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Abstract 

Growth hormone (GH) has been implicated in cancer progression and is a potential target for 

anticancer therapy. The GH receptor (GHR) antagonist, B2036, effectively inhibits GH 

signalling. B2036 is a biological agent based on GH; a single mutation in binding site 