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Abstract

Background—Human growth hormone (hGH) is a complex mixture of molecular isoforms.
Gaps in our knowledge exist regarding the structures and biological significances of the
uncharacterized hGH molecular variants. Mercaptoethanol-resistant 45-kDa human growth
hormone (MER-45kDa hGH) is an extraordinarily stable disulfide-linked hGH homodimer whose
biological significance is unknown.

Objectives—To elucidate the pharmacokinetic abilities of dimeric MER-45-kDa hGH to bind to
GH and prolactin (PRL) receptors and to elucidate its abilities to stimulate cell-proliferation in
lactogen-induced and somatogen-induced in vitro cell proliferation bioassays.

Design—The binding of MER-45-kDa hGH to GH and PRL receptors was tested in
radioreceptorassays (RRASs). Competitive displacements of [12%1]-bovine GH from bovine liver
membranes, [12°1]-ovine PRL from lactating rabbit mammary gland membranes and [12°1]-hGH
from human IM-9 lymphocytes by unlabelled GHs, PRLs or dimeric MER-45-kDa hGH were
evaluated. The abilities of dimeric MER-45-kDa hGH to stimulate proliferation of lactogen-
responsive Nb2 lymphoma cells and to stimulate proliferation of somatogen-responsive T47-D
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human breast cancer cells was assessed by incubation of cells with GHs or PRLs and subsequently
measuring growth using the MTS cell proliferation assay.

Results—Dimeric MER-45-kDa hGH, compared to monomeric hGH, had reduced binding
affinities to both GH and prolactin receptors. In a bovine liver GH radioreceptorassay its ED5q
(197.5 pM) was 40.8% that of monomeric hGH. In a human IM-9 lymphocyte hGH RRA its ED5g
(2.96 nM) was 26.2% that of monomeric hGH. In a lactating rabbit mammary gland prolactin
RRA its ED5 (3.56 nM) was 16.8% that of a monomeric hGH. Dimeric MER-45-kDa hGH,
compared to monomeric hGH, had a diminished capacity to stimulate proliferation of cells in
vitro. In a dose-response relationship assessing proliferation of Nb2 lymphoma cells its EDgq (191
pM) was 18.0% that of monomeric hGH. While monomeric hGH stimulated a 2.2-fold
proliferation of T47-D human breast cancer cells above vehicle control, dimeric MER-45-kDa
hGH was unable to stimulate the cells to proliferate and slightly inhibited their proliferation to
77.6% that of control.

Conclusions—The topological arrangement of monomeric hGHs to form an unusually stable
disulfide-linked dimer markedly diminishes hGH’s binding affinities to both GH and PRL
receptors and also drastically attenuates its ability to stimulate proliferation of cells in vitro.
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1. Introduction

Pituitary GHs are important regulators of growth, metabolism and development [1-3]. The
hGHs are a complex mixture of molecular isoforms that constitute approximately 10% of the
dry weight of the pituitary gland [4-10]. Although a 22-kDa hGH is the predicted protein
product of the hGH-N gene, posttranscriptional and posttranslational processing produce
different hGH isoforms, as shown in a western blot of human pituitary extract separated by
2-D IEF/SDS-PAGE [7]. Small hGH isoforms (5-kDa and 17-kDa) are produced by
fragmentation of the 22-kDa hGH and a slightly smaller alternatively spliced 20-kDa hGH is
also produced [4-8,10]. Other molecular variants of hGH include the 24-kDa and 12-kDa
glycosylated hGHs [11-13], deamidated hGHs [14] and phosphorylated hGHs [15,16]. In
addition, large hGH isoforms such as a 35-kDa hGH, 45-kDa hGH dimers and higher
oligomers of hGH have been reported [4-8,10]. The molecular variants are present in serum
to varying degrees [8,17]. A few isoforms of hGH have enhanced biological activities when
compared to the 22-kDa hGH, others have reduced bioactivity, several are completely
bioinactive and some can only regulate a limited number of metabolic and physiological
processes [4-8,10]. The hGH isoforms can thus act as full or partial agonists and antagonists
of monomeric 22-kDa hGH. Many of the hGH isoforms have not been isolated, hence, their
biological significances remain unknown.

Nevertheless, certain progress is being made, as in a recent study in which an extraordinarily
stable dimeric 45-kDa hGH isoform was isolated and structurally characterized [18]. The
mercaptoethanol-resistant (MER) 45-kDa hGH was shown to be an inter-chain disulfide-
linked 22-kDa hGH homodimer which does not readily dissociate into monomers even when
incubated in 10% 2-mercaptoethanol at 100 °C for extended periods of time. Development
of a method for preparation of dimeric MER-45-kDa hGH suitable for biological testing [19]
has led us to the current work assessing its capacity to interact with lactogenic and
somatogenic receptors and its ability to stimulate proliferation of rat Nb2 lymphoma cells
and T47-D human breast cancer cells. Our findings demonstrate that dimerization of hGH
through unusually stable disulfide bonds attenuates hGH’s receptor-binding and cell
proliferative functions.

Growth Horm IGF Res. Author manuscript; available in PMC 2011 August 1.
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2. Materials And Methods

2.1. Chemicals

2.2.

2.3.

2.4,

2.5,

2.6.

