGH molecule has an alkaline isoelectric pH of
8.9, mainly due to the loss of two acidic aminoacids and the benefit of three basic
ones, suggesting that the alkaline forms (see above) found in pituitary extracts
could be an expression of this newly-recognized gene. If this hGH-V gene was
expressed in vivo, the synthesized product, SV-hGH-2, could account for the
hGH species with high biological and weak immunological activities found in
80 K (see above) and some 22 K fractions (see charge variants). Moreover,
SV-hGH-2 tends to aggregate. According to findings of the Hennen group in
Belgium (Hennen et a/., 1985b), the hGH-V gene is actually expressed /n vivo, at
least in women, at the placental level to give rise to the newly-recognized human
placental growth hormone, hPGH.

3) hGH 717.5 K. — In a recent work, Lecomte et a/. (1987), using a human
pituitary cDNA library, reported that they have cloned three distinct hGH cDNAs,
coding respectively for the well-known 22 K and 20 K forms and a yet unknown
17.5 Kvariant. The sequence of the concerned cDNA lacks the 120 bp correspon-
ding to the entire third exon and encodes a protein of 17.5 Kd, a « truncated »
hGH which lacks the 40 aminoacid residues coded by exon 3 and has never been
reported in the literature. The biological features of this new putative hGH variant
are still unknown.

4) Placental hGH. — In early 1985, Hennen reported the discovery of a new
human growth hormone occurring during the second half of gestation and
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synthesized by the placenta (Hennen et a/., 1985a). By means of two monoclonal
antibodies, specific either for an epitope, represented essentially by the N-
terminal sequence of 22 K and 20 K, or for another one more internally located
and absent in the 20 K, they were able to determine that pituitary secretion
disappears after the 25th week of pregnancy. Simultanecusly, from week 25 up
to parturition, a GH-like material, restricted to maternal circulation and assumed
to originate from the placenta, appears in the blood. This human placental GH
(hPGH) disappears rapidly at delivery. hPGH most likely originates from the
placenta as it is 10-fold more concentrated in this tissue than in serum (Hennen
et al, 1985a). It was extracted from that organ and then partially purified using
ion-exchange and immunoaffinity chromatographies (Hennen et a/, 1985b;
Frankenne et al., 1987c). hPGH was demonstrated to be more basic than pituitary
GH, whose isoelectric point is around 5.5, and to be composed of two forms of
22 K and 25 K MW, respectively (Hennen et al., 1985b). Pure hPGH, obtained
through preparative electrophoresis, behaved as a complete agonist to pituitary
GH for binding to GH hepatic receptors, for which it displayed a 2-fold higher
binding potency (Frankenne et a/., 1987b). As its characteristics are very similar
to those of the GH-V protein and since the placental expression of the GH-V gene
has been evidenced (Frankenne et a/, 1987a), hPGH represents the natural
product of the GH-V gene. In such a case, hPGH could be considered as a true
isohormone of hGH-22 K. hPGH is unlikely to play any significant direct role in
fetal development since it has not been detected in the fetal compartment
(Frankenne et a/., 1987b). It has been shown recently (Caufriez et al., 1987) that
maternal serum 1GF-1 levels are significantly correlated with hPGH concentra-
tions, but not with hPL or pituitary GH concentrations. Therefore, hPGH is most
probably involved in a mechanism by which the placenta progressively replaces
the pituitary in controlling the mother’'s metabolism, favouring the fetus’
well-being and development.

The main characteristics of GH variants have been summarized in table 6.

