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Excess circulating human growth hormone (hGH) in vivo is
linked to metabolic and growth disorders such as cancer, dia-
betes, and acromegaly. Consequently, there is considerable
interest in developing antagonists of hGH action. Here, we
present the design, synthesis, and characterization of a 16-
residue peptide (site 1-binding helix [S1H]) that inhibits
hGH-mediated STAT5 phosphorylation in cultured cells. S1H
was designed as a direct sequence mimetic of the site 1 mini-
helix (residues 36–51) of wild-type hGH and acts by inhibit-
ing the interaction of hGH with the human growth hormone
receptor (hGHR). In vitro studies indicated that S1H is stable in
human serum and can adopt an α-helix in solution. Our results
also show that S1H mitigates phosphorylation of STAT5 in
cells co-treated with hGH, reducing intracellular STAT5
phosphorylation levels to those observed in untreated controls.
Furthermore, S1H was found to attenuate the activity of the
hGHR and the human prolactin receptor, suggesting that this
peptide acts as an antagonist of both lactogenic and somato-
trophic hGH actions. Finally, we used alanine scanning to
determine how discrete amino acids within the S1H sequence
contribute to its structural organization and biological activity.
We observed a strong correlation between helical propensity
and inhibitory effect, indicating that S1H-mediated antago-
nism of the hGHR is largely dependent on the ability for S1H to
adopt an α-helix. Taken together, these results show that S1H
not only acts as a novel peptide-based antagonist of the hGHR
but can also be applied as a chemical tool to study the mo-
lecular nature of hGH–hGHR interactions.

Human growth hormone (hGH) is a 191-amino acid peptide
hormone that acts as a key stimulator of cell growth, replica-
tion, and regeneration (1–4). hGH is secreted from anterior
pituitary somatotrophs in a pulsatile manner under the posi-
tive regulation of hypothalamic growth hormone (GH)-re-
leasing hormone and gastric ghrelin and the negative
regulation of endocrine insulin-like growth factor 1 (IGF-1)
and hypothalamic somatostatin (3). In addition to the
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pituitary gland, hGH can be released peripherally by immune,
neural, reproductive, alimentary, and respiratory tissues and in
the integumentary, muscular, skeletal, and cardiovascular
systems (5–9). Following entry into the bloodstream, hGH
targets the extracellular domain of the human growth hor-
mone receptor (hGHR) on the surface of cells that express the
hGHR, including adipocytes, lymphocytes, and hepatocytes
(10). The hGH–hGHR binding event induces a conformational
change in the hGHR, ultimately activating kinases that are
associated with the intracellular portion of the receptor. Such
kinases then propagate downstream signaling cascades that
lead to the expression of growth-promoting genes (11–13).

The biological effects of hGH are tissue specific and can be
divergent depending on which cells are being targeted. For
instance, hGH stimulates anabolic effects in muscle and bone
and catabolic effects in adipose tissue (14–16). Contrary to
these beneficial effects, aberrant or dysfunctional hGH activity
can promote the onset of disease. For example, elevated hGH
levels in the bloodstream inhibit insulin action, leading to in-
sulin resistance and diabetes (17–19). Moreover, excess
circulating hGH caused by hypersecreting pituitary adenomas
results in a condition known as acromegaly (20). If left un-
treated, acromegaly causes severe physiological complications
including gigantism, fluid retention, disfigurement, diabetes
mellitus, blindness, cardiomyopathy, organ failure, hyperten-
sion, and premature death (20–22). In contrast, organic or
idiopathic hGH deficiencies lead to reduced growth rates,
impaired bone metabolism, and increased adiposity (23, 24).
Apart from issues arising from excess or reduced production
of hGH, genetic defects in the hGHR result in congenital hGH
insensitivity. For example, inactivating mutations in the hGHR
can cause Laron Syndrome (LS), a genetic defect in which
patients are insensitive or resistant to hGH action (25, 26).
Individuals with LS often present with reduced serum levels of
IGF-1, increased levels of hGH, diminished longitudinal
growth, and increased fat deposition (26–28). Remarkably,
however, LS patients exhibit enhanced resistance to certain
diseases such as diabetes and cancer (29).

A comprehensive understanding of how hGH signals
through the hGHR is an evolving process. To gain insight
into the physiological nature of GH action, researchers have
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Novel peptide antagonist of growth hormone receptor
developed rodent models that successfully recapitulate
conditions of aberrant hGH activity observed in humans
(2, 4, 30, 31). Such models are valuable for studying GH
biology in vivo and have demonstrated that antagonizing the
GHR can increase lifespan, decrease cancer incidence, lower
insulin resistance, and reduce the loss of cognition (32). Mice
with targeted global disruption of the GHR gene (GHRKO
mice) are excellent models of LS, presenting an obese,
growth-retarded phenotype with low levels of IGF-1 and
insulin, high levels of GH, and enhanced resistance to dia-
betes and cancer (2, 33–42). Notably, GHRKO mice can live
for up to 5 years and are officially recognized as the longest-
lived laboratory mouse used in research (2). Given that many
physiological benefits are correlated with diminished GHR
activity, it is perhaps not surprising that considerable effort
has been devoted to developing antagonists of the hGH–
hGHR interaction.

The hGHR is a 638-amino acid class I cytokine receptor that
is involved in the regulation of important physiological pro-
cesses, including postnatal longitudinal growth, metabolism,
organ development, and sexual maturation. Structurally, the
hGHR is a single-pass transmembrane protein that contains
three discrete domains: an extracellular domain (residues
19–262), a transmembrane domain (residues 263–288), and an
intracellular domain (residues 289–638) (10, 43). In the classic
model of hGH–hGHR signaling, hGH binds to the extracel-
lular domain of the hGHR homodimer and causes the receptor
to rotate approximately 42 degrees relative to the trans-
membrane axis (44, 45). The hGH–hGHR binding event leads
to the transactivation of protein kinases such as JAK2, SRC,
and LYN that are associated with the intracellular domain of
the hGHR (46–48). Downstream signaling through the hGHR
is complex and involves numerous pleiotropic cytoplasmic
signaling cascades. For instance, binding of hGH to the hGHR
activates JAK2 and LYN, which in turn activate the STAT1,
STAT3, STAT5, Grb2-SOS-MEK-ERK, PI3K-AKT-mToR,
and PKC/Ca2+ pathways (10, 47). The hGHR is widely
expressed on cells of various tissues including liver, fat, bone,
muscle, kidney, brain, and skin (32, 49). Furthermore, it has
been documented that certain cancers overexpress the hGHR
and produce excess levels of hGH, creating a favorable auto-
crine and paracrine microenvironment for the growing tumor
(3, 32).

Mature 22-kDa hGH is encoded by the GH1 gene located on
chromosome 5. A less abundant 20-kDa hGH isoform is
expressed following alternative splicing of the second intron
within the GH1 precursor mRNA and does not encode amino
acids 32 to 46 (50, 51). Mammalian GHs are highly homolo-
gous (70–80%) across species, with notable similarities in their
amino acid sequences (52). The first three-dimensional
structure of a mammalian GH was reported in 1987, when a
genetically engineered variant of porcine GH was crystallized
and resolved by X-ray diffraction at a resolution of 2.8 Å (53).
This study demonstrated that porcine GH is predominantly
helical, consisting of four antiparallel α-helices arranged in a
twisted helical bundle (53). The co-crystal structure of the
hGH–hGHR complex was first reported in 1992 (54) and
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confirmed that the binding stoichiometry between hGH and
the hGHR occurs at a ratio of 1:2 (54–56). These structural
studies have provided insights into the molecular nature of the
hGH–hGHR interaction, revealing that hGH has four distinct
α-helices that are closely packed in an up-up-down-down
orientation when bound to the hGHR. The co-crystal struc-
ture also showed that hGH contains three largely unstructured
regions that are classified as a “large loop” (residues 33–75), a
“smaller loop” (residues 129–154), and a “small loop located at
the C terminus”. A total of 103 amino acids (54%) of hGH are
contained within the four antiparallel α-helices and are or-
dered as follows: helix I (residues 9–34), helix II (residues
72–92), helix III (residues 106–128), and helix IV (residues
155–184). Additionally, the “large loop” between the α-helices
I and II (residues 33–75) contains two “mini-helices”
comprised of residues 38 to 47 and 64 to 69. In the hGH–
hGHR complex, one hGH molecule binds asymmetrically to
a preformed hGHR homodimer through two distinct binding
sites on the hGH (site 1 and site 2). When bound to the
dimeric receptor, site 1 of the hGH interacts with the first
hGHR monomer via helix I, helix IV and the two mini-helices
located within the “large loop”. Site 2 of the hGH interacts with
the second hGHR monomer, primarily through the N termi-
nus of helix I and the central portion of helix III. We have
shown that glycine 120 (glycine 119 of bovine GH [bGH]) in
helix 3 a crucial amino acid that promotes functional dimer-
ization (vide infra).

A detailed analysis of the bGH–GHR interaction indicated
that amino acid residues 109 to 126 within helix III of bGH
are arranged in an amphipathic helix (57–59). However, the
presence of amino acids E117, G119, and A122 caused the
amphipathicity of this helix to be somewhat “imperfect” (59,
60). Notably, this information was used to develop a highly
potent antagonist of the hGHR. To establish a more “perfect”
amphipathic configuration and facilitate binding of the
ligand, amino acids contained within helix III were
substituted individually and resulted in bGH analogs that
displayed novel inhibitory effects (59, 61). For example, a
G119R substitution in bGH (corresponding to G120R in
hGH) produced a molecule that acted as an antagonist of
mouse GH action in vitro and in vivo (61). In addition,
transgenic mice expressing a G119R GH analog displayed
low levels of IGF-1 and a growth-retarded phenotype (60).
The importance of hGH site 2 for binding the GHR was
confirmed in subsequent studies by the discovery of a new
hGHR antagonist containing a G120K mutation (62, 63).
This analog binds effectively to the first hGHR subunit
through site 1 and improperly to the second hGHR subunit,
resulting in a nonfunctional hGH–hGHR complex. This
novel hGHR antagonist was eventually developed into the
FDA-approved drug, Somavert (pegvisomant for injection), a
PEGylated hGH analog that contains nine amino acid sub-
stitutions, including G120K (64). Pegvisomant is highly effi-
cacious at attenuating hGHR activation and normalizing
serum IGF1 levels in patients with elevated GH (62, 64) and
is currently the only clinically approved GHR antagonist
marketed worldwide to treat patients with acromegaly (2, 62).
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Pegvisomant is administered to individuals through daily,
subcutaneous injections (2, 65, 66).