2.7.

EGTA, bromocriptine (Lot 107H1244), sodium azide, sodium phosphate, sodium chloride,
Fischer’s medium, BSA, penicillin and streptomycin were purchased from Sigma (St. Louis,
MO, USA). EDTA, ammonium bicarbonate and sodium bicarbonate were purchased from
Fisher Scientific (Fair Lawn, NJ, USA). Tris, was purchased from EM Science (Gibbstown,
NJ, USA). Gelding horse serum was purchased from Animal Technologies, Inc. (Tyler, TX,
USA). Fetal calf serum, Dulbecco’s modified Eagle’s medium and Ham nutrient mixture
F-12 medium 50:50 (DMEM/Ham’s F12), and RPMI-1640 medium were purchased from
Gibco (Gibco BRL Div. of Invitrogen, Gaithersburg, MD, USA). Trypsin-EDTA was
purchased from HyClone (Logan, UT, USA).

Hormone preparations

Bovine GH (bGH; NHPP AFP10325C), monomeric hGH (monomeric NIH-hGH; NIDDK-
NIH AFP 9755A), radioiodination grade hGH (radioiodination grade monomeric NIH-hGH,
hGH AFP11019B), ovine PRL (oPRL; NIDDK-NIH AFP10692C), and human PRL (NHPP-
hPRL; recombinant human prolactin, NHPP AFP 795) were obtained from Dr. A.F. Parlow
of the National Hormone and Pituitary Program (Harbor-UCLA Medical Center, Torrance,
CA, USA). MER-45-kDa hGH was previously isolated [19].

Protein determination

Quantification of protein [20] was carried out using the Microassay Procedure for microtiter
plates (Bio-Rad, Hercules, CA, USA) and bovine serum albumin as a standard.

Radioiodination of hormones

Bovine GH, radioiodination grade monomeric NIH-hGH, and oPRL were each radiolabeled
using an established procedure [21] with modifications [22]. The specific activities of the
bGH, radioiodination grade monomeric NIH-hGH, and oPRL preparations were 62 u Ci/u g,
63 1 Cilu g, and 44 p Cilu g, respectively.

Experimental animals

All animal experimentation was conducted in accordance with the accepted standards of
humane animal care. All research animals were acquired and used in compliance with
federal, state, and local laws and institutional regulations. Animals were maintained in
accordance with the NIH Guidelines for the Care and Use of Laboratory Animals.

Membrane preparations

Bovine liver membranes were prepared as described [23]. Lactating rabbit mammary gland
membranes were prepared as described [22]. The lactating New Zealand White Rabbit,
obtained from Harlan (Indianapolis, IN, USA), was subcutaneously injected at times 0, 12,
and 24 hr with 1.0 mL/injection of a 1.0 mg bromocriptine/mL solution then sacrificed at 36
h. The mammary glands were subsequently dissected, frozen on dry ice then stored at 0 °C
until used for preparation of microsomal membranes.

Non-linear curve fitting and statistical analyses

Simultaneous non-linear curve fitting of families of sigmoidal dose-response curves of
radiolabelled hormone displacement data obtained in the RRAs and of rat Nb2 lymphoma
cell number data obtained in the hormone-induced cell proliferation bioassay were carried
out using the ALLFIT [24]. The EDsq values for curves within an assay were tested for

Growth Horm IGF Res. Author manuscript; available in PMC 2011 August 1.
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significant differences using One-Way ANOVA. If the ANOVA F-test indicated that ED5g
values were significantly different from each other (P < 0.05), a post hoc Bonferroni
Multiple Comparison Test was used to determine differences among the ED5ps (P < 0.05).
An unpaired two-tailed Student’s t-test was used when comparing EDs values for
significant differences (P < 0.05) in assays that had only two displacement curves.

2.8. Bovine liver GH radioreceptorassay

The bovine liver GH RRA was carried out as described [23] using [12°1]-bGH (20,000 cpm)
with each dose point assayed in duplicate (n=2).

2.9. Human IM-9 lymphocyte hGH radioreceptorassay

The human IM-9 lymphocyte hGH RRA was carried out as reported [25,26] with some
modifications. Human IM-9 lymphoblastoid cells were grown in suspension culture in
RPMI-1640 medium supplemented with 2 g/L sodium bicarbonate, 10% (v/v) fetal calf
serum, 50 U/mL penicillin, 50 x g/mL streptomycin at pH 7.5 in a humidified 5% CO,
atmosphere at 37 °C. Before initiating the RRA, the RPMI-1640 medium was replaced with
phosphate assay buffer [10 mM sodium phosphate, 150 mM sodium chloride, 10 mM
EDTA, 10 mM EGTA, 0.1% (w/v) BSA, pH 7.6]. Cells were aliquoted into 12 x 75 mm
polypropylene tubes (2 x 108 cells/tube) in phosphate assay buffer along with monomeric
[1251]-NIH-hGH (160,000 cpm/tube) in a total volume of 900 I and incubated at 25 °C for 1
h. Subsequently, 100 I aliquots containing various amounts (1 pg — 10 ug) of unlabelled
monomeric NIH-hGH, NHPP-hPRL or dimeric MER-45-kDa hGH were added to the tubes,
and the incubation was resumed for another 2 hr at 25 °C. Then 1 mL of assay buffer (5 °C)
was added, the cells were centrifuged for 15 min at 10,000 x g at 5 °C and the supernatant
was aspirated. The cells were washed with 4 mL assay buffer (5 °C) and the amount of
[1251]-NIH-hGH associated with the pellet determined. Each dose point was assayed in
triplicate (n=3).