IV. GH heterogeneity in other species.

Growth hormone polymorphism is not restricted to the human species.
Multiple forms of GH were detected in several pituitary extracts from rats, pigs,
bovine and sheep. Schleyer et a/. (1982) isolated five subfractions of porcine GH
with slightly different aminoacid compositions. After hGH, the bovine hormone
has been the most extensively studied in this respect. Ruminant growth hormones
are single chains of about 20-22,000 daltons which tend to aggregate, and in
neutral solution and at moderate concentrations dimers tend to predominate. This
fact led to some incertitude for many years concerning its actual molecular weight
(Wallis and Davies, 1976). One heterogeneity comes from the existence of two
N-terminal residues, either Ala or Phe (Li and Ash, 1953 ; Wallis, 1969, 1973).
The nature of this N-terminal heterogeneity was elucidated by investigating the
N-terminal sequence. Wallis (1969) showed that there were two N-terminal
sequences which differed only in the presence or the absence of an extra
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TABLE 6

Summary of the main biological activities of the main hGH variants. In all columns (except for % and
ratios) the numbers express the relative potency of the variant versus the reference hGH-22 K.
mb. = membranes.

Variant % RIA Tibia % Crop sac RRA @
RIA RIA
Reference 55 70-85 1 1 1 1 1 1
hGH
human
45 K (big) 15-50 %\ pit. 0.1-0.5 0 0 < 0.5 Iymphocytes
0.2-04
> 45 K of total
(big big) RIA plasma 1 0
Mass
p 60-80 K 0 AAP 0.5-2
variants 24 K 1 0 o
rat liver mb.
0.03-0.2
20K 10-15 0.3-1 1 9 fem. rabbit <1
mamm. mb.
0.2-0.5
o 1 1 1 5
o 1 4-5 10
Fast-GH (N- 5 1 1 1
Charge acetylated)
variants
Slow-hGH 1 1 1 =1
Deamidated 1
forms
Bioinactive
hGH 1 <04 < 04
IM-9  human
Other
; lymphocytes
variants - o LGH-2 0.05-0.10 05 > 10
fem. rabbit
liver mb.1 > 20

N-terminal alanine. The two chains were always obtained in approximately equal
amounts (Wallis and Davies, 1976). Pena et a/. (1969) showed that the origin of
this variation was not allelic but probably arose from the ambiguous processing
of a GH precursor. This N-terminal heterogeneity was also observed in oGH
(Penaetal, 1970). A second variation in the bGH (never the oGH) maolecule was
found at position 127, where Val or Leu are alternatively found, at a ratio of about
1/2 (Fellows and Rogol, 1969 ; Fernandez et al., 1971). Seavey et al. (1971),
studying individual beef pituitaries, showed that, in an individual gland, residue
127 could be all Leu or all Val, or both. Thus, they demonstrated that variation at
this position was due to allelic polymorphism in the cows from which the
hormone was derived. However, a recombinant-derived bGH produced by E. coli
was reported to be more homogeneous than that derived from pituitary sources
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and was greater than 95 % of a single polypeptide entity (Brems et a/., 1985). By
chromatography on DEAE-Sephacel, Hart et al. (1984) resolved pituitary-
extracted bGH into four protein peaks (A, B, C, D). By immunological,
physiological and metabolic criteria, they were shown to differ relatively from one
another. For instance, all were equally lipolytic, but fraction D had a greater
growth-promoting capacity than the others and was only weakly immunoreac-
tive.

in non-mammals, the Phe and Leu were found at the N-terminal of duck
(avian) and turtle (reptilian) GH preparations (Papkoff and Hayashida, 1972),
but were not confirmed in ulterior publications ; they were perhaps due to some
degradation during the purification steps. Besides the glycosylated GH aiready
mentioned in avian preparations (Berghman et a/,, 1987), Goddard and Houston
(1987) reported the existence of at least 10 charge variants of chicken GH in a
range of 14K to 66 K forms, the predominant one being 24 K. Another
microheterogeneity was observed at the N-terminal of sea turtle with NH,-(Ala
or Phe or Leu)... (Farmer et al., 1976). The teleost fish, Tilapia, was reported to
present N-terminal variants. Aminoacids lle, Leu and Val were found at the
N-terminus, but Pro was always the only second aminoacid (/.e. NH,-(lle or Leu
or Val)-Pro... (Papkoff et a/., 1980). Recently, two forms of growth hormone were
purified from the medium of eel pituitaries in organ culture. The two variants
identified, eGH | and eGH Il, were highly similar to each other with a molecular
weight of 23,000 daltons. Both eGH | and eGH Il are likely to be secreted from
a single pituitary. The N-terminal aminoacid is Val for eGH | and lleu for eGH I,
and the isoelectric points are 6.3 and 6.7, respectively. Both were equipotent to
ovine GH to promote growth in juvenile rainbow trout (Kishida et a/., 1987).