However, despite its clinical efficacy, there is growing
interest among clinicians and medicinal chemists to
improve on pegvisomant by developing longer-acting hGHR
antagonists that can be used to treat a range of
hGH-mediated diseases (3). Furthermore, pegvisomant is
classified as a recombinant protein drug that mimics the
full-length hGH molecule. Recombinant protein drugs are
often expensive to manufacture and can be beset by end-
product heterogeneity (67, 68). In an effort to develop a
second-generation hGHR antagonist that could circumvent
these issues, we focused on developing a short, helical
peptide that mimics a region within site 1 of hGH that is
critical for hGHR recognition. We reasoned that site
1-binding interactions between hGH and hGHR could be
inhibited using a peptide mimetic that was based on the
mini-helix (residues 38–47) found in the “large loop” of
hGH. It has been suggested that synthetic peptides offer a
viable alternative to larger proteins for targeting therapeu-
tically relevant protein–protein interactions (PPIs). Indeed,
peptides are considered advantageous in drug development
because they occupy a unique “middle space” that combines
desirable attributes of small molecules (synthetic tracta-
bility) and large proteins (epitope targeting) into a single
construct. Additionally, peptides under 50 amino acids in
length can be generated through convenient chemical syn-
thesis procedures in the laboratory, affording researchers
exquisite control over the sequence, homogeneity, and pu-
rity of the final product. Moreover, peptides provide versa-
tile scaffolds from which to design effective inhibitors of
PPIs because they can be engineered to fold into stable
three-dimensional structures that mimic protein interaction
domains [reviewed in (69)]. Synthetic peptides that fold into
stable α-helices, β-strands, and loop structures (70–74) have
been used to successfully target protein–protein and
protein–DNA interactions (75–77), with several of these
constructs entering clinical trials (78).

In this report, we outline the design, synthesis, and
characterization of a 16-residue peptide that mimics the
mini-helix contained within the “large loop” of hGH site 1.
This peptide, designated S1H for Site 1-binding Helix, is a
near-perfect sequence mimetic of hGH between residues 36
to 51. Based on previous X-ray crystallography (79) and
in vitro binding data (80), this region of hGH is thought to
be crucial for facilitating favorable hGH–hGHR interactions.
We therefore reasoned that a synthetic peptide mimic of
this helix could be used as an effective antagonist of hGHR
activity. Using rational design, we developed S1H as a
potent hGHR antagonist and showed that it inhibits hGH-
mediated phosphorylation of STAT5 in cultured cells that
express the hGHR. Furthermore, we generated a library of
S1H sequence analogs to identify which residues within the
site 1 mini-helix are important for the structural organiza-
tion and biological activity of the S1H peptide. Importantly,
these studies demonstrate the utility of employing a short
peptide not only as an antagonist of a therapeutically
relevant PPI but also as an effective chemical tool to study
the molecular nature of hGH–hGHR interactions.

Results

Rational design of the S1H peptide

Efforts to develop a novel peptide-based antagonist of the
hGHR were initiated with a comprehensive analysis of the
hGH–hGHR interaction (Fig. 1A). The three-dimensional
structure of the hGH–hGHR complex (79) shows that hGH
binds two separate hGHR subunits through two distal sites on
hGH (site 1 and site 2). Dynamic modeling simulations of the
hGH–hGHR binding event have indicated that hGH first
makes contact with one hGHR monomer via site 1 before
binding to the second hGHR monomer via site 2 (80). To
reduce the influence of induced or additive binding effects
resulting from the preassociation of native hGH to the hGHR,
we focused our attention on designing a peptide-based
antagonist that would target the incipient (site 1) interaction.
At this point, several regions within the hGH–hGHR inter-
action interface were considered for targeted inhibition. We
initially noticed that hGH makes contact with the hGHR on
the N-terminal side of the second mini-helix (residues 64–69)
located within the “large loop” of hGH. However, this region of
hGH is inherently unstructured and was not expected to
provide a large enough surface area for effective inhibition. We
also noted that helix 4 (residues 168–179) of hGH makes
direct contact with the first hGHR monomer at a site that is
proximal to the hGHR dimerization interface. Targeting this
site for inhibition was also deemed suboptimal because the
inhibitor peptide would have to compete sterically with amino
acid residues of the hGHR that are involved in receptor
dimerization. Following this initial assessment, we speculated
that the first mini-helix of the hGH “large loop” (residues
38–47) binds the hGHR at a site with high potential for
peptide-based inhibition (Fig. 1B). Our hypothesis was based
on the following considerations: (1) this specific interaction
occurs within site 1 of hGH; (2) the binding site is distal from
the hGHR dimerization interface; (3) the interaction is
comprised of a relatively large binding surface; and (4) the
hGHR-binding domain of hGH is helical at this site. We next
moved to design a peptide that would act as a direct sequence
mimetic of the hGH mini-helix (residues 38–47) located
within the “large loop” between helices I and II. The S1H
peptide corresponds to residues 36 to 51 of full-length hGH
and includes the entire helical recognition motif flanked on
each side by a short sequence of amino acids (YIPKEQ-
KYSFLQNPQT). These flanking residues were included to
enhance specific recognition between the peptide substrate
and its target protein (81). Interestingly, amino acid sequence
alignments of GHs from different vertebrates revealed multiple
variations in this region (Fig. 1C). According to these se-
quences, K39, E40, K42, F45, L46, and P49 residues are unique
to hGH, whereas Q41, Y43, S44, Q47, N48, and Q50 are well-
conserved among various species. In addition, the 20 kDa hGH
isoform (vide supra) differs from the 22 kDa WT hGH because
of a splice variation that deletes 15 amino acids between
J. Biol. Chem. (2021) 296 100588 3



Figure 1. Rational design of the S1H peptide. A, three-dimensional crystal structure of hGH bound to homodimeric hGHR. hGH (salmon) is shown as a
ribbon diagram bound to the hGHR (gray); the site 1 mini-helix of hGH is colored purple. B, zoomed image of the site 1 mini-helix bound to the hGHR. Side
chains of residues 38 to 47 are shown as stick representations. Structures adapted from PDB ID: 1HWG and rendered using PyMol Molecular Graphics
System software (Schrödinger, LLC). C, amino acid sequence alignment of GH proteins from human, rat, mouse, cow, pig and sheep indicating conserved
(yellow) and variable (green) amino acid residues. The S1H peptide sequence is shown in bold; alignment rendered using Multiple Sequence Alignment Tool
(NCBI). GH, growth hormone; hGH, human growth hormone; hGHR, human growth hormone receptor.
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residues 32 to 46 (50). Notably, this region overlaps signifi-
cantly with site 1 of hGH and the sequence of the S1H peptide.
The 20 kDa hGH isoform has been reported to have a 10-fold
lower binding affinity for the hGHR compared with the 22 kDa
hGH (82), which hints strongly at the presumed ability for S1H
peptides to antagonize the hGH–hGHR interaction.

Structural characterization of the S1H peptide

As mentioned above, the S1H peptide was designed to
mimic a helical region of hGH that interacts with the hGHR
Figure 2. Structural characterization of S1H peptide. A, ribbon diagram of
green and indicated with arrows. Residues colored blue point away from the
sequence of S1H is shown below the ribbon diagram; residues that make conta
group (Ac); C terminus is an amide (-NH2). S1H helix exported from PDB ID: 1H
spectra of S1H peptide (20 μM in solution). Red spectrum shows S1H in PBS, an
spectra were collected at 25 �C. hGHR, human growth hormone receptor; PBS
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over a modestly large surface area. According to the hGH–
hGHR co-crystal structure, this segment contains at least five
residues (K39, K42 Y43, L46, and Q47) that make putative
contacts with the surface of the receptor (Fig. 2A). At this site,
the binding between hGH and the hGHR is believed to be
driven by a combination of hydrogen bonding, hydrophobic
effects, and electrostatic interactions (Fig. S1). Moreover,
because this region of hGH is helical when bound to the
hGHR, we speculated that S1H would need to possess inherent
helical propensity to elicit favorable interactions with the
S1H peptide helix. Residues that make contact with the hGHR are colored
interface and are not thought to make contact with the hGHR. Primary

ct with the hGHR are underlined. N-terminus is shown capped with an acetyl
WG. Figure rendered in PyMol. B, wavelength-dependent circular dichroism
d blue spectrum represents S1H in PBS supplemented with 30% (v/v) TFE. All
, phosphate buffered saline; TFE, 2,2,2-trifluoroethanol.



Figure 3. Quantification of peptide and protein stability (reported as
fraction of intact molecule) following incubation in 25% (v/v) human
AB serum for 0 to 48 h. Fractions of intact S1H were determined from
analytical HPLC chromatograms; fractions of intact hGH and pegvisomant
(Peg.) were determined using western blots. See Experimental procedures
and supporting information for experimental details. hGH, human growth
hormone.
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receptor. Following synthesis and characterization of the S1H
peptide (see Materials and Methods, Fig. S2), we evaluated the
solution-phase structure of S1H using wavelength-dependent
circular dichroism (CD) spectropolarimetry (Fig. 2B). Far-UV
CD measurements were collected from S1H peptide samples
(20 μM) dissolved in phosphate buffered saline (PBS) at 25 �C
and plotted as mean residue ellipticity versus wavelength
(195 nm to 255 nm). S1H was found to contain a slight
shoulder around 215 nm and a minimum at 198 nm in PBS,
indicating that this peptide is inherently unstructured under
these conditions. It is worth noting that unless endowed with
some structure-inducing linkage or sidechain complex, peptide
oligomers comprised of less than 20 amino acids often adopt
random coils in solution (83, 84). We next evaluated the helical
propensity of S1H by dissolving the peptide (20 μM) in PBS
supplemented with 30% (v/v) 2,2,2-trifluoroethanol (TFE) and
assessing its structure using wavelength-dependent CD spec-
tropolarimetry as described above. TFE is a structure-inducing
co-solvent that can be used to evaluate the propensity of short
peptide oligomers to fold in solution (85). Results from these
experiments showed that TFE had a dramatic effect on the
solution-phase structure of the S1H peptide (Fig. 2B). Here,
the CD spectrum of S1H showed a shoulder at 225 nm, a
minimum at 210 nm and a maximum at 198 nm. This specific
CD signature indicates that S1H undergoes a transition from a
random coil to a predominantly folded structure following the
addition of TFE. Helical populations for each sample were
estimated using the mean residue ellipticity at 222 nm, while
taking into account the peptide length (see Materials and
Methods) (86). From these calculations, it was determined that
S1H dissolved in PBS alone was 1.1% helical, whereas S1H
incubated in PBS supplemented with TFE showed 48.2% hel-
icity. These results demonstrate that a significant proportion of
S1H peptide is capable of adopting a helical fold in the pres-
ence of structure-inducing co-solvents. Perhaps more impor-
tantly, however, the inherent helical propensity of S1H
suggests that this peptide has the ability to fold into a struc-
tural configuration that can mimic the site 1 mini-helix of
hGH when targeting the hGHR.