2.10. Lactating rabbit mammary gland PRL radioreceptorassay

The lactating rabbit mammary gland PRL RRA was carried out as described [22] using
[1251]-0PRL (20,000 cpm). Each dose point was assayed in duplicate (n=2).

2.11. Rat Nb2 lymphoma cell proliferation bioassay

The rat Nb2 lymphoma cell proliferation was performed as described [27] with some
modifications. Rat Nb2-11 cells were cultured in assay media (Fischer’s medium
supplemented with 10% v/v fetal calf serum, 10% v/v horse gelding serum, 50 U/mL
penicillin, 50 ug/mL streptomycin, 50 mM 2-mercaptoethanol, 1.2 mM sodium bicarbonate,
at pH 7.5) in a humidified 5% CO, atmosphere at 37 °C. Twenty-four hours before initiating
the assay, the cells were rinsed twice in cell-culture media without fetal calf serum and
incubated in the same media for 24 hr. Cells were then harvested (0.05% Trypsin-EDTA),
rinsed twice in cell-culture media without fetal calf serum, and aliquots of cells (50 ul
containing 25,000 cells) were incubated for 72 hr in wells of a 96 well microtiter plate with
varying amounts (0 — 25 ng) of NHPP-hPRL, monomeric NIH-hGH or dimeric MER-45-
kDa hGH in a final assay volume of 100 x I. The cell growth was measured by the MTS
Assay [28] using the CellTiter 96® AQueous One Solution Cell Proliferation Assay Reagent
(Promega, Madison, WI, USA). The numbers of rat Nb2-11 lymphoma cells were calculated
using a standard curve having a linear correlation between a known cell number and
absorbance at 490 nm. Each dose point was assayed in triplicate (n=3).

Growth Horm IGF Res. Author manuscript; available in PMC 2011 August 1.
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2.12. T47-D human breast cancer cell proliferation bioassay

T47-D human breast cancer cells were purchased from the American Type Culture
Collection. The cell proliferation assay [29] was modified. Cells were cultured in DMEM/
Ham’s F12 supplemented with 2 mM glutamine, 100 units of penicillin/mL, 100 ug of
streptomycin/mL and 10% (v/v) fetal bovine serum (FBS) in a humidified 5% CO»
atmosphere at 37 °C. Prior to trypsinization [1 mL 0.25% (v/v) trypsin/25 cm? growth area
of culture flask], the cultures were rinsed twice with sterile 120 mM phosphate buffered
saline (PBS, pH 7.4) and serum-starved for 36 hr in DMEM/Ham’s F-12 media containing
no FBS. Cell density was determined [30] and cells were seeded at 8 x 103 cells/well then
cultured for 70 hours in the presence of 9.1 x 1072 M monomeric NIH-hGH standard, 9.1 x
1072 M dimeric MER-45-kDa hGH or vehicle [0.01 M NaHCOs, 0.1% (w/v) bovine serum
albumin, 0.1% (v/v) glycerol] in a total volume of 100 uL. At the end of the incubation cell
numbers were determined using the MTS Assay. Each dose point was assayed triplicate
(n=3). A One-Way ANOVA was employed to test the equality of the means among the
treatment groups. If the means among the groups were found to statistically differ, then a
post hoc Student-Neuman-Keuls post hoc test was employed to reveal significances between
the groups. Differences were considered to be significant at p < 0.05. Statistical analyses
were conducted using the GraphPad Prism v4.0 statistical suite (GraphPad Software, Inc.,
San Diego, CA, USA).

3. Results

3.1. Attenuated binding of dimeric MER-45-kDa hGH to GH receptors in a bovine GH
radioreceptorassay

The competitive displacement of [1221]-bGH from bovine liver microsomal membrane GH-
binding sites by unlabelled bGH, monomeric NIH-hGH, dimeric MER-45-kDa hGH, or
NHPP-hPRL is shown in Figure 1. The displacement curve for dimeric MER-45-kDa hGH
was horizontally shifted to the right of both monomeric hGH and monomeric bGH
indicating a weaker ability to compete for binding to GH receptors. Table 1 lists the ED5g
values and relative potencies of each of the hormones for binding to the GH receptors. The
inability of NHPP-hPRL to displace [12°1]-bGH from bovine liver membranes demonstrated
the specificity of the assay for GHs. In this heterologous GH RRA, dimeric MER-45-kDa
hGH’s relative GH-receptor binding potency was 38.8% that of bovine GH and 40.8% that
of monomeric NIH-hGH.