Conclusions.

Considerable progress has been made in recent years concerning what is
known about the structure of growth hormone and its many variants, which are
still increasing in number. The biological role of these newly-recognized
hormones and their full physiological significance has not been elucidated vyet.
Several hypotheses have been put forward to explain the variety of GH action :
a) the GH molecule may be subdivided into two parts, one anabolic and the other
catabolic (Levine and Luft, 1964) ; b) the GH molecule may be a prohormone
which delivers more specific active fragments after enzymatic attack or hydrolysis
by the plasma cell membrane (Bornstein et al, 1973); c) the attractive
hypothesis of Mills et a/. (1980) suggests that a variety of receptors at the target
level could react with different regions of the GH molecule, each inducing a
specific biological effect.

Whatever the mechanisms involved in hormone action, it is evident that
alterations in charge, mass and in circulating forms, freely moving or bound to
proteins, considerably modify the sites exposed to proteolytic attack or to cell
receptors, hence directing the biological effect in such and such a way. An overall
hypothesis is that proteolytic processing of a variety of forms of GH, each acting
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as a specific substrate, could produce numerous fragments with affinities for
specific receptors (Lewis, 1984). In the experimental or clinical field, one must
keep in mind that, whatever the assay used, GH concentrations never deal with
a sole molecular species (except for monoclonal antibodies), but integrate all
forms. Further structure-function relationship studies are needed to clarify the
relative biological importance of each of them.
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Addenda

Since this manuscript was submitted, some data in the field of GH polymorphism have appeared,
which must be added to this rewiew.

a) concerning hGH dimers. Becker et al. (1987) demonstrate that hGH dimers extracted from various
commercial batches of pituitary hGH, biosynthetic hGH and biosynthetic methionyl-hGH are
essentially in a noncovalent dimer form. The authors underline that the commonly used SDS-PAGE
is not suitable for detecting noncovalent dimers (because of dissociation into monomers), and that
size-exclusion HPLC is the method of choice to achieve a valuable separation. Such dimers are much
less bioactive than monomers, but exhibit similar reactivities in polyclonal RIA analysis. However the
dimers EDy, values are significantly lower, and with an appropriate monoclonal antibody immuno-
reactivity falls to 22 % compared to monomeric hGH.

Becker G. W., Bowsher R. R., Mackettar W. C., Poor M. L., Tackirt P. M., Ricein R. M., 1987.
Chemical, physical and biological characterisation of a dimeric form of biosynthetic human growth
hormone. Biotechnol. appl. Biochem., 9, 478-487.

b) concerning non immunoreactive but bioactive GH. Kowarski et al. (1978) were the first to report
the bioinactive GH syndrome (see text). The same group describes now the opposite clinical picture :
normal growth in 4 boys with no RIA-GH. Normal plasma GH concentrations are evidenced by IM-9
cell RRA. The RRA/RIA ratio in a range of 4 to 14 largely exceeded that of controls. The authors
conclude that these patients secrete a molecule with normal receptor binding and bioactivity which
is « invisible » to the standard GH-RIA. This variant GH is possibly expressed from the human GH-V
gene or a mutant allele. This data is consistent with that of the 80 K variant of Ellis et a/. (see text)
who found a tibia/RIA ratio very elevated for this variant.