Stability profiles of S1H, hGH, and pegvisomant in human
serum

Peptide and protein hormones released into the blood-
stream often have short half-lives due in part to relatively
high concentrations of proteases in the serum (87, 88).
Indeed, proteolytic susceptibility is often a major limitation
that hinders the therapeutic efficacy of peptide- and protein-
based drugs (89). We were therefore interested in testing the
stability of S1H in a serum-rich microenvironment. To assess
this, we incubated S1H peptides in RPMI media supple-
mented with 25% (v/v) human AB serum for up to 48 h at 37
�C and quantified the fraction of intact peptide using
reversed-phase HPLC (Figure 3 and Fig. S3). We observed
that the S1H peptide was not significantly degraded under
these conditions, with >89% of the peptide remaining intact
after 48 h incubation. This indicates that the S1H peptide is
inherently stable in a serum-rich microenvironment and
should remain intact as it is delivered to cultured cells (vide
infra). As a positive control for degradation of the peptide,
we incubated S1H with trypsin at 37 �C and similarly
monitored its degradation by reversed-phase HPLC
(Fig. S4A). Under these conditions, it was shown that the
S1H peptide was rapidly degraded to three major products
(likely because of to the presence of two lysines within the
S1H sequence), with no intact peptide detected after 15 min
incubation. To gain further insight into how the stability of
S1H compares to that of hGH and pegvisomant, we tested
the stability of the recombinant proteins under similar con-
ditions. For these experiments, hGH and pegvisomant were
dissolved in RPMI media supplemented with 25% (v/v) hu-
man serum and incubated at 37 �C for up to 48 h. Following
incubation, the proteins were separated by SDS-PAGE, and
the extent of degradation was assessed by Western blotting
(Figure 3, Fig. S5). Interestingly, it was determined that hGH
was more stable than either S1H or pegvisomant under these
conditions, with >92% of the protein remaining intact
following 48 h incubation. On the other hand, pegvisomant
was the least stable in human serum, with only 76% of the
protein remaining after 48 h. As positive controls for protein
degradation, hGH and pegvisomant were incubated with
trypsin at 37 �C for up to 8 h and monitored by HPLC and
Western blotting (Figs. S4, B and C, and S5). Here, it was
observed that hGH was fully degraded after 8 h incubation,
whereas pegvisomant only took 4 h to be digested under
similar conditions. This result was somewhat surprising, as
pegvisomant contains multiple PEGylations that are believed
J. Biol. Chem. (2021) 296 100588 5
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to increase its half-life in vivo compared with hGH (90). It
could be speculated that the higher degree of degradation
seen with pegvisomant is attributed to the loss of PEG con-
jugates during the incubation or comparatively enhanced
binding to serum proteins (91, 92).
Figure 4. S1H inhibits hGH-mediated STAT5 phosphorylation in cultured c
in the presence of 2.5 nM hGH for 20 min. Total protein was then extracted fr
Western blot. Representative Western blot images (n = 3) are presented for cell
IM9 cells; and D, L (mouse fibroblast) cells. Size marker (kD) is shown to the rig
densitometry analysis of western blots shown in panels A–D. Error bars are s
hormone; GHR, growth hormone receptor.
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S1H attenuates hGH-mediated STAT5 phosphorylation in
human and mouse cells

A major downstream effect of hGH-mediated activation of
the hGHR is the phosphorylation of intracellular transcription
factors, including STAT5A and STAT5B (93, 94). In this
ells. For these experiments, cells were treated with S1H peptide (0–200 nM)
om the cells, and intracellular concentrations of pSTAT5 were evaluated by
lines expressing high levels of GHR. A, SK-MEL-28 cells; B MALME-3M cells; C,
ht of the images. E, relative ratio of pSTAT5 to total STAT5 quantified from
tandard deviation; *p < 0.05. AU, absorbance units; hGH, human growth
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signaling cascade, binding of hGH to hGHR leads to trans-
activation of hGHR-associated JAK2, which phosphorylates
the intracellular domain of hGHR at five tyrosine residues:
Y332, Y487, Y534, Y566, and Y627 (95). STAT5 then docks via
Figure 5. S1H attenuates hGHR and hPRLR activation in cultured cells. For
the presence or absence of pegvisomant or S1H. Total protein was then ex
evaluated by Western blot. A, MALME-3M cells treated with hGH; B, T84 cells t
with hPRL. Size marker (kD) is shown to the right of the images. E, relative ratio
blots shown in panels A–D. Error bars are standard deviation. *p < 0.05. AU
hormone receptor; hPRLR, human prolactin receptor; hPRL, human prolactin.
its SH2 domains to the phosphorylated hGHR and is subse-
quently phosphorylated by JAK2 (10, 11). The phosphorylation
of STAT5 (pSTAT5) can be observed just minutes after adding
hGH to cultured cells, making intracellular pSTAT5
these experiments, cells were treated with either hGH or hPRL for 20 min in
tracted, and intracellular concentrations of pSTAT5 and total STAT5 were
reated with hGH; C, MALME-3M cells treated with hPRL; D, T84 cells treated
of pSTAT5 to total STAT5 quantified from densitometry analysis of western
, absorbance units; hGH, human growth hormone; hGHR, human growth

J. Biol. Chem. (2021) 296 100588 7
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quantitation a convenient metric of hGHR activation. In-
hibitors of hGHR action, such as pegvisomant and FGF21,
have been shown to block hGH-mediated pSTAT5 in cell lines
that express high levels of hGHR (96). Here, we used intra-
cellular pSTAT5 levels to quantify S1H-mediated antagonism
of the hGHR in cultured human melanoma cells (SK-MEL-28
and MALME-3M), human lymphoblasts (IM9), and mouse (L)
fibroblasts. The human cells used in these studies were pre-
viously reported to express high levels of endogenous hGHR
(48, 97), whereas the mouse L fibroblasts express high levels of
mouse GHR (98). To determine whether S1H could inhibit
hGH-mediated pSTAT5, we co-treated SK-MEL-28 cells,
MALME-3M cells, IM9 cells, and mouse L fibroblasts with
S1H and hGH and evaluated pSTAT5 levels via Western
blotting (Fig. 4). As expected, the addition of 2.5 nM (50 ng/
ml) hGH showed significant upregulation of pSTAT5 within
20 min across all cell lines tested. It was also observed that
cells co-treated with S1H and hGH displayed significantly
lower levels of pSTAT5 compared with cells treated with hGH
alone. This inhibitory effect was dose dependent, with hGH-
mediated pSTAT5 levels being suppressed by 46% and 67%,
respectively, in SK-MEL-28 cells treated with 100 nM or
200 nM S1H (Fig. 4, A and E). Similar treatments in MALME-
3M cells indicated that S1H suppresses pSTAT5 levels by 56%
at concentrations of 200 nM in this cell line (Fig. 4, B and E).
Significant degrees of hGHR antagonism were also observed in
IM9 and L (mouse fibroblast) cells, with S1H suppressing
hGH-mediated pSTAT5 by 67% and 36%, respectively, at
200 nM (Fig. 4, C–E). To determine whether S1H can act as a
hGHR agonist, we treated SK-MEL-28, MALME-3M, and IM9
cells with 25 nM or 100 nM S1H for 20 min and quantified
intracellular pSTAT5 levels by Western blot (Fig. S6). It was
observed here that S1H did not increase pSTAT5 concentra-
tions above background (untreated) levels in any cell line
tested. Taken together, these results indicate that S1H is able
to inhibit the hGH-mediated phosphorylation of STAT5 in
cultured cells by acting as an antagonist of the hGHR.

S1H attenuates activation of hGHR and human prolactin
receptor in cultured cells

Growth hormone, prolactin (PRL), and placental lactogen
are all members of the class-I cytokine superfamily. Inciden-
tally, all three cytokines are capable of binding and activating
the human prolactin receptor (hPRLR), which leads to phos-
phorylation and activation of STAT5 (99). Owing to this
broad-spectrum activation profile, the mechanistic design of
hGHR and hPRLR antagonists often overlap (100). We were
therefore interested in determining whether the S1H peptide
could interfere with hGH-induced activation of the hPRLR. To
answer this question, we treated MALME-3M (human mela-
noma) and T84 (human colon cancer) cells with either 2.5 nM
hGH or hPRL in the absence or presence of S1H and quan-
tified the level of pSTAT5 by Western blotting (Fig. 5). These
cell lines were selected for this study based on the following
criteria: MALME-3M cells express high levels of hGHR rela-
tive to hPRLR (>100:1), whereas T84 cells express high levels
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of hPRLR relative to hGHR (>1300:1) (101). This allowed us to
study whether S1H was able to selectively attenuate hPRLR
activation without significant influence of hGHR-mediated
signaling. Here, we observed that S1H could suppress hGH-
induced pSTAT5 in MALME-3M cells in a dose-dependent
manner and demonstrated greater efficacy for hGHR antago-
nism than pegvisomant. More specifically, we found that
50 nM S1H treatments inhibited pSTAT5 production by 40%
compared with cells treated with hGH alone, whereas treat-
ment with 50 nM pegvisomant inhibited STAT5 inhibition by
33% under the same conditions (Fig. 5, A and E). Both S1H and
pegvisomant suppressed the hGH-mediated phosphorylation
of STAT5 by similar amounts (27%) at 50 nM in T84 cells
(Fig. 5, B and E). We also observed a clear dose-dependence in
S1H-mediated inhibition of pSTAT5 in T84 cells that had
been co-treated with hGH. Finally, we observed that unlike
pegvisomant, S1H inhibited hPRL-induced pSTAT5 by 49% in
MALME-3M cells and 13% in T84 cells (Fig. 5, C–E). This
result strongly suggests that the S1H peptide can impede the
association of hPRL with hPRLR and mitigate downstream
signaling cascades that are initiated by this interaction.
Furthermore, these findings indicate that despite being
designed specifically as an antagonist of the hGH–hGHR
interaction, the S1H peptide may have broader inhibitory ef-
fects, namely, antagonizing the PRL/PLRR interaction.

Structural analysis of S1H peptide sequence variants

In addition to their obvious use as agonist or antagonists of
therapeutically relevant molecular interactions, peptides can
also be utilized as tools to study the physical nature of PPIs
(102, 103). Indeed, a major advantage of using peptides for
studying PPIs is that they provide a sequence-specific scaffold
that can be modified with high precision. We therefore sur-
mised that sequence variants of S1H could be used to deter-
mine which amino acid residues facilitate structural
organization and biological activity of the peptide. For these
studies, we employed alanine scanning to develop a library of
S1H sequence variants in which individual residues within the
primary sequence were replaced with alanine (Table S1). All
S1H sequence variants used in this work were synthesized,
purified, and characterized similarly to WT S1H as described
in the Experimental procedures section. Following synthesis
and purification, we evaluated the helical propensities of each
variant using wavelength-dependent CD spectropolarimetry
(Fig. S7). Here, it was demonstrated that select amino acids
within the S1H peptide were critical for imparting helical
propensity, whereas others had little influence over the ability
for the peptide to fold. Interestingly, some variants displayed
>10% helicity even in the absence of TFE, indicating that the
original amino acid has structure-disrupting effects. Specif-
ically, the K39A variant exhibited 23.4% helicity in the absence
of TFE, suggesting that K39 is helix-disrupting (WT S1H was
only 1.1% helical under similar conditions). Other residues that
were found to be helix disrupters in the S1H sequence were
Y43, S44, and F45. Each of these alanine substitutions resulted
in peptides that had greater than 10% helical character in the
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absence of TFE (Table S2). Residues that did not have a
measurable impact on S1H helicity included E40, K42, and
N48. As expected, all S1H sequence variants showed modest to
strong increases in helicity when incubated with TFE, indi-
cating that each construct was able to adopt a more organized
fold in the presence of structure-inducing co-solvents
regardless of amino acid substitution. However, peptide vari-
ants F45A and N48A each displayed minimal change in hel-
icity following the addition of TFE, suggesting that these
constructs resist folding into a more pronounced helix
compared to S1H.