3.2. Attenuated binding of dimeric MER-45-kDa hGH to GH receptors in a human IM-9
lymphocyte hGH radioreceptorassay

IM-9 lymphocyte hGH receptor occupancy by NIH-[1251]-hGH and its competitive
displacement by unlabelled monomeric NIH-hGH, dimeric MER-45-kDa hGH, or NHPP-
hPRL is shown in Figure 2. The dose-response curve for dimeric MER-45-kDa hGH was
horizontally positioned to the right of monomeric hGH indicating an impaired ability to
compete for binding to hGH receptors. Table 2 lists the EDsg values and relative potencies
of each of the hormones for binding to the hGH receptors. The inability of NHPP-hPRL to
displace monomeric [1251]-NIH-hGH from human IM-9 lymphocytes demonstrated the
specificity of the assay for hGHs. In this hGH RRA, dimeric MER-45-kDa hGH’s relative
hGH-receptor binding potency was 26.2% that of monomeric NIH-hGH.

3.3. Attenuated binding of dimeric MER-45-kDa hGH to PRL receptors in a lactating rabbit
mammary gland PRL radioreceptorassay

Results of the lactating rabbit mammary gland radioreceptor assay showing competitive
displacement of [12°1]-oPRL from PRL-binding sites by unlabelled oPRL, monomeric NIH-

Growth Horm IGF Res. Author manuscript; available in PMC 2011 August 1.
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hGH, dimeric MER-45-kDa hGH, or bGH is shown in Figure 3. The displacement curve for
dimeric MER-45-kDa hGH was horizontally located to the right of both oPRL and
monomeric hGH indicating abated ability to compete for binding to PRL receptors. Table 3
lists the EDsgq values and relative potencies of each of the hormones for binding to the PRL
receptors. The inability of bGH to displace [12°1]-oPRL from lactating rabbit mammary
gland membranes demonstrated the specificity of the assay for lactogens. In this PRL RRA,
dimeric MER-45-kDa hGH’s relative PRL-receptor binding potency was 14.8% that of
OPRL and 16.8% that of monomeric NIH-hGH.

3.4. Weak potency of dimeric MER-45-kDa hGH in stimulating proliferation of rat Nb2
lymphoma cells

The stimulation of rat Nb2 lymphoma cell proliferation by NHPP-hPRL, monomeric NIH-
hGH and dimeric MER-45-kDa hGH is shown in Figure 4. The stimulus-response curve for
dimeric MER-45-kDa hGH was horizontally situated to the right of both hPRL and
monomeric hGH indicating weaker ability to stimulate proliferation of rat Nb2 lymphoma
cells. Table 4 lists the EDg values and relative potencies of each of the hormones for
stimulating proliferation of rat Nb2 lymphoma cells. In this in vitro bioassay for lactogenic
hormones dimeric MER-45-kDa hGH’s relative efficacy in stimulating proliferation of rat
Nb2 lymphoma cells was 18.0% that of monomeric NIH-hGH.

3.5. Inability of dimeric MER-45-kDa hGH to stimulate proliferation of T47-D human breast

cancer cells

The effects of dimeric Mer-45-kDa hGH and monomeric NIH-hGH standard on
proliferation of T47-D human breast cancer cells are shown in Figure 5. Monomeric NIH-
hGH standard (solid black bar) stimulated proliferation of T47-D cells (4.54 + 0.30 x 10*
cells) 2.2-fold above vehicle control (checkered bar; 2.05 + 0.20 x 104 cells) (p < 0.001). In
contrast, dimeric Mer-45-kDa hGH (solid white bar) significantly reduced the growth of
T47-D cells (1.59 + 0.20 x 10* cells) to 77.6% below the vehicle control (checkered bar) (p
< 0.05). These findings demonstrate that dimeric Mer-45-kDa hGH, unlike monomeric NIH-
hGH standard, does not promote proliferation of T47-D human breast cancer cells but
instead partially blocks their proliferation.

4. Discussion

A dimeric MER-45-kDa hGH isoform isolated from human pituitaries [18] was shown to be
a homodimer of 22-kDa hGH subunits held together by unusually stable inter-chain
disulfide bridges. Ample evidence indicates that the dimeric MER-45-kDa hGH is a
naturally occurring hGH isoform. For instance, SDS-PAGE analysis showed that it was
present in extracts of fresh pituitary glands [31]. The isoform was also observed in culture
media of human pituitary adenomas [32]. In addition, dimeric MER-45-kDa hGH was
detected in the circulation [8,17]. It is estimated that dimeric MER-45-kDa hGH comprises
2%% of the pituitary hGH [6,8,33] and approximately 1% of serum hGH [6]. A procedure
for the isolation of MER-45-kDa hGH was recently developed that provided a preparation
suitable for biological testing [19]. Therefore, in the present work, to ameliorate the gap in
our knowledge about the functional significance of dimeric MER-45-kDa hGH, we have
reported our pharmacological evaluation of its interactions with lactogenic and somatogenic
receptors and its efficacies in promoting proliferation of either rat Nb2 lymphoma cells or
T47-D human breast cancer cells.

GHs, PRLs, placental lactogens and related proteins are structurally and functionally similar
[34-36]. However, individual hormones of this family are categorized as lactogenic or
somatogenic based on their potencies in well-established bioassays and RRAs [37,38]. Thus,

Growth Horm IGF Res. Author manuscript; available in PMC 2011 August 1.
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in GH RRAs, a somatogen receptor will bind bGH more potently than oPRL and in PRL
RRAs, a lactogen receptor will bind oPRL more potently than bGH. Most of the hormones
in the GH family are strictly somatogenic or lactogenic. Human GH can bind to both types
of receptors and, accordingly, has both types of biological activities. Hence, the bioactivities
and receptor-binding activities of hGH isoforms were measured in both GH (somatogenic)
assays and PRL (lactogenic) assays.

