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Abstract. Soluble truncated forms of the growth hormone receptor (GHR) are present 
in the circulation of many species and are also produced by many tissueslcell types. 
The major high-affinity forms of these GH-binding proteins (GHBP) are derived by 
alternative splicing of GHR mRNA in rodents, but probably by proteolytic cleavage in 
other species. Questions still remain with respect to the origins, native molecular 
form(s), physiology, and function of the GHBPs, however. The observation that GH 
induces dimerization of the soluble GHBP and membrane GHR, and that dimerization 
of GHR appears to be critical for GH bioactivity suggests that the presentation of GH 
to target cells, in an unbound form or as a monomeric or dimeric complex with GHBP, 
may have significant implications for the ability of GH to activate specific postreceptor 
signaling pathways (tyrosine kinase, protein kinase C, G-protein pathways) known to 
be utilized by GH for its diverse biological effects. This minireview addresses some of 
these aspects and highlights several new questions which have arisen as a result of 
recent advances in our understanding of the structure, function, and signaling mech- 
anisms of the membrane bound GHR. (P.S.E.B.M. 1994, Vol206) 

Origins of the Growth Hormone-Binding Protein 

Growth hormone-binding proteins (GHBP) have 
been identified in many species, both in the circulation 
(1-4) and, in some species and tissues, in soluble cy- 
tosolic fractions of cells (5). In rodents, which have 
been the most closely examined species, the GHBP 
(based on mRNA and/or immunohistochemical loca- 
tion) is expressed by and/or released from a wide range 
of tissues and cell types (6-8). In some species several 
forms of GHBP appear to be present. The primary 
GH-binding component of the native form($ of GHBP 
is essentially the extracellular, GH-binding domain of 
the cell membrane GH receptor (GHR). The mecha- 
nism for generation of the GHBP appears to be species 
specific, with rodents being distinct from other spe- 
cies. 

In the rat and mouse, the GHBP is generated pri- 
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marily as a distinct protein product by expression and 
translation of an alternatively spliced variant of the 
GHR gene (9, 10). The alternative splicing substitutes 
a short sequence coding for a hydrophilic peptide in 
place of the GHR hydrophobic transmembrane do- 
main and long cytoplasmic domain. It is argued that 
this hydrophilic sequence allows the expressed GHBP 
to be secreted from cells. Based on specific immuno- 
precipitation studies, at least some of the circulating 
GHBP in the rat is derived from the alternatively 
spliced GHBP mRNA (1 1). However, recent data from 
Goodman’s laboratory (12, 13, and see elsewhere in 
this publication) have also indicated that, at least in rat 
adipocytes, the short form of the rat GHR remains 
associated with the cell membrane. This has potential 
implications for possible paracrine/autocrine physio- 
logical roles of the GHBP, not only in adipocytes but 
in many other tissues where the GHBP and GHR are 
co-expressed. Such a situation may be analogous to 
that for interleukin-6 (IL6) binding protein which can 
interact with a non-IL6-binding transmembrane pro- 
tein (gp 130) which is involved in signal transduction 
(14). An additional observation, also with clear func- 
tional implications, is that expression of the rodent 
GHBP can be regulated, at least at the level of mRNA 
abundance, quite independently of GHR expression 
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(6, 15). This suggests, in rodents at least, that the 
GHBP has a biological role(s) that may be independent 
of the GHR. 

The situation is less clear in other species. Al- 
though GHR mRNA transcripts smaller than the 4.0- 
4.5-kb mRNA coding for the membrane-bound full- 
length GHR have been reported in some species (e.g., 
16, 17) none of these have yet been shown to code 
specifically for a truncated GHBP-like form. The 
weight of evidence in nonrodent species points to a 
quite distinct mechanism for GHBP generation- 
proteolytic cleavage. On the basis of partial amino acid 
sequence information for purified rabbit serum GHBP, 
such a cleavage would appear to occur close to the 
transmembrane domain (4, 18). Although two possible 
protease cleavage sites are present in this location in 
the extracellular domain of the rabbit GHR, the pre- 
cise C-terminal end, and hence proteolytic cleavage 
site, of the purified native rabbit GHBP has not been 
determined. Recent evidence strongly supports such a 
mechanism, however. Sotiropoulos et al. (19) have 
shown that when COS-7 or CHO cells, which do not 
express endogenous GHR or GHBP, are transfected 
with full-length rabbit GHR cDNA they release solu- 
ble truncated forms of GH-binding activity into the 
culture medium. The soluble rabbit GHBP released 
had size and binding characteristics similar to those of 
native rabbit serum GHBP. Transfections with rat 
GHR cDNA did not yield soluble binding activity, 
consistent with knowledge that rat GHBP is primarily 
the product of specific mRNA translation. Although 
no studies were done with protease inhibitors, it seems 
most likely that release was effected via a proteolytic 
mechanism. No specific protease has been identified. 
The apparent cleavage of full-length GHR in a trans- 
fected cell model (CHO, COS-7) not normally express- 
ing GHR suggests that a relatively nonspecific or ubiq- 
uitous protease might be involved. A common as- 
sumption is that cleavage occurs on the external 
surface of a cell following insertion of the GHR into 
the cell membrane. However, an equally likely expla- 
nation is that cleavage occurs within the cell without 
insertion into the membrane, with subsequent secre- 
tion or expulsion of the GH-binding domain. Previous 
studies (20, 21) have shown that a variety of pathways 
exist for intracellular processing, recycling, and traf- 
ficking of internalized GH-GHR complexes as well as, 
in all likelihood, for newly synthesized GHR. 