Biological activity of S1H peptide sequence variants

Following the structural characterization of our S1H
sequence variants, we tested the influence of singular alanine
substitutions on S1H-mediated hGHR antagonism. For these
experiments, we co-treated SK-MEL-28 cells with hGH and
S1H variants and utilized ELISA to quantify changes in
intracellular concentrations of pSTAT5 (Fig. 6). Notably, each
alanine variant was able to lower intracellular hGH-mediated
pSTAT5 to concentrations below that of cells treated with
hGH alone, indicating that all constructs retained some
antagonist activity. However, none of the sequence variants
were able to reach the level of inhibition observed with WT
S1H under these conditions. Notably, we observed a broad
range of efficacy among the variants, with certain alanine
substitutions eliciting significantly weaker antagonist effects
than others. For example, S1H variants E40A, Q41A, K42A,
F45A, and Q47A all displayed reduced inhibitory effects
compared with WT S1H, indicating that these residues are
Figure 6. Quantification of intracellular pSTAT5 concentrations in SK-MEL
(hGH) and various inhibitors. Intracellular pSTAT5 levels are plotted as fold-in
at 200 nM. Pegvisomant (Peg.) was treated at 100 nM. Statistical significanc
*p < 0.05, **p < 0.01, ***p < 0.005.
important for S1H-mediated hGHR antagonism (Fig. 6,
Table S2). On the other hand, the K39A, Y43A, S44A, L46A,
and N48A variants all showed antagonist activity that was
comparable to WT S1H, suggesting that alanine substitutions
at these positions do not affect the ability of the S1H peptide to
inhibit hGH-mediated pSTAT5. We initially anticipated that
substituting S1H residues that make direct contact with the
hGHR (Figure 2, Fig. S1) would strongly reduce the inhibitory
effects of S1H. It was therefore surprising that we observed no
obvious correlation between amino acid position and antago-
nist activity. With the exception of K42A and Q47A, the
antagonist activity of S1H variants containing an alanine
substitution at a residue that makes direct contact with the
hGHR was only minimally affected. In addition, we noticed
that certain sequence variants containing alanine substitutions
at residues that point away from the presumed S1H–hGHR
interface (such as E40A) lost almost all antagonist activity.
This somewhat counterintuitive result prompted us to
examine additional physicochemical properties that may be
important for facilitating S1H-mediated hGHR antagonism. At
this point, we noticed a strong correlation between peptide
helicity and antagonist activity (Table S2). Upon comparing
these two parameters, it was observed that nearly all S1H
variants having greater than 60% helicity in the presence of
TFE showed significant antagonism of pSTAT5. On the other
hand, peptides with less than 60% helicity had reduced
antagonist effects. For example, the K39A variant showed
67.1% helicity and 88.5% inhibition, whereas the E40A
construct displayed 28.6% helicity and 33.4% inhibition. Taken
together, these results imply that helical propensity may be
-28 cells by ELISA following co-treatment with human growth hormone
duction compared with untreated controls. All peptide variants were treated
e indicates level of inhibition compared to cells treated with hGH alone.
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more important for affecting S1H-mediated hGHR antago-
nism than individual side chain contacts between the peptide
and receptor, at least in the context of alanine substitutions. It
should be noted that we did observe two exceptions to these
findings with S1H variants Q47A and N48A. Under these
conditions, the Q47A peptide showed only modest (30%) in-
hibition despite having enhanced helical propensity (86.3%).
Alternatively, the N48A variant was able to reduce pSTAT5
levels to near background (89%) levels despite having dimin-
ished helical character (12.2%). These results suggest that Q47
is important for hGHR recognition by S1H but is not needed
for structural organization and that N48 is important for
imparting helicity to the S1H peptide but is not required for
S1H-mediated hGHR antagonism.
Discussion

The ability to target PPIs with high precision is arguably one
of the most pressing challenges facing modern medicinal
chemistry. Nevertheless, the development of such molecules
affords tremendous opportunities for advancing clinical
research. For example, synthetic molecules that target large,
shallow protein interaction surfaces not only hold considerable
promise as potential therapeutics but may also be developed as
chemical tools that can provide insight into the nature of
biomolecular interactions. These constructs can also act as
chemical genetic agents (104) that serve to expand the pool of
“druggable” proteins. In this report, we developed a peptide-
based hGHR antagonist (S1H) by focusing on a short, helical
region of hGH that makes contact with one monomeric sub-
unit of the hGHR homodimer. Herein, we demonstrated that
the S1H peptide can fold into an α-helix in the presence of
structure inducing co-solvents and also showed that it is highly
stable in human serum for up to 48 h. These findings are
significant as they indicate that S1H peptides have the pro-
pensity to fold into structures that mimic the site 1 mini-helix
(residues 38–47) of hGH and will remain intact as they are
delivered to cells in culture. Results from our stability studies
also showed that the S1H peptide is more stable in human
serum than pegvisomant, an FDA-approved hGHR antagonist
used in the treatment of acromegaly. We attribute this
somewhat surprising finding to pegvisomant possibly losing
PEGylations or binding to serum proteins (91, 92) during the
incubation period.

As a proof-of-principle, we demonstrated that S1H attenu-
ates hGH-induced pSTAT5 in a dose-dependent manner in
cultured cells co-treated with S1H and hGH. Owing to its
structural similarity to the site 1 mini-helix contained within
the “large loop” of hGH, it is likely that S1H antagonizes the
hGHR by directly interfering with the hGH–hGHR interaction
through site 1. To the best of our knowledge, this region of the
hGHR has not yet been targeted by small molecules or other
peptide-based antagonists. Therefore, the results outlined in
this study serve to expand the number of potentially “drug-
gable” sites on the hGHR. We also determined that S1H can
attenuate the activation of hPRLR by showing that S1H in-
hibits the hPRLR-mediated phosphorylation of STAT5 in
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cultured cells. It has been reported previously that several
amino acids of the hGH site 1 mini-helix are required for
favorable hGH–hPRLR interactions (105). Moreover, signifi-
cant structural deviations arise in this region when the hGH is
bound to either hGHR or hPRLR (54, 106). In the context of
our studies, it can be postulated that the S1H peptide interferes
with ligand binding to the hPRLR, and that S1H is an effective
inhibitor of lactogenic and somatotropic actions of hGH.
While this conclusion obviously requires further validation,
this intriguing finding suggests that S1H may be useful for
inhibiting the many physiological actions of hGH in vivo.
Indeed, this effect will become especially relevant when
developing S1H as a potential therapeutic that can be used to
treat hGH- or hPRL-mediated disease, including certain type
of cancers.

In addition to its biological effects, the S1H peptide proved
to be a useful chemical tool to study the molecular nature of
the hGH–hGHR interaction. Here, we were able to use alanine
scanning to identify which specific residues within the S1H
sequence are important for helical propensity and biological
activity. Surprisingly, substituting alanine for residues that
participate in the presumed S1H–hGHR interface did not al-
ways translate to reduced antagonist activity. This finding
suggests that at least in the context of alanine substitutions,
many of the individual residues within the site 1 mini-helix of
hGH are not explicitly required for favorable hGH–hGHR
interactions. We did, however, observe a strong correlation
between biological activity and helical propensity of our S1H
sequence variants, which indicates that structural organization
of the hGH site 1 mini-helix is important when affecting hGH
binding to the hGHR. Taken together, these findings seem to
suggest that the ability to form a helix is more important than
amino acid sequence when modulating interactions between
the hGH site 1 mini-helix and the hGHR.

Finally, it has not escaped our notice that there exists a high
degree of sequence overlap between the S1H peptide and the
deleted 15-residues of the 20-kDa hGH isoform. It has been
shown previously that both the 22 kDa and 20 kDa hGH
isoforms bind and activate the hGHR with similar efficiency
(107). However, the 20 kDa hGH variant demonstrates a 10-
fold weaker complex with hGHR at the site 1-binding inter-
face compared with the 22 kDa hGH isoform. This occurs
despite the 20 kDa version having a stronger (10-fold) affinity
for binding site 2 compared with the 22 kDa version (82). In
addition, the 20 kDa hGH isoform was found to form a 1:2
complex with the hGHR with a binding affinity that is similar
to the 22 kDa hGH, but the 20 kDa hGH had markedly lower
affinity to the hGHR when forming a 1:1 complex. This lower
binding affinity was attributed to the deletion of the 15 amino
acids, which effectively removes a major portion of the site 1
interaction domain (108). There is also considerable variation
among such hGH isoforms when binding and activating the
hPRLR (51). For example, the 20 kDa hGH isoform shows
weaker (10-fold) activity when activating the PRLR compared
with the 22 kDa isoform, indicating that residues 36 to 51 are
important for hGH-mediated cross-activation of human PRLR.
This observation, coupled with the results presented herein,
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has allowed us to speculate that S1H can antagonize hGH-
mediated PRLR activation. To be sure, it remains to be seen
whether S1H will inhibit the binding of the 20 kDa hGH to the
hGHR with the same efficacy as it does the 22 kDa hGH.
However, we anticipate that S1H binds the hGHR at a 1:1
stoichiometric ratio and will result in the competitive inhibi-
tion of both hGH isoforms.

Experimental procedures

Reagents and chemicals

All Fmoc-protected amino acids, Fmoc-PAL-AM resin, and
PyClock were purchased from Novabiochem. Piperidine,
N-methylmorpholine N,N-diisopropyl-ethylamine, trichloro-
acetic acid, trypsin (bovine pancreas), sodium phosphate
monobasic monohydrate, glycerol, triisopropylsilane,
N-methyl-2-pyrrolidone (NMP), RIPA lysis buffer, and Brad-
ford reagent were purchased from Sigma-Aldrich. Acetonitrile
(ACN) was purchased from Alfa Aesar. β-mercaptoethanol
was purchased from Aldrich Chemicals. Potassium chloride
was obtained from VWR Analytical. Human AB serum was
purchased from Corning. Cell lines: SK-MEL-28, MALME-
3M, IM-9, T-84, mouse fibroblasts (L), growth medium: Dul-
becco’s modified Eagle’s medium, Eagle's Minimal Essential
Medium, RPMI-1640, and fetal bovine serum were each pur-
chased from American Type Culture Collection (ATCC).
2,2,2-trifluoroethanol, acetic acid, dichloromethane, trifluoro-
acetic acid (TFA), phenol, Tris-base, Tris-HCl, calcium chlo-
ride, sodium chloride, potassium dihydrogen phosphate,
sodium dodecyl sulfate, antibiotic-antimycotic, Halt protease,
phosphatase inhibitor cocktail, and chemiluminescence
detection reagents were purchased from Thermo Fisher Sci-
entific. Recombinant hGH was obtained from Antibodies
Online. Recombinant (active) human prolactin/PRL protein
was obtained from Abcam. Hydroxybenzotrizaole was pur-
chased from Apex Bio. All other materials were purchased
from commercial sources and used without further
purification.

Peptide synthesis

All peptides described herein were synthesized on PAL-AM
resin using standard Fmoc solid-phase peptide synthesis pro-
cedures (109) Solid-phase peptide synthesis reactions were
performed on a 25 μmol scale in fritted glass reaction vessels
to facilitate removal of reactants and starting materials. All
amino acid couplings and Fmoc deprotections were performed
a microwave-accelerated reaction system (CEM) using soft-
ware programs written in-house. Multiple rounds of washing
using fresh NMP were performed between each coupling and
deprotection step described below. N-terminal amino acid
couplings were achieved by treating the deprotected peptide-
resin with five equivalents (eq) of Fmoc-protected amino
acid, 5 eq PyClock, and 10 eq of N-methylmorpholine N,N-
diisopropyl-ethylamine in NMP. All equivalents were based
on resin loading level. N-terminal Fmoc groups were removed
by treating the peptide-resin with 25% (v/v) piperidine con-
taining 0.1 M hydroxybenzotrizaole to minimize aspartimide
formation (110). Iterative cycles of amino acid coupling and
deprotections were repeated until peptides of the desired
sequence were obtained. Following synthesis, the peptides
were capped by treating the deprotected peptide-resin with 6%
(v/v) acetic anhydride and 6% (v/v) N-methylmorpholine in
NMP for 20 min at room temperature. This step was repeated
once, and the acylated peptide resin was washed thoroughly
with NMP to remove any unreacted starting materials.
Following the final wash, the peptide resin was rinsed with
NMP and dichloromethane and dried under vacuum to
remove residual solvent.