Our data demonstrated that dimeric MER-45-kDa hGH could bind to both lactogenic and
somatogenic receptors, however, its receptor-binding potencies were attenuated compared to
those of monomeric hGH. The dimeric MER-45-kDa hGH also had diminished growth-
promoting activity in an in vitro Nb2 lymphoma cell proliferation bioassay compared to
monomeric hGH. In addition, dimeric MER-45-kDa hGH lacked growth-promoting activity
in an in vitro T47-D human breast cancer cell proliferation bioassay compared to monomeric
hGH. Hence, association of hGH monomers to form the extraordinarily stable disulfide-
linked dimeric MER-45-kDa hGH isoform brought about a quaternary structural change that
markedly attenuated hGH’s receptor-binding and biological activities.

The activities of various hGH dimers and bGH dimers are compared to monomeric GHs in
Table 5. The relative activities of the GH dimers with respect to the GH monomers vary
according to the type of GH dimer and assay. The differences amongst the receptor-binding
and biological activities of the various types of dimeric GHs are likely due to differences in
the geometric symmetries of the associated momoners when assembled in their quaternary
configurations. The non-covalent dimers are loosely associated partly through contributions
from hydrophobic interactions [39,40]. The chemically cross-linked dimers associate
through the formation of random inter-chain amide bonds [41] while the recombinant DNA-
derived synthetic hGH dimers are joined together through a short connecting polypeptide
linker [42]. In contrast, the dimeric MER-45-kDa hGH dimers are connected through
interchain disulfide linkages [18]. Although the topologies of the inter-chain disulfide
linkages in dimeric MER-45-kDa hGH are currently unknown, it is informative to note that
bacterial expression of a recombinant bGH [43] produced a disulfide-linked bGH dimer with
antiparallel disulfide-links and another disulfide-linked bGH dimer with a concatenane in
which the two monomers had interlocking large disulfide loops. Studies of the various
naturally-occurring and synthetic dimeric hGHs indicate that there is productive binding to
the GH and PRL receptors which result either in agonistic or antagonistic activities. A model
inferring that there is substantial flexibility in the GH receptor to accommodate GH dimers
with two high-affinity binding sites and allow the receptor to adopt an active signaling
conformation has been proposed [44]. Further studies will need to be carried out in order to
gain a mechanistic understanding of the structure-function relationships of the dimeric
MER-45-kDa hGH and other dimeric hGHs.

In summary, this is the first report to describe the receptor-binding and growth-promoting
properties of dimeric MER-45-kDa hGH. Assessment of the biological significance of this
previously uncharacterized dimeric hGH isoform gives us insight into the effects of a unique
dimeric arrangement of hGH monomers on hGH’s biological activity. The dimerization of
hGH through unusually stable disulfide bonds forms a quaternary arrangement that
attenuates hGH’s receptor-binding and growth-promoting activities.

Acknowledgments

The authors are grateful to Dr. U. J. Lewis for providing the starting material for our research, to the National
Pituitary Program for providing the pituitaries, Dr. A.F. Parlow, National Hormone and Peptide Program, (Harbor-
University of California-Los Angeles Medical Center, LA, CA), for providing the hormone standards, to Dr. G.
DiMattia (Department of Oncology and Biochemistry, The University of Western Ontario, Canada) for providing

Growth Horm IGF Res. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bustamante et al.

Page 8

IM-9 lymphocytes cells, as well as to Dr. A. Buckley (University of Cincinnati, Cincinnati, OH) for providing
Nb2-11 cells. This work was supported by grants GM08194 and GM60655 of the National Institutes of Health.

Abbreviations

BSA
DMS
EDC
EDTA
EGTA
GH
bGH
hGH
hPRL
MER-45-kDa hGH
NHPP
NIDDK
NIH
oPRL
PRL
RRA
Tris
hGH-N

References

bovine serum albumin

dimethylsuberimidate

1-ethyl-3(3-dimethylaminopropyl) carbodiimide
ethylenediaminetetraacetic acid

ethylene glycol-bis(B-aminoethylether)-N, N, N’, N'-tetraacetic acid
growth hormone

bovine growth hormone

human growth hormone

human prolactin

mercaptoethanol-resistant 45-kDa human growth hormone
National Hormone and Pituitary Program

National Institite of Diabetes, Digestive and Kidney Diseases
National Institutes of Health

ovine prolactin

prolactin

radioreceptor assay
2-amino-2-(hydroxymethyl)-1,3-propanediol

normal hGH gene

1. Sanders EJ, Harvey S. Growth hormone as an early embryonic growth and differentiation factor.
Anat Embryol (Berl) 2004;209:1-9. [PubMed: 15480774]

2. Rennie MJ. Claims for the anabolic effects of growth hormone: a case of the emperor’s new
clothes? Br J Sports Med 2003;37:100-105. [PubMed: 12663349]