Circulating Forms of GHBP 
Native forms of circulating GHBPs show signifi- 

cant heterogeneity in most species. Gel permeation 
chromatography and covalent cross-linking studies in 
humans, rabbits, rats, and mice (22-25) indicate spe- 
cies and specificity differences for multiple forms of 

GHBP activity, ranging in molecular weight from 4 0  
kDa to >300 kDa. Some of these forms represent vari- 
ants in post-translational modifications (e.g., glycosy- 
lation) of the GHBP derived from the GHR, others 
may represent dimerized complexes with GH (see be- 
low) or association with other circulating proteins. 
Some forms, as in the human, do not appear to be 
related at all to the membrane receptor (2, 25). Recent 
data in the rat (Ymer et al. unpublished) using gel fil- 
tration of serum alone, or [ '251]GH-serum complexes, 
have indicated the presence of at least four distinct 
regions of specific binding activity in rat serum, with 
some of the larger forms cross-reacting with a mono- 
clonal antibody against the hydrophilic tail of the rat 
GHBP. This clearly suggests that these forms contain, 
as at least one component, the small (mol wt 35,000- 
50,000) GHBP derived from the alternatively spliced 
rat GHR mRNA. These studies also suggest that some 
of these higher molecular weight rat GHBP forms may 
dissociate to smaller GHBP complexes and that the 
smaller molecular weight species may dimerize to a 
larger complex. Further studies are necessary to prop- 
erly define the relationship of these larger forms to the 
GHR-derived GHBP and to assess any possible func- 
tional significance. 

Dimerization of the GHBP/GHR 
It has recently been reported, on the basis of the 

crystal structure of a soluble complex between human 
GH and recombinant GHBP (26), that the GH-GHBP 
complex possesses the rather unusual stoichiometry of 
one GH molecule binding two GHBP molecules (27). 
The dimerization occurs through a single binding site 
on each of the GHBP molecules which bind in a se- 
quential manner to two quite distinct sites within the 
GH molecule itself. The affinity for binding to GH Site 
1 is slightly higher than for the subsequent binding of 
GHBP to GH Site 2. Although not shown directly, it 
has been postulated that the GH receptor, embedded 
in the cell membrane, also dimerizes in a comparable 
way in the presence of appropriate concentrations 
of GH. 

The dimerization process appears to be important 
for GH action. GH analogs which have mutations in 
Binding Site 2, and are therefore unable to bind a sec- 
ond GHBP, are biologically inactive (27, 28). Further- 
more, specific measurements with recombinant 
GHBP, as well as theoretical estimates, have shown a 
biphasic (bell-shaped) dependence of dimerization on 
the concentrations of both GH and GHBP. This rela- 
tionship between GH and GHBP dimerization mirrors 
closely the pattern observed for GH-stimulated biolog- 
ical actions in several in vitro bioassay systems (29). 

Computer modeling of the GH-(GHBP);? complex 
using the crystal coordinates determined by De Vos et 
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al. (26) have indicated that the GHBP C-terminal do- 
mains are brought close together following dimeriza- 
tion. Extrapolating this to the full-length GHR sug- 
gests that the cytoplasmic domains of the GHR would 
also be juxtaposed. This raises the possibility that the 
conformational changes invoked by dimerization allow 
subsequent interaction with one or more of the intra- 
cellular signaling pathways .now known to be utilized 
by GH. 

GHBP/GHR Interactions and 
Physiological Implications 

The presence of multiple circulating forms of GH- 
GHBP complex, the ability of the GHBP to dimerize, 
and the relationship between GH action and GHR 
dimerization, raises important questions about (i) the 
stoichiometry of the native GHBP complex in serum 
and in extracellular fluid, (ii) possible functional se- 
quelae of interactions between the GHR and GHBP, 
and (iii) the implications of this for a biological role for 
the GHBP, for which some evidence exists for endo- 
crine, paracrine/autocrine and possibly intracrine (in- 
tracellular) roles. 