Cleavage and purification of peptides

Following completion of the synthesis, resin-bound peptides
were globally deprotected and cleaved from the resin by adding
a cleavage cocktail composed of TFA, water, phenol, and
triisopropylsilane (85:5:5:2, v/v/v/v). The cleavage reaction was
allowed to incubate for 30 min at 38 �C in a microwave reactor
(CEM). Following completion of the cleavage reaction, the
peptides were precipitated in cold diethyl ether, pelleted by
centrifugation, and resuspended in aqueous ACN (15%, v/v).
This solution was then frozen and lyophilized to remove re-
sidual solvent. Following lyophilization, crude peptide powders
were resuspended in aqueous ACN (15%, v/v) and purified
across a C18 reversed-phase HPLC column (Grace, 10 μm,
250 × 10 mm) using a ProStar HPLC system (Agilent). Pep-
tides were eluted over 30 min with a linear gradient of 15 to
45% solvent B (0.1% TFA in ACN) over solvent A (0.1% TFA in
water). Absorbance spectra were monitored at 214 nm and
280 nm to distinguish peptide products, and all major peaks
were evaluated by mass spectrometry to determine peptide
identity. Following mass analysis, fractions containing desired
peptides were combined, frozen, and lyophilized twice. Peptide
stock solutions were made by dissolving the purified peptides
in water and storing them at 4 �C protected from light. All
peptide concentrations were quantified using extinction co-
efficients calculated based on their primary sequences. Pep-
tides were found to be stable for at least 1 year under these
storage conditions.

General characterization of peptides by electrospray
ionization mass spectrometry and analytical RP-HPLC

All peptide products were identified using electrospray
ionization mass spectrometry (Fig. S2 and Table S1). Masses
were collected using a Q Exactive Plus Hybrid Quadrupole-
Orbitrap mass spectrometer (Thermo Scientific) in the range
of 500 to 2200 m/z. For mass analysis, peptides were dissolved
in a suitable volume of aqueous ACN (10%, v/v) and directly
injected onto the electrospray ionization system. Mass data
were processed using Xcalibur v3.0 (Thermo) and MagTran
v1.0 deconvolution software (Amgen). Peptide purities were
determined by analytical reversed-phase HPLC using an Agi-
lent ProStar system. For analysis, peptides were dissolved in
water at a final concentration of 2.5 μM and injected across a
reversed-phase C18 column (Thermo, 5 μm, 50 × 2.1 mm).
Peptides were eluted over 20 min with a linear gradient of 5 to
J. Biol. Chem. (2021) 296 100588 11
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95% solvent B (0.1% TFA in ACN) over solvent A (0.1% TFA in
water). All peptides were purified to >95% as determined by
product peak integration of analytical HPLC chromatograms
(Fig. S2). Analytical HPLC data were processed using OpenLab
CDS ChemStation Software (Agilent) v1.06 and KaleidaGraph
v4.5 (Synergy Software).

Structural characterization of peptide oligomers

The solution-phase structure of each peptide was evaluated
by wavelength-dependent CD spectropolarimetry. For analysis,
stock peptides were diluted to a final concentration of 20 μM
in PBS supplemented with or without 30% (v/v) TFE. All
peptide solutions were allowed to equilibrate for 10 min at 25
�C before analysis. Far-UV wavelength scans were performed
on a Jasco J-715 CD spectropolarimeter from 255 nm to
195 nm at 25 �C. Final spectra were generated from a back-
ground subtracted (buffer only) average of four scans. Data
were processed using J-700 Software v1.5 (Jasco) and Kalei-
daGraph v4.5. Percent helicity was calculated from the mean
residue ellipticity at 222 nm using Equation 1:

%helical content¼ 100 × ð½θ�222 = ð−39; 000ð1− 2:57 = nÞÞÞ
(1)

where [θ]222 is the mean residue ellipticity at 222 nm and n is
the total number of peptide bonds (86).

In vitro stability of S1H peptide

Serum stability tests for S1H were performed by dissolving
the peptide at a final concentration of 51.6 μg/ml in 200 ml
prewarmed RPMI medium supplemented with 25% (v/v)
heat-inactivated human AB serum. The solutions were then
allowed to incubate at 37 �C for 0, 1, 4, 12, 24, or 48 h.
Following incubation, 400 μl of 15% (w/v) trichloroacetic acid
in water was added to each tube, and the mixtures were
quickly cooled on ice for 15 min. The samples were then
centrifuged three times at 14,000 rpm to remove precipitated
proteins. Once centrifuged, 400 μl of the supernatant was
removed and directly injected onto a C18 reversed-phase
HPLC column (Thermo, 5 μm, 50 × 2.1 mm). The peptides
were resolved using a linear gradient of 0 to 50% solvent B
over solvent A in 20 min. Fraction of intact peptide was
quantified from product peak integration and normalized to
undigested controls. As positive controls for peptide degra-
dation, S1H was dissolved at a final concentration of 34.4 μg/
ml in 100 μl trypsin digestion buffer (100 mM Tris-base,
1 mM CaCl2, pH 7.8) containing 10 μg/ml trypsin. This re-
action was allowed to incubate at 37 �C for 15 min. Following
incubation, 100 μl of 50% (v/v) TFA in water was added, and
the reactions were quickly cooled on ice for 15 min. The
samples were then centrifuged three times at 14,000 rpm to
remove precipitated proteins, and 150 μl of the supernatant
was removed for analysis by HPLC. The sample was directly
injected onto a C18 reversed-phase column (Thermo, 5 μm,
50 × 2.1 mm) and resolved using a linear gradient of 0 to 50%
solvent B over solvent A in 50 min.
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In vitro stability of hGH and pegvisomant

Stability tests for recombinant proteins were performed by
dissolving hGH or pegvisomant at a final concentration of
25 μg/ml in either 450 ml (for hGH) or 600 ml (for pegvi-
somant) prewarmed RPMI medium supplemented with 25%
(v/v) heat-inactivated human AB serum. These solutions were
then allowed to incubate at 37 �C for 0, 1, 4, 12, 24, or 48 h. For
Western blot analysis, 60 μl (for hGH) or 80 μl (for pegvi-
somant) of each reaction solution were removed at the indi-
cated times and mixed with 5× Laemmli loading buffer. The
samples were then incubated at 95 �C for 5 min before being
cooled on ice and stored at −80 �C. Once all samples were
prepared, 25 μl of each protein solution were loaded onto
polyacrylamide gels (12% for hGH and 8% for pegvisomant)
and separated by SDS-PAGE. Following separation, the pro-
teins were transferred to polyvinylidine difluoride membranes
and subjected to Western blot analysis (vide infra). The frac-
tion of intact protein was quantified by measuring the inte-
grated density of each band contained within regions of the gel
corresponding to “intact” or “degraded” proteins. As positive
controls for hGH and pegvisomant degradation, the proteins
were dissolved at a final concentration of 25 μg/ml in 60 μl (for
hGH) and 80 μl (for pegvisomant) trypsin digestion buffer
containing 4 μg/ml trypsin. These reactions were allowed to
incubate at 37 �C for up to 8 h, with samples removed at
selected timepoints for analysis. Following incubation, the
samples were either mixed with 5× Laemmli loading buffer
and subjected to SDS-PAGE for Western blot analysis (Fig. S5)
or directly injected onto a C18 reversed-phase column for
analysis by HPLC as described above for the S1H peptide
(Fig. S4).

Cell culture and hGH treatment

SK-MEL-28, MALME-3M, and T84 cells were grown and
maintained in Eagle's Minimal Essential Medium. IM9 and L
cells were grown in RPMI-1640 media and Dulbecco’s modi-
fied Eagle’s medium, respectively. All growth media was sup-
plemented with 10% fetal bovine serum and 1× antibiotic-
antimycotic (penicillin-streptomycin) solution. Cells were
grown at 37 �C under a 5% CO2 atmosphere in a humidified
incubator, and growth media was replaced every 48 h during
incubation. No hGH was present in or added to the growth
media unless specifically indicated. Between 12 to 16 h after
seeding, adherent cells (SK-MEL-28, MALME-3M, T84, L
cells) were switched to serum-free growth media (no GH) and
starved for 4 h before the addition of hGH, bGH (L cells),
hPRL (MALME-3M and T84 cells), or buffer at the concen-
trations noted. Cells were then allowed to incubate for an
additional 20 min before being harvested. For suspended cell
treatments, IM9 cells were pelleted by centrifugation at 140g
for 5 min at room temperature. The supernatant was then
removed by aspiration, and the cells were resuspended in
serum-free media. The cells were then starved for 4 h at 37 �C
under a 5% CO2 atmosphere in a humidified incubator and
subsequently treated with hGH, S1H, or both at the indicated
concentrations for 20 min before harvesting by centrifugation.
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Protein extraction

Following treatment, the cells were harvested at the indi-
cated time points, and the total protein was extracted. To
affect protein extraction, the treatment media was removed by
aspiration, and the cells were washed twice with ice-cold PBS.
Following washing, total protein was extracted from the cells
using RIPA buffer (100 μl/million cells) supplemented with
1.5× Halt protease and phosphatase inhibitor cocktail. Briefly,
chilled RIPA buffer was added to the cells, and the lysis re-
action was allowed to incubate for 5 min at 4 �C. Adherent
cells were harvested for lysis using a sterile cell scraper. The
resultant cell suspensions were sonicated on ice for 60 s with
ON (2-s)/OFF (1-s) pulses at 2% power. The cell lysate was
then cleared by centrifugation at 8000g for 10 min at 4 �C.
Following centrifugation, the supernatant was collected and
stored at −80 �C until further use. Sample protein concen-
tration was quantified using a Bradford assay with bovine
serum albumin as the protein standard. Absorbance at 595 nm
was measured using a Spectramax 250 multimode plate reader
(Molecular Devices) and processed using SoftmaxPro v4.7.1
software.

Western blotting

Cytosolic fractions from treated cells were thawed on ice,
and 80 μg protein was loaded onto polyacrylamide gels for
separation by SDS-PAGE. All SDS-PAGE gels were resolved at
120 V for 1.5 h at 20 �C. Following separation, the proteins
were transferred to activated polyvinylidine difluoride mem-
branes using a wet-transfer method at 20 V for 16 h at 4 �C.
The membrane was then blocked with 5% bovine serum al-
bumin in 1× TBS-T (Tris buffered saline, 0.1% Triton-X100,
pH 7.2) for 2 h at 25 �C and incubated with primary anti-
body at specified dilutions for 16 h at 4 �C. Following addition
of primary antibody, the membrane was washed and subse-
quently incubated with appropriate secondary antibodies at
the indicated dilutions for 2 h at 25 �C. Membranes were then
washed with TBS-T and treated with West Femto Chem-
iluminescence detection reagents (Thermo Fisher Scientific).
Chemiluminescence signals were detected using a GelDoc
(BioRad) fluorescence imager. Densitometry analyses of the
blots was performed using ImageJ Software (111) by measuring
the integrated band density and normalizing against band in-
tensity of the loading control (β-actin) in the same lane. The
integrated densities of pSTAT5 bands from cells after different
treatments were then normalized to integrated densities of
pSTAT5 bands from cells treated with hGH alone to obtain an
induction ratio. Percent inhibition was then measured by
subtracting the pSTAT5 band intensity in each lane from the
pSTAT5 band intensity of hGH-treated samples. A list of
antibodies, commercial sources, and dilution ratios is provided
in Table S3.