3. Kelly PA, Bachelot A, Kedzia C, et al. The role of prolactin and growth hormone in mammary
gland development. Mol Cell Endocrinol 2002;197:127-131. [PubMed: 12431805]

4. Singh RN, Seavey BK, Lewis UJ. Heterogeneity of human growth hormone. Endocr Res Commun
1974;1:449-464. [PubMed: 4461268]

5. Lewis UJ, Singh RN, Tutwiler GF, Sigel MB, VanderLaan EF, VanderLaan WP. Human growth
hormone: a complex of proteins. Recent Prog Horm Res 1980;36:477-508. [PubMed: 6997946]

6. Baumann G. Growth hormone heterogeneity: genes, isohormones, variants, and binding proteins.
Endocr Rev 1991;12:424-449. [PubMed: 1760996]

7. Lewis UJ. Growth Hormone: what is it and what does it do? Trends Endocrinol Metab 1992;3:117—-
121. [PubMed: 18407089]

8. Baumann G. Growth hormone heterogeneity in human pituitary and plasma. Horm Res
1999;51(Suppl 1):2—6. [PubMed: 10393484]

9. Baumann GP. Growth hormone isoforms. Growth Horm IGF Res 2009;19:333-340. [PubMed:

19467614]

10. Lewis UJ, Sinha YN, Haro LS. Variant forms and fragments of human growth hormone in serum.
Acta Paediatr Suppl 1994;399:29-31. discussion 32. [PubMed: 7949613]

Growth Horm IGF Res. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bustamante et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Page 9

Bustamante JJ, Gonzalez L, Carroll CA, et al. O-Glycosylated 24 kDa human growth hormone has
a mucin-like biantennary disialylated tetrasaccharide attached at Thr-60. Proteomics 2009;9:3474—
3488. [PubMed: 19579232]

Haro LS, Lewis UJ, Garcia M, Bustamante J, Martinez AO, Ling NC. Glycosylated human growth
hormone (hGH): a novel 24 kDa hGH-N variant. Biochem Biophys Res Commun 1996;228:549—
556. [PubMed: 8920950]

Diaz MJ, Dominguez F, Haro LS, Ling N, Devesa J. A 12-kilodalton N-glycosylated growth
hormone-related peptide is present in human pituitary extracts. J Clin Endocrinol Metab
1993;77:134-138. [PubMed: 8325936]

Lewis UJ, Singh RN, Bonewald LF, Seavey BK. Altered proteolytic cleavage of human growth
hormone as a result of deamidation. J Biol Chem 1981;256:11645-11650. [PubMed: 7028740]
Giorgianni F, Beranova-Giorgianni S, Desiderio DM. Identification and characterization of
phosphorylated proteins in the human pituitary. Proteomics 2004;4:587-598. [PubMed: 14997482]
Zhan X, Giorgianni F, Desiderio DM. Proteomics analysis of growth hormone isoforms in the
human pituitary. Proteomics 2005;5:1228-1241. [PubMed: 15717326]

Nindl BC, Kraemer WJ, Marx JO, Tuckow AP, Hymer WC. Growth hormone molecular
heterogeneity and exercise. Exerc Sport Sci Rev 2003;31:161-166. [PubMed: 14571954]
Grigorian AL, Bustamante JJ, Hernandez P, Martinez AO, Haro LS. Extraordinarily stable
disulfide-linked homodimer of human growth hormone. Protein Sci 2005;14:902-913. [PubMed:
15741328]

Grigorian AL, Bustamante JJ, Munoz J, Aguilar RM, Martinez AO, Haro LS. Preparative alkaline
urea gradient PAGE: application to purification of extraordinarily-stable disulfide-linked
homodimer of human growth hormone. Electrophoresis 2007;28:3829-3836. [PubMed: 17922505]

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal Biochem 1976;72:248-254. [PubMed: 942051]

Salacinski PR, McLean C, Sykes JE, Clement-Jones V'V, Lowry PJ. lodination of proteins,
glycoproteins, and peptides using a solid-phase oxidizing agent, 1,3,4,6-tetrachloro-3 alpha,6
alpha-dipheny! glycoluril (lodogen). Anal Biochem 1981;117:136-146. [PubMed: 7316186]

Haro LS, Talamantes FJ. Secreted mouse prolactin (PRL) and stored ovine PRL. Il. Role of amides
in receptor binding and immunoreactivity. Endocrinology 1985;116:353-358. [PubMed: 2981070]

Haro LS, Collier RJ, Talamantes FJ. Homologous somatotropin radioreceptor assay utilizing
recombinant bovine growth hormone. Mol Cell Endocrinol 1984;38:109-116. [PubMed: 6096183]

DelLean A, Munson PJ, Rodbard D. Simultaneous analysis of families of sigmoidal curves:
application to bioassay, radioligand assay, and physiological dose-response curves. Am J Physiol
1978;235:E97-102. [PubMed: 686171]

Lesniak MA, Roth J. Regulation of receptor concentration by homologous hormone. Effect of
human growth hormone on its receptor in IM-9 lymphocytes. J Biol Chem 1976;251:3720-3729.
[PubMed: 180007]