Bistrizer T., CraLew S. A, Loverik J. C., Kowarski A. A., 1988. Growth without growth hormone :
the « invisible » GH syndrome. Lancet, |, 321-323.

¢) concerning GH binding protein. A fraction of growth hormone receptor from rabbit liver and the
growth hormone binding protein from rabbit serum have the same amino-acid sequence, indicating
the binding protein corresponds to the extracellular hormone-binding domain of the liver receptor
(Leung et al. 1987). Clones of both the rabbit and human GH receptors were isolated. The whole
putative receptor would have a MW of 130 K and comprise 620 residues. The hydrophobic region from
residues 247-270 probably represents a transmembrane domain, leaving 246 residues at the
amino-terminal end as an extra-cellular domain, which presumably binds GH, and 350 residues on the
cytoplamic side. The MW is actually heavier than that predicted from the sequence and can be largely
accounted for by glycosylations on eight AsN residues (Wallis, 1987). When expressed in mammalian
cells, the cloned rabbit protein can bind both hGH and bGH, whereas the cloned human protein can
bind only hGH but not bGH, a species specificity very similar to that seen in the biological actions of
growth promotion. Moreover the complete primary structures derived from complementary DNA
clones encoding the putative human and rabbit growth hormone receptor are not similar to other
known proteins, demonstrating a new class of transmembrane receptors.
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Leung D. W., Srencer S. A., Cachianes G., Hammonos R. G., Couuins C., Henzer W. J., Barnaro R., Waters
M. J., Wooo W. |, 1987. Growth hormone receptor and serum binding protein : purification, cloning
and expression. Nature, 330, 537-543

Watus M., 1987. Growth-hormone receptor cloned. Nature, 330, 521-522.

Résumé. Les hormones de croissance. 1. Polymorphisme.

Lorsqu’on parie de I’lhormone de croissance hypophysaire, on n'évogue pas seulement
une espece moléculaire, mais tout un ensemble de molécules apparentées, dont les
particularismes individuels constituent le polymorphisme de la GH (GH = growth
hormone). Cet article traite essentiellement des différentes formes, appelées variants, de la
GH humaine, mais évoqgue aussi ce polymorphisme chez les autres espéeces.

La forme prédominante de toutes ces GH est le variant 22 K (PM = 22 000 daltons),
auquel les autres variants sont comparés, tant au point de vue de la structure chimique que
des actions biologiques. On les classe selon deux grands groupes : les variants de masse
(dont la masse moléculaire se trouve modifiée par rapport au 22 K), qui se divisent en
formes agrégées ou non agrégées, et les variants de charge (mobilité électrophorétique
différente). En dehors de cette classification se trouvent des entités encore mal connues,
comme la GH bioinactive, normalement détectée par RIA mais sans activité biologique, ou
au contraire fortement bioactive mais non immunoréactive, ce qui pose de sérieux
problémes pour son étude. S’y ajoute la forme SV-hGH-2, qui serait codée par un gene
différent de celui responsable de la synthése des autres variants. Dans ce cas on aurait a
faire non plus a un variant, mais a une isohormone. Cependant I’'expression de ce géne n'a
encore jamais été mise en évidence dans |I'hypophyse. Mais, selon des données récentes,
il pourrait étre exprimé au niveau placentaire, et étre impliqué dans la synthése de 'hPGH
(human placental growth hormone), hormone de croissance nouvellement découverte, qui
chez la femme prend le relai de la GH hypophysaire a partir de la 25° semaine de grossesse.

Apres libération par |I'hypophyse dans la circulation, les molécules de GH sont
partiellement prises en charge et transportées par des protéines de liaison. Le role
physiologique de ce phénoméne pourrait étre la constitution d'un réservoir et d'un systéme
d'économie de la GH, la clairance métabolique du complexe GH-protéine de liaison étant
plus faible que celle de la GH libre, ce qui augmente la demi-vie biologique de ’hormone.
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