ELISA assay

Intracellular pSTAT5A (Y694) and pSTAT5B (Y699)
levels were quantified from clarified protein samples using
an InstantOne ELISA kit (Thermo Fisher) according to the
manufacturer’s instructions. Briefly, 50 μl of protein sample
(1 mg/ml) were added to wells containing 50 μl antibody
cocktail in a 96-well plate and incubated at room tempera-
ture for 2 h with shaking (300 rpm). Following incubation,
the wells were washed, and the bound antibodies were
detected by adding detection regent and incubating the plate
for 1 h at room temperature with shaking (300 rpm).
Following incubation, stop reagent was added, and the
absorbance was read at 450 nm using a UV-VIS spectro-
photometer (Molecular Devices, model M2). All experiments
were performed in triplicate. Percent pSTAT5 inhibition was
calculated from background-subtracted pSTAT5 levels using
Equation 2:

%inhibition¼ 100 × ðpSTAT5hGH − pSTAT5PIÞ = pSTAT5hGH
(2)

where pSTAT5hGH is the fold-induction of pSTAT5 upon
treatment with hGH alone and pSTAT5PI is the fold-
induction of pSTAT5 upon co-treatment with hGH and
peptide inhibitor.

Statistical analysis

All data points represent an average of three independent
experiments; error bars are plotted as standard deviations. A
two-tailed Student’s t test was used to analyze statistical sig-
nificance after testing for distribution, and a 95% confidence
interval was used to denote the significance.

Data availability

All data described in the manuscript are contained in the
main text or supporting information.

Supporting information—This article contains supporting
information.

Acknowledgments—We thank Emily Davis for her assistance with
cell culture and Western blot experiments.

Author contributions—J. J. K., J.M.H., and R. B. designed the research,
analyzed the data, and wrote/edited the manuscript. J. M. H.
directed the design, syntheses, purification, stability studies, and
structural characterization of the S1H peptide. R. B. performed
biochemical studies and statistical analyses. K. N. performed in vitro
peptide/protein stability assays and ran analytical HPLCs. P. K. con-
ducted cell culture, protein extractions, and ran western blots. O. K.,
M. S., Z. H. performed synthesis, purification, structural character-
ization studies of the peptides, and edited the manuscript. J. J. K. and J.
M. H. provided intellectual input for analysis and presentation of the
results. Pegvisomant was a generous gift of S. N., who also provided
instructions for its use in these studies.

Funding and additional information—This work was supported in
part by the State of Ohio’s Eminent Scholar Program to J. J. K. that
includes a gift from Milton and Lawrence Goll and by the Edison
Biotechnology Institute at Ohio University, Athens, OH. J. M. H. was
supported by the Department of Chemistry and Biochemistry and
the Edison Biotechnology Institute at Ohio University, Athens, OH.
J. Biol. Chem. (2021) 296 100588 13



Novel peptide antagonist of growth hormone receptor
Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ACN, acetonitrile;
bGH, bovine GH; CD, circular dichroism; GH, growth hormone;
hGH, human growth hormone; hGHR, human growth hormone
receptor; hPRL, human prolactin; hPRLR, human prolactin recep-
tor; IGF-1, insulin-like growth factor 1; LS, Laron Syndrome; NMP,
N-methyl-2-pyrrolidone; PBS, phosphate buffered saline; PPI, pro-
tein–protein interaction; PRL, prolactin; S1H, site 1-binding helix;
TFA, trifluoroacetic acid; TFE, 2,2,2-trifluoroethanol.

References

1. Ranke, M. B., and Wit, J. M. (2018) Growth hormone - past, present and
future. Nat. Rev. Endocrinol. 14, 285–300

2. Kopchick, J. J., List, E. O., Kelder, B., Gosney, E. S., and Berryman, D. E.
(2014) Evaluation of growth hormone (GH) action in mice: Discovery of
GH receptor antagonists and clinical indications. Mol. Cell. Endocrinol.
386, 34–45

3. Lu, M., Flanagan, J. U., Langley, R. J., Hay, M. P., and Perry, J. K. (2019)
Targeting growth hormone function: Strategies and therapeutic appli-
cations. Signal Transduct. Target. Ther. 4, 3

4. Junnila, R. K., List, E. O., Berryman, D. E., Murrey, J. W., and Kopchick,
J. J. (2013) The GH/IGF-1 axis in ageing and longevity. Nat. Rev.
Endocrinol. 9, 366–376

5. Harvey, S. (2010) Extrapituitary growth hormone. Endocrine 38, 335–
359

6. Harvey, S., Azumaya, Y., and Hull, K. L. (2000) Pituitary and extrap-
ituitary growth hormone: Pit-1 dependence? Can. J. Physiol. Pharmacol.
78, 1013–1028

7. Chesnokova, V., Zonis, S., Barrett, R., Kameda, H., Wawrowsky, K., Ben-
Shlomo, A., Yamamoto, M., Gleeson, J., Bresee, C., Gorbunova, V., and
Melmed, S. (2019) Excess growth hormone suppresses DNA damage
repair in epithelial cells. JCI Insight 4, e125762

8. Chien, C.-H., Lee, M.-J., Liou, H.-C., Liou, H.-H., and Fu, W.-M.
(2016) Growth hormone is increased in the lungs and enhances
experimental lung metastasis of melanoma in DJ-1 KO mice. BMC
Cancer 16, 871

9. Kooijman, R., Malur, A., van Buul-Offers, S. C., and Hooghe-Peters, E. L.
(1997) Growth hormone expression in murine bone marrow cells is
independent of the pituitary transcription factor Pit-1*. Endocrinology
138, 3949–3955

10. Dehkhoda, F., Lee, C. M. M., Medina, J., and Brooks, A. J. (2018) The
growth hormone receptor: Mechanism of receptor activation, cell
signaling, and physiological aspects. Front. Endocrinol. (Lausanne). 9, 35

11. Carter-Su, C., Schwartz, J., and Argetsinger, L. S. (2016) Growth hor-
mone signaling pathways. Growth Horm. IGF Res. 28, 11–15

12. Ram, P. A., and Waxman, D. J. (1997) Interaction of growth hormone-
activated STATs with SH2-containing phosphotyrosine phosphatase
SHP-1 and nuclear JAK2 tyrosine kinase. J. Biol. Chem. 272, 17694–17702

13. Frank, S. J. (2020) Classical and novel GH receptor signaling pathways.
Mol. Cell. Endocrinol. 518, 110999

14. Healy, M. L., Gibney, J., Russell-Jones, D. L., Pentecost, C., Croos, P.,
Sönksen, P. H., and Umpleby, A. M. (2003) High dose growth hormone
exerts an anabolic effect at rest and during exercise in endurance-trained
athletes. J. Clin. Endocrinol. Metab. 88, 5221–5226

15. Møller, N., and Jørgensen, J. O. L. (2009) Effects of growth hormone on
glucose, lipid, and protein metabolism in human subjects. Endocr. Rev.
30, 152–177

16. Wang, J., Zhou, J., Cheng, C., Kopchick, J., and Bondy, C. (2004) Evi-
dence supporting dual, IGF-I-independent and IGF-I-dependent, roles
for GH in promoting longitudinal bone growth. J. Endocrinol. 180, 247–
255

17. Hsieh, K.-M., Wang, T.-Y., and Blumenthal, H. T. (1952) The diabeto-
genic and growth-promoting activities of growth hormone (somato-
tropin) in the developing chick embryo. Endocrinology 51, 298–301
14 J. Biol. Chem. (2021) 296 100588
18. Houssay, B. A., and Rodriguez, R. R. (1953) Diabetogenic action of
different preparations of growth hormone. Endocrinology 53, 114–116

19. Rabinowitz, D., Klassen, G. A., and Zierler, K. L. (1965) Effect of human
growth hormone on muscle and adipose tissue metabolism in the
forearm of man. J. Clin. Invest. 44, 51–61

20. Melmed, S. (2009) Acromegaly pathogenesis and treatment. J. Clin.
Invest. 119, 3189–3202

21. Colao, A., Grasso, L. F. S., Giustina, A., Melmed, S., Chanson, P., Per-
eira, A. M., and Pivonello, R. (2019) Acromegaly. Nat. Rev. Dis. Prim. 5,
20

22. Gadelha, M. R., Kasuki, L., Lim, D. S. T., and Fleseriu, M. (2019) Sys-
temic complications of acromegaly and the impact of the current
treatment landscape: An update. Endocr. Rev. 40, 268–332

23. Feldt-Rasmussen, U., and Klose, M. (2000) Adult growth hormone
deficiency clinical management. Endotext (NCBI)

24. Ho, K. K. Y., and 2007 GH Deficiency Consensus Workshop Participants
(2007) Consensus guidelines for the diagnosis and treatment of adults
with GH deficiency II: a statement of the GH Research Society in as-
sociation with the European Society for Pediatric Endocrinology, Law-
son Wilkins Society, European Society of Endocrinology, Japan
Endocrine Society, and Endocrine Society of Australia. Eur. J. Endo-
crinol. 157, 695–700

25. Laron, Z. (2015) Lessons from 50 years of study of laron syndrome.
Endocr. Pract. 21, 1395–1402

26. Laron, Z. (2004) Laron syndrome (primary growth hormone resistance
or insensitivity): The personal experience 1958–2003. J. Clin. Endocrinol.
Metab. 89, 1031–1044

27. Laron, Z., and Kopchick, J. J. (2011) Laron Syndrome - from Man to
Mouse, Springer, Berlin, Heidelberg

28. Puche, J. E., and Castilla-Cortázar, I. (2012) Human conditions of
insulin-like growth factor-I (IGF-I) deficiency. J. Transl. Med. 10, 224

29. Guevara-Aguirre, J., Balasubramanian, P., Guevara-Aguirre, M., Wei,
M., Madia, F., Cheng, C.-W., Hwang, D., Martin-Montalvo, A., Saave-
dra, J., Ingles, S., de Cabo, R., Cohen, P., and Longo, V. D. (2011) Growth
hormone receptor deficiency is associated with a major reduction in
pro-aging signaling, cancer, and diabetes in humans. Sci. Transl. Med. 3,
70ra13

30. List, E. O., Duran-Ortiz, S., and Kopchick, J. J. (2020) Effects of tissue-
specific GH receptor knockouts in mice. Mol. Cell. Endocrinol. 515,
110919

31. Gesing, A., Wiesenborn, D., Do, A., Menon, V., Schneider, A., Victoria,
B., Stout, M. B., Kopchick, J. J., Bartke, A., and Masternak, M. M. (2016)
A long-lived mouse lacking both growth hormone and growth hormone
receptor: A new animal model for aging studies. J. Gerontol. Ser. A Biol.
Sci. Med. Sci. 72, glw193