Ohmae Y, Yano H, Umezawa S, et al. Biological activities of synthesized 20K and 22K hGH in
Nb2 bioassay and IM-9 radioreceptor assay. Endocrinol Jpn 1989;36:9-13. [PubMed: 2731487]
Tanaka T, Shiu RP, Gout PW, Beer CT, Noble RL, Friesen HG. A new sensitive and specific
bioassay for lactogenic hormones: measurement of prolactin and growth hormone in human
serum. J Clin Endocrinol Metab 1980;51:1058-1063. [PubMed: 7419681]

Mosmann T. Rapid colorimetric assay for cellular growth and survival: application to proliferation
and cytotoxicity assays. J Immunol Methods 1983;65:55-63. [PubMed: 6606682]

Ginsburg E, Vonderhaar BK. Prolactin synthesis and secretion by human breast cancer cells.
Cancer Res 1995;55:2591-2595. [PubMed: 7780973]

Freshney, RI. Culture of animal cells: a manual of basic technique. 2. Wiley-Liss, Inc; New York:
1987.

Lewis UJ, Peterson SM, Bonewald LF, Seavey BK, VanderLaan WP. An interchain disulfide
dimer of human growth hormone. J Biol Chem 1977;252:3697-3702. [PubMed: 863899]
Talamantes F, Lopez J, Lewis UJ, Wilson CB. Multiple forms of growth hormone: detection in
medium from cultured pituitary adenoma explants. Acta Endocrinol (Copenh) 1981;98:8-13.
[PubMed: 7282269]

Growth Horm IGF Res. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bustamante et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 10

Lewis, UJ.; Singh, RNP.; Lewis, LJ.; Abadi, N. Detection of multiple forms of human growth
hormone. In: Robbins, RJ.; Melmed, S., editors. Acromegaly: a century of scientific and clinical
progress. Plenum; New York: 1987. p. 27-34.

Talamantes F, Ogren L, Markoff E, Woodard S, Madrid J. Phylogenetic distribution, regulation of
secretion, and prolactin-like effects of placental lactogens. Fed Proc 1980;39:2582-2587.
[PubMed: 6991292]

Forsyth 1A, Wallis M. Growth hormone and prolactin--molecular and functional evolution. J
Mammary Gland Biol Neoplasia 2002;7:291-312. [PubMed: 12751893]

Soares MJ. The prolactin and growth hormone families: pregnancy-specific hormones/cytokines at
the maternal-fetal interface. Reprod Biol Endocrinol 2004;2:51. [PubMed: 15236651]

Nicoll CS. Prolactin and growth hormone: specialists on one hand and mutual mimics on the other.
Perspect Biol Med 1982;25:369-381. [PubMed: 6763680]

Nicoll CS, Mayer GL, Russell SM. Structural features of prolactins and growth hormones that can
be related to their biological properties. Endocr Rev 1986;7:169-203. [PubMed: 3013605]
Oppezzo OJ, Biscoglio de Jimenez Bonino M, Cascone O, et al. Hydrophobic residues involved in
the interaction between protomers of the bovine growth hormone dimer. Methionine and tyrosine
residues. Acta Physiol Pharmacol Latinoam 1984;34:175-184. [PubMed: 6240916]

Oppezzo OJ, Fernandez HN. Contact area of bovine somatotropin dimer: involvement of tyrosine
142. Int J Pept Protein Res 1991;37:277-282. [PubMed: 1894443]

Mockridge JW, Aston R, Morrell DJ, Holder AT. Cross-linked growth hormone dimers have
enhanced biological activity. Eur J Endocrinol 1998;138:449-459. [PubMed: 9578516]
Langenheim JF, Tan D, Walker AM, Chen WY. Two wrongs can make a right: dimers of prolactin
and growth hormone receptor antagonists behave as agonists. Mol Endocrinol 2006;20:661-674.
[PubMed: 16269515]

Violand BN, Takano M, Curran DF, Bentle LA. A novel concatenated dimer of recombinant
bovine somatotropin. J Protein Chem 1989;8:619-628. [PubMed: 2692595]

Yang N, Langenheim JF, Wang X, Jiang J, Chen WY, Frank SJ. Activation of growth hormone
receptors by growth hormone and growth hormone antagonist dimers: insights into receptor
triggering. Mol Endocrinol 2008;22:978-988. [PubMed: 18096690]

Becker GW, Bowsher RR, Mackellar WC, Poor ML, Tackitt PM, Riggin RM. Chemical, physical,
and biological characterization of a dimeric form of biosynthetic human growth hormone.
Biotechnol Appl Biochem 1987;9:478-487. [PubMed: 3440058]

Brostedt P, Luthman M, Wide L, Werner S, Roos P. Characterization of dimeric forms of human
pituitary growth hormone by bioassay, radioreceptor assay, and radioimmunoassay. Acta
Endocrinol (Copenh) 1990;122:241-248. [PubMed: 2316312]

Brostedt P, Roos P. Isolation of dimeric forms of human pituitary growth hormone. Prep Biochem
1989;19:217-229. [PubMed: 2616540]

Fernandez HN, Delfino JM. Covalent cross-linking of the bovine somatotropin dimer. Effects on
growth-promoting, receptor-binding and immunological activities and preliminary characterization
of the self-association. Biochem J 1983;209:107-115. [PubMed: 6303298]

Growth Horm IGF Res. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bustamante et al.