With respect to the relative stoichiometry and pro- 
portions of GH-GHBP monomers or dimers in the cir- 
culation, little if any direct evidence exists to our 
knowledge. Early data suggest that the GHBP in the 
human circulation binds up to 50% of secreted GH (2, 
3, 30). More recently Veldhuis et al. (31), on the basis 
of a sophisticated mathematical analysis and computer 
simulation, reported that the percentage of GH bound 
can fluctuate quite rapidly between 109%-80% depend- 
ing on the prevailing GH concentration. It seems 
likely, on the basis of gel filtration data, that much of 
the bound GH is probably in the form of monomeric 
complexes (2, 3). However, with acute increases and 
decreases in GH levels as a result of the pulsatile se- 
cretion of GH, the relative proportions of monomer: 
dimer may alter accordingly. Some of the higher mo- 
lecular weight forms of GHBP complex found in some 
species (particularly rat and rabbit) may be due to GH- 
(GHBP), homodimer formation. The relative ratios of 
free GH to monomeric to dimeric complexes may have 
significant implications for the endocrine roles of the 
GHBP. There is clear evidence that its endocrine role 
largely involves protection of GH from degradation 
and clearance, thereby leading to an increased plasma 
half-life (32, 33), as well as influencing the extravas- 
cular availability of GH (32) and hence its potential 
access and delivery to tissues and cellular GHR (31). 

At the tissue level the complex interactions be- 
tween GH, GHBP and GHR also provide a model in 
which it is likely that direct modulation of GH action 
will be encountered. At least three ‘ ‘dimerization” 
models are possible, each of which may have implica- 
tions for GH action via initiation of signaling mecha- 

nisms. The three models are GH-(GHBP),, GH- 
(GHR),, and GH-(GHBP)-(GHR). It is highly unlikely 
that GH-induced dimerization of two soluble extracel- 
lular domains is going to activate, per se, an intracel- 
lular signaling pathway. Indeed, if local GHBP con- 
centrations were sufficiently high, then GH-(GHBP), 
formation may be favored over interaction of GH with 
cell-bound GHR and hence prevent, by simple com- 
petition, any cellular response to GH. This may be an 
explanation for the observation in vitro that exogenous 
addition of GHBP uniformly inhibits GH binding to 
cell surface GHR and GH action (e.g., 34). These ear- 
lier experiments and their interpretation may need re- 
evaluation in the light of possible dimerization models 
discussed above. In particular, careful consideration 
must be given to the relative concentrations of GH and 
GHBP and the affinities of GHR and GHBP for GH. 

There seems little evidence to suggest that the sec- 
ond model, dimerization of one GHBP with a single 
full-length GHR molecule, could not generate an in- 
tracellular signal. Although dimerization at the level of 
the extracellular domains appears to be a prerequisite 
for GH action (27) it is not clear whether juxtaposi- 
tioning of two full-length cytoplasmic domains is also 
necessary. Indeed, the recent evidence from Colosi et 
al. (35) would suggest that as little as 54 amino acids 
(16%) of the cytoplasmic domain is sufficient to gen- 
erate a limited proliferative response to GH in FDC-P1 
cells. The studies from Goodman’s laboratory (12, 13), 
which show that the GHBP associates with the cell 
membrane of the rat adipocyte and accounts for -50% 
of detected membrane GH-binding sites, would also 
predict that formation of GH-GHBP-GHR complexes 
is likely. 

It is clear from an increasing number of studies 
that the various “classes” of GH action (e.g., growth 
promoting, nuclear activation, metabolic, receptor in- 
ternalization, etc .) require the involvement of different 
domains of the cytoplasmic portion of the GHR (36, 
37). Activation of some of these domains may require 
a trans (two-chain) interaction, while others may only 
require a cis (one-chain) interaction. Whether GH is 
delivered to target cells in an unbound state or as a 
monomeric complex with GHBP (derived from the cir- 
culation or perhaps more likely from local GHBP pro- 
duction) may have a significant influence on the nature 
of any cell-associated dimerized complex subse- 
quently formed and perhaps, therefore, on the nature 
of the signaling pathway(s) activated. 

It is evident from the work of several groups that 
the biological actions of GH are mediated by, or in- 
volve changes in, several different signaling systems 
(38), including tyrosine phosphorylation pathways (the 
tyrosine kinase JAK-2 [39], the Mitogen Activated 
Protein Kinase [MAPK] pathways [40], and ribosomal 
S6 kinase [40]), protein kinase C (PKC) pathways (41) 
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including phospholipase C and D activation (Roupas et 
al., unpublished), the family of GTP-binding proteins 
(G proteins) (42), and activation of early response cel- 
lular oncogenes such as c-fos, c-myc and cqun (43). 
Given the involvement of all of these classical signal- 
ing mechanisms in GH action, it is possible that selec- 
tivity of the mechanism used may be dependent on the 
nature of the target cell and the components (GHBP 
and/or GHR) involved in formation of a dimerized 
complex. 
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