32. Basu, R., Qian, Y., and Kopchick, J. J. (2018) Mechanisms in Endocri-
nology: Lessons from growth hormone receptor gene disrupted mice:
Are there benefits of endocrine defects? Eur. J. Endocrinol. 178, R155–
R181

33. Zhou, Y., Xu, B. C., Maheshwari, H. G., He, L., Reed, M., Lozykowski,
M., Okada, S., Cataldo, L., Coschigamo, K., Wagner, T. E., Baumann, G.,
and Kopchick, J. J. (1997) A mammalian model for Laron syndrome
produced by targeted disruption of the mouse growth hormone recep-
tor/binding protein gene (the Laron mouse). Proc. Natl. Acad. Sci. U. S.
A. 94, 13215–13220

34. Ikeno, Y., Hubbard, G. B., Lee, S., Cortez, L. A., Lew, C. M., Webb, C. R.,
Berryman, D. E., List, E. O., Kopchick, J. J., and Bartke, A. (2009)
Reduced incidence and delayed occurrence of fatal neoplastic diseases in
growth hormone receptor/binding protein knockout mice. Journals
Gerontol. Ser. A Biol. Sci. Med. Sci. 64A, 522–529

35. Coschigano, K. T., Holland, A. N., Riders, M. E., List, E. O., Flyvbjerg, A.,
and Kopchick, J. J. (2003) Deletion, but not antagonism, of the mouse
growth hormone receptor results in severely decreased body weights,
insulin, and insulin-like growth factor I levels and increased life span.
Endocrinology 144, 3799–3810

36. List, E. O., Sackmann-Sala, L., Berryman, D. E., Funk, K., Kelder, B.,
Gosney, E. S., Okada, S., Ding, J., Cruz-Topete, D., and Kopchick, J. J.

http://refhub.elsevier.com/S0021-9258(21)00368-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref4
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref4
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref4
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref5
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref5
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref25
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref25
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref36


Novel peptide antagonist of growth hormone receptor
(2011) Endocrine parameters and phenotypes of the growth hormone
receptor gene disrupted (GHR−/−) mouse. Endocr. Rev. 32, 356–386

37. Berryman, D. E., List, E. O., Kohn, D. T., Coschigano, K. T., Seeley, R. J.,
and Kopchick, J. J. (2006) Effect of growth hormone on susceptibility to
diet-induced obesity. Endocrinology 147, 2801–2808

38. Dominici, F. P., Arostegui Diaz, G., Bartke, A., Kopchick, J. J., and
Turyn, D. (2000) Compensatory alterations of insulin signal trans-
duction in liver of growth hormone receptor knockout mice. J. Endo-
crinol. 166, 579–590

39. Bonkowski, M. S., Dominici, F. P., Arum, O., Rocha, J. S., Al Regaiey, K.
A., Westbrook, R., Spong, A., Panici, J., Masternak, M. M., Kopchick, J.
J., and Bartke, A. (2009) Disruption of growth hormone receptor pre-
vents calorie restriction from improving insulin action and longevity.
PLoS One 4, e4567

40. Berryman, D. E., List, E. O., Palmer, A. J., Chung, M.-Y., Wright-Pie-
karski, J., Lubbers, E., O’Connor, P., Okada, S., and Kopchick, J. J. (2010)
Two-year body composition analyses of long-lived GHR null mice.
Journals Gerontol. Ser. A Biol. Sci. Med. Sci. 65A, 31–40

41. Al-Regaiey, K. A., Masternak, M. M., Bonkowski, M., Sun, L., and
Bartke, A. (2005) Long-lived growth hormone receptor knockout mice:
Interaction of reduced insulin-like growth factor I/insulin signaling and
caloric restriction. Endocrinology 146, 851–860

42. Liu, J.-L., Coschigano, K. T., Robertson, K., Lipsett, M., Guo, Y., Kopchick,
J. J., Kumar, U., and Liu, Y. L. (2004) Disruption of growth hormone re-
ceptor gene causes diminished pancreatic islet size and increased insulin
sensitivity in mice. Am. J. Physiol. Endocrinol. Metab. 287, E405–E413

43. Waters, M. J., and Brooks, A. J. (2011) Growth hormone receptor:
Structure function relationships. Horm. Res. Paediatr. 76, 12–16

44. Brown, R. J., Adams, J. J., Pelekanos, R. A., Wan, Y., McKinstry, W. J., Pale-
thorpe, K., Seeber, R. M., Monks, T. A., Eidne, K. A., Parker, M. W., and
Waters,M. J. (2005)Model for growthhormone receptor activation basedon
subunit rotation within a receptor dimer.Nat. Struct. Mol. Biol. 12, 814–821

45. Brooks, A. J., Dai, W., O’Mara, M. L., Abankwa, D., Chhabra, Y., Pele-
kanos, R. A., Gardon, O., Tunny, K. A., Blucher, K. M., Morton, C. J.,
Parker, M. W., Sierecki, E., Gambin, Y., Gomez, G. A., Alexandrov, K.,
et al. (2014) Mechanism of activation of protein kinase JAK2 by the
growth hormone receptor. Science 344, 1249783

46. Carter-Su, C., King, A. P., Argetsinger, L. S., Smit, L. S., Vanderkuur, J.,
and Campbell, G. S. (1996) Signalling pathway of GH. Endocr. J. 43
Suppl, S65–S70

47. Zhu, T., Goh, E. L., Graichen, R., Ling, L., and Lobie, P. E. (2001) Signal
transduction via the growth hormone receptor. Cell. Signal. 13, 599–616

48. Basu, R., Wu, S., and Kopchick, J. (2017) Targeting growth hormone
receptor in human melanoma cells attenuates tumor progression and
epithelial mesenchymal transition via suppression of multiple oncogenic
pathways. Oncotarget 8, 21579–21598

49. Rowland, J. E., Lichanska, A. M., Kerr, L. M., White, M., D’Aniello, E.
M., Maher, S. L., Brown, R., Teasdale, R. D., Noakes, P. G., and Waters,
M. J. (2005) In Vivo analysis of growth hormone receptor signaling
domains and their associated transcripts. Mol. Cell. Biol. 25, 66–77

50. Cooke, N. E., Ray, J., Watson, M. A., Estes, P. A., Kuo, B. A., and
Liebhaber, S. A. (1988) Human growth hormone gene and the highly
homologous growth hormone variant gene display different splicing
patterns. J. Clin. Invest. 82, 270–275

51. Tsunekawa, B., Wada, M., Ikeda, M., Uchida, H., Naito, N., and Honjo,
M. (1999) The 20-kilodalton (kDa) human growth hormone (hGH)
differs from the 22-kDa hGH in the effect on the human prolactin re-
ceptor. Endocrinology 140, 3909–3918

52. Miller, W. L., Martial, J. A., and Baxter, J. D. (1980) Molecular cloning of
DNA complementary to bovine growth hormone mRNA. J. Biol. Chem.
255, 7521–7524

53. Abdel-Meguid, S. S., Shieh, H. S., Smith, W. W., Dayringer, H. E.,
Violand, B. N., and Bentle, L. A. (1987) Three-dimensional structure of a
genetically engineered variant of porcine growth hormone. Proc. Natl.
Acad. Sci.U. S. A. 84, 6434–6437

54. de Vos, A. M., Ultsch, M., and Kossiakoff, A. A. (1992) Human growth
hormone and extracellular domain of its receptor: Crystal structure of
the complex. Science 255, 306–312
55. Ross, R. J. M., Leung, K. C., Maamra, M., Bennett, W., Doyle, N., Wa-
ters, M. J., and Ho, K. K. Y. (2001) Binding and functional studies with
the growth hormone receptor antagonist, B2036-PEG (pegvisomant),
reveal effects of pegylation and evidence that it binds to a receptor
Dimer1. J. Clin. Endocrinol. Metab. 86, 1716–1723

56. Cunningham, B., Ultsch, M., De Vos, A., Mulkerrin, M., Clauser, K., and
Wells, J. (1991)Dimerizationof the extracellul ar domainof thehumangrowth
hormone receptor by a single hormone molecule. Science 254, 821–825

57. Brems, D. N., Plaisted, S. M., Havel, H. A., and Tomich, C. S. (1988)
Stabilization of an associated folding intermediate of bovine growth
hormone by site-directed mutagenesis. Proc. Natl. Acad. Sci. U. S. A. 85,
3367–3371

58. Chen, W. Y., Wight, D. C., Wagner, T. E., and Kopchick, J. J. (1990)
Expression of a mutated bovine growth hormone gene suppresses
growth of transgenic mice. Proc. Natl. Acad. Sci. U. S. A. 87, 5061–
5065

59. Chen, W. Y., Wight, D. C., Chen, N. Y., Coleman, T. A., Wagner, T. E.,
and Kopchick, J. J. (1991) Mutations in the third alpha-helix of bovine
growth hormone dramatically affect its intracellular distribution in vitro
and growth enhancement in transgenic mice. J. Biol. Chem. 266, 2252–
2258

60. Chen, W. Y., White, M. E., Wagner, T. E., and Kopchick, J. J. (1991)
Functional antagonism between endogenous mouse growth hormone
(GH) and a GH analog results in dwarf transgenic mice. Endocrinology
129, 1402–1408

61. Chen, W. Y., Wight, D. C., Mehta, B. V., Wagner, T. E., and Kopchick, J.
J. (1991) Glycine 119 of bovine growth hormone is critical for growth-
promoting activity. Mol. Endocrinol. 5, 1845–1852

62. Kopchick, J. J., Parkinson, C., Stevens, E. C., and Trainer, P. J. (2002)
Growth hormone receptor antagonists: Discovery, development, and use
in patients with acromegaly. Endocr. Rev. 23, 623–646

63. Chen, W. Y., Chen, N. Y., Yun, J., Wagner, T. E., and Kopchick, J. J.
(1994) In vitro and in vivo studies of antagonistic effects of human
growth hormone analogs. J. Biol. Chem. 269, 15892–15897

64. Pradhananga, S., Wilkinson, I., and Ross, R. J. M. (2002) Pegvisomant:
Structure and function. J. Mol. Endocrinol. 29, 11–14

65. Parkinson, C., Scarlett, J. A., and Trainer, P. J. (2003) Pegvisomant in the
treatment of acromegaly. Adv. Drug Deliv. Rev. 55, 1303–1314

66. Freda, P. U., Gordon, M. B., Kelepouris, N., Jonsson, P., Koltowska-
Haggstrom, M., and van der Lely, A. J. (2015) Long-term treatment with
pegvisomant as monotherapy in patients with acromegaly: Experience
from ACROSTUDY. Endocr. Pract. 21, 264–274

67. Wingfield, P. T. (2015) Overview of the purification of recombinant
proteins. Curr. Protoc. Protein Sci. 80, 6.1.1–6.1.35

68. Dimitrov, D. S. (2012) Therapeutic proteins. Methods Mol. Biol. 899, 1–
26

69. Holub, J. M. (2017) Small scaffolds, big potential: Developing miniature
proteins as therapeutic agents. Drug Dev. Res. 78, 268–282

70. Ross, N. T., Katt, W. P., and Hamilton, A. D. (2010) Synthetic mimetics
of protein secondary structure domains. Philos. Trans. R. Soc. A Math.
Phys. Eng. Sci. 368, 989–1008

71. Garner, J., and Harding, M. M. (2007) Design and synthesis of α-helical
peptides and mimetics. Org. Biomol. Chem. 5, 3577