CPM

Page 11

3400 | | T
X ¥y NHPP—.hPRL —a
X _ .
2720 Dimeric
MER-45-kDa hGH
2040 -
Monomeric bGH . \
NIH-hGH oo =l
1360 | -
680 - -
0 | | |
-14.00 -12.25 -10.50 -8.75 -7.00

Log [Hormone, M]

Figure 1. Bovine liver GH radioreceptorassay

In the GH RRA using bovine liver microsomal membranes, competitive displacement of
[1251]-bGH from GH receptors by unlabelled hormones was assessed. The abilities of
unlabelled bGH (o—o), monomeric NIH-hGH (A-A), dimeric MER-45-kDa hGH (X-X)
and NHPP-hPRL (e—e) to competitively displace [1221]-bGH from bovine liver GH
receptors are plotted as a function of hormone concentration.
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Figure 2. Human IM-9 lymphocyte hGH radioreceptorassay

In the hGH RRA using IM-9 lymphocytes, competitive dose-response displacement of
radioiodination grade monomeric [12°1]-NIH-hGH from hGH receptors by unlabelled
hormones was assessed. The abilities of unlabelled monomeric NIH-hGH (o— o), dimeric
MER-45-kDa hGH (X-X) and NHPP-hPRL (+ — +) to competitively displace
radioiodination grade monomeric [12°1]-NIH-hGH from IM-9 lymphoblastoid cell hGH

receptors are plotted as a function of hormone concentration.
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Figure 3. Lactating rabbit mammary gland PRL radioreceptorassay

In the PRL RRA using lactating rabbit mammary gland microsomal membranes,
competitive dose-response displacement of [12°1]-oPRL from PRL receptors by unlabelled
hormones was assessed. The abilities of unlabelled oPRL (o- o), monomeric NIH-hGH (A-
A), dimeric MER-45-kDa hGH (X-X) and bGH ($—<>) to competitively displace [12°1]-
oPRL from lactating rabbit mammary gland PRL receptors are plotted as a function of
hormone concentration.
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Figure 4. Rat Nb2 lymphoma cell proliferation bioassay

The proliferative response of rat Nb2 lymphoma cells to lactogenic hormones was assessed.
Cells were incubated for 72 hr in the presence of varying amounts of NHPP-hPRL (o-o),
monomeric NIH-hGH (A-A), and dimeric MER-45-kDa hGH (X-X) to stimulate the
proliferation of Nb2 lymphoma cells. The extent of cell proliferation was expressed as the
number of Nb2 lymphoma cells at the end of the incubation period as a function of hormone
concentration.
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Figure 5. T47-D human breast cancer cell proliferation bioassay

The proliferative response of T47-D human breast cancer cells to hGHs was assessed. Cells
were incubated for 72 hr in the presence of either 9.1 x 10~2 M monomeric NIH-hGH (solid
black bar) or 9.1 x 10~° M dimeric MER-45-kDa hGH (solid white bar) or in the presence
of vehicle alone (checkered bar) to stimulate the proliferation of T47-D human breast cancer
cells. The extent of cell proliferation was expressed as the number of T47-D human breast
cancer cells at the end of the incubation period. A One-Way ANOVA testing the equality of
the means among the treatment groups indicated statistical differences (P < 0.05) among
values for the proliferation responses to hormonal stimulation. A post hoc Student-Neuman-
Keuls post hoc test revealed differences between values for the proliferation responses to
hormonal stimulation among the treatments (P < 0.05) that indicated grouping of data into
statistically equavalent responses (a, b, or ¢) to hormonal stimulation.
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TABLE 1

Bovine liver GH radioreceptorassay potency estimates and EDsgq values.

Hormone Statistical Grouping EDso (M +S.E)  Points  Relative Potency
bGH a 76.7 +£13.7 26 100

Monomeric NIH-hGH a 80.6 +18.0 25 95.1

Dimeric MER-45-kDahGH b 197.5+33.3 26 38.8
NHPP-hPRL c ©co 26 0
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TABLE 2

Human IM-9 lymphocyte hGH radioreceptorassay potency estimates and EDsgq values.

Hormone Statistical Grouping EDsp ("M +S.E)  Points  Relative Potency
Monomeric NIH-hGH a 0.77£0.25 9 100

Dimeric MER-45-kDahGH b 2.96 £0.99 7 26.2
NHPP-hPRL c (o] 7 0
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Lactating rabbit mammary gland PRL radioreceptorassay potency estimates and EDs values.

TABLE 3

Hormone Statistical Grouping EDsp ("M +S.E)  Points  Relative Potency
oPRL a 0.53+0.04 24 100

Monomeric NIH-hGH a 0.60 +0.04 24 88.0

Dimeric MER-45-kDahGH b 3.56 £ 0.24 24 14.8

bGH c [ee] 24 0
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TABLE 4

Rat Nb2 lymphoma cell proliferation bioassay potency estimates and EDsg values.

Hormone Statistical Grouping EDso (M +S.E)  Points  Relative Potency
Monomeric NIH-hGH a 34.46 + 8.82 19 100
NHPP-hPRL a 37.12+8.81 19 92.8
Dimeric MER-45-kDahGH b 191.33 £42.74 18 18.0
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