72. Robinson, J. A. (2008) β-Hairpin peptidomimetics: Design, structures
and biological activities. Acc. Chem. Res. 41, 1278–1288

73. Jochim, A. L., and Arora, P. S. (2009) Assessment of helical interfaces in
protein–protein interactions. Mol. Biosyst. 5, 924

74. Boatman, P. D., Ogbu, C. O., Eguchi, M., Kim, H.-O., Nakanishi, H.,
Cao, B., Shea, J. P., and Kahn, M. (1999) Secondary structure peptide
mimetics: Design, synthesis, and evaluation of β-strand mimetic
thrombin inhibitors. J. Med. Chem. 42, 1367–1375

75. Moon, H., and Lim, H.-S. (2015) Synthesis and screening of small-
molecule α-helix mimetic libraries targeting protein–protein in-
teractions. Curr. Opin. Chem. Biol. 24, 38–47

76. Vanhee, P., Stricher, F., Baeten, L., Verschueren, E., Lenaerts, T.,
Serrano, L., Rousseau, F., and Schymkowitz, J. (2009) Protein-peptide
interactions adopt the same structural motifs as monomeric protein
folds. Structure 17, 1128–1136
J. Biol. Chem. (2021) 296 100588 15

http://refhub.elsevier.com/S0021-9258(21)00368-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref40
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref40
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref40
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref40
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref67
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref67
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref76


Novel peptide antagonist of growth hormone receptor
77. Roy, S., Ghosh, P., Ahmed, I., Chakraborty, M., Naiya, G., and Ghosh, B.
(2018) Constrained α-helical peptides as inhibitors of protein-protein
and protein-DNA interactions. Biomedicines 6, 118

78. Mabonga, L., and Kappo, A. P. (2019) Protein-protein interaction
modulators: Advances, successes and remaining challenges. Biophys.
Rev. 11, 559–581

79. Sundström, M., Lundqvist, T., Rödin, J., Giebel, L. B., Milligan, D., and
Norstedt, G. (1996) Crystal structure of an antagonist mutant of human
growth hormone, G120R, in complex with its receptor at 2.9 Å reso-
lution. J. Biol. Chem. 271, 32197–32203

80. Wells, J. A. (1996) Binding in the growth hormone receptor complex.
Proc. Natl. Acad. Sci. U. S. A. 93, 1–6

81. Rhoads, A. R., and Friedberg, F. (1997) Sequence motifs for calmodulin
recognition. FASEB J. 11, 331–340

82. Uchida, H., Banba, S., Wada, M., Matsumoto, K., Ikeda, M., Naito, N.,
Tanaka, E., and Honjo, M. (1999) Analysis of binding properties between
20 kDa human growth hormone (hGH) and hGH receptor (hGHR): The
binding affinity for hGHR extracellular domain and mode of receptor
dimerization. J. Mol. Endocrinol. 23, 347–353

83. Scholtz, J. M., and Baldwin, R. L. (1992) The mechanism of alpha-helix
formation by peptides. Annu. Rev. Biophys. Biomol. Struct. 21, 95–118

84. Miles, J. A., Yeo, D. J., Rowell, P., Rodriguez-Marin, S., Pask, C. M.,
Warriner, S. L., Edwards, T. A., and Wilson, A. J. (2016) Hydrocarbon
constrained peptides – understanding preorganisation and binding af-
finity. Chem. Sci. 7, 3694–3702

85. Albert, J. S., and Hamilton, A. D. (1995) Stabilization of helical domains
in short peptides using hydrophobic interactions. Biochemistry 34, 984–
990

86. Lacroix, E., Viguera, A. R., and Serrano, L. (1998) Elucidating the folding
problem of alpha-helices: Local motifs, long-range electrostatics, ionic-
strength dependence and prediction of NMR parameters. J. Mol. Biol.
284, 173–191

87. Werle, M., and Bernkop-Schnürch, A. (2006) Strategies to improve
plasma half life time of peptide and protein drugs. Amino Acids 30, 351–
367

88. Yi, J., Warunek, D., and Craft, D. (2015) Degradation and stabilization of
peptide hormones in human blood specimens. PLoS One 10, e0134427

89. Böttger, R., Hoffmann, R., and Knappe, D. (2017) Differential stability of
therapeutic peptides with different proteolytic cleavage sites in blood,
plasma and serum. PLoS One 12, e0178943

90. Madsen, M., Fisker, S., Feldt-Rasmussen, U., Andreassen, M., Kris-
tensen, L.Ø., Ørskov, H., and Jørgensen, J. O. L. (2014) Circulating levels
of pegvisomant and endogenous growth hormone during prolonged
pegvisomant therapy in patients with acromegaly. Clin. Endocrinol.
(Oxf). 80, 92–100

91. Johnstone, S. A., Masin, D., Mayer, L., and Bally, M. B. (2001) Surface-
associated serum proteins inhibit the uptake of phosphatidylserine and
poly(ethylene glycol) liposomes by mouse macrophages. Biochim. Bio-
phys. Acta 1513, 25–37

92. Verhoef, J. J. F., and Anchordoquy, T. J. (2013) Questioning the use of
PEGylation for drug delivery. Drug Deliv. Transl. Res. 3, 499–503

93. Baik, M., Yu, J. H., and Hennighausen, L. (2011) Growth hormone-
STAT5 regulation of growth, hepatocellular carcinoma, and liver
metabolism. Ann. N. Y. Acad. Sci. 1229, 29–37

94. Herrington, J., Smit, L. S., Schwartz, J., and Carter-Su, C. (2000) The role
of STAT proteins in growth hormone signaling. Oncogene 19, 2585–
2597
16 J. Biol. Chem. (2021) 296 100588
95. Wang, X., Darus, C. J., Xu, B. C., and Kopchick, J. J. (1996) Identification
of growth hormone receptor (GHR) tyrosine residues required for GHR
phosphorylation and JAK2 and STAT5 activation. Mol. Endocrinol. 10,
1249–1260

96. Inagaki, T., Lin, V. Y., Goetz, R., Mohammadi, M., Mangelsdorf, D. J.,
and Kliewer, S. A. (2008) Inhibition of growth hormone signaling by the
fasting-induced hormone FGF21. Cell Metab 8, 77–83

97. Ross, R. J., Esposito, N., Shen, X. Y., Von Laue, S., Chew, S. L., Dobson,
P. R., Postel-Vinay, M. C., and Finidori, J. (1997) A short isoform of the
human growth hormone receptor functions as a dominant negative
inhibitor of the full-length receptor and generates large amounts of
binding protein. Mol. Endocrinol. 11, 265–273

98. Murphy, L. J., and Lazarus, L. (1984) The mouse fibroblast growth
hormone receptor: Ligand processing and receptor modulation and
turnover*. Endocrinology 115, 1625–1632

99. Kossiakoff, A. A. (2004) The structural basis for biological signaling,
regulation, and specificity in the growth hormone-prolactin system of
hormones and receptors. Adv. Protein Chem. 68, 147–169

100. Cunningham, B. C., and Wells, J. A. (1991) Rational design of receptor-
specific variants of human growth hormone. Proc. Natl. Acad. Sci. U. S.
A. 88, 3407–3411

101. List, E. O., Berryman, D. E., Basu, R., Buchman, M., Funk, K., Kulkarni,
P., Duran-Ortiz, S., Qian, Y., Jensen, E. A., Young, J. A., Yildirim, G.,
Yakar, S., and Kopchick, J. J. (2020) The effects of 20-kDa human
placental GH in male and female GH-deficient mice: An improved
human GH? Endocrinology 161, bqaa097

102. Arachchige, D., Margaret Harris, M., Coon, Z., Carlsen, J., and
Holub, J. M. (2017) Role of single disulfide linkages in the folding and
activity of scyllatoxin-based BH3 domain mimetics. J. Pept. Sci. 23,
367–373

103. Groß, A., Hashimoto, C., Sticht, H., and Eichler, J. (2015) Synthetic
peptides as protein mimics. Front. Bioeng. Biotechnol. 3, 211

104. Stockwell, B. R. (2000) Chemical genetics: Ligand-based discovery of
gene function. Nat. Rev. Genet. 1, 116–125

105. Peterson, F. C., and Brooks, C. L. (2004) Different elements of mini-helix
1 are required for human growth hormone or prolactin action via the
prolactin receptor. Protein Eng. Des. Sel. 17, 417–424

106. Somers, W., Ultsch, M., De Vos, A. M., and Kossiakoff, A. A. (1994) The
X-ray structure of a growth hormone-prolactin receptor complex. Na-
ture 372, 478–481

107. Wada, M., Ikeda, M., Takahashi, Y., Asada, N., Chang, K.-T., Takahashi,
M., and Honjo, M. (1997) The full agonistic effect of recombinant 20
kDa human growth hormone (hGH) on CHO cells stably transfected
with hGH receptor cDNA. Mol. Cell. Endocrinol. 133, 99–107

108. Wada, M., Uchida, H., Ikeda, M., Tsunekawa, B., Naito, N., Banba, S.,
Tanaka, E., Hashimoto, Y., and Honjo, M. (1998) The 20-kilodalton (kDa)
human growth hormone (hGH) differs from the 22-kDa hGH in the
complex formation with cell surface hGH receptor and hGH-binding
protein circulating in human plasma. Mol. Endocrinol. 12, 146–156

109. Fields, G. B., and Noble, R. L. (1990) Solid phase peptide synthesis
utilizing 9-fluorenylmethoxycarbonyl amino acids. Int. J. Pept. Protein
Res. 35, 161–214

110. Palasek, S. A., Cox, Z. J., and Collins, J. M. (2007) Limiting racemization
and aspartimide formation in microwave-enhanced Fmoc solid phase
peptide synthesis. J. Pept. Sci. 13, 143–148

111. Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012) NIH image
to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675

http://refhub.elsevier.com/S0021-9258(21)00368-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref83
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref83
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref98
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref98
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref98
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref99
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref99
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref99
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref100
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref100
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref100
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref101
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref101
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref101
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref101
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref101
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref103
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref103
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref104
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref104
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref108
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref108
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref108
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref108
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref108
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref109
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref109
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref109
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref110
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref110
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref110
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref111
http://refhub.elsevier.com/S0021-9258(21)00368-9/sref111

	A novel peptide antagonist of the human growth hormone receptor
	Results
	Rational design of the S1H peptide
	Structural characterization of the S1H peptide
	Stability profiles of S1H, hGH, and pegvisomant in human serum
	S1H attenuates hGH-mediated STAT5 phosphorylation in human and mouse cells
	S1H attenuates activation of hGHR and human prolactin receptor in cultured cells
	Structural analysis of S1H peptide sequence variants
	Biological activity of S1H peptide sequence variants

	Discussion
	Experimental procedures
	Reagents and chemicals
	Peptide synthesis
	Cleavage and purification of peptides
	General characterization of peptides by electrospray ionization mass spectrometry and analytical RP-HPLC
	Structural characterization of peptide oligomers
	In vitro stability of S1H peptide
	In vitro stability of hGH and pegvisomant
	Cell culture and hGH treatment
	Protein extraction
	Western blotting
	ELISA assay
	Statistical analysis

	Data availability
	Author contributions
	Funding and additional information
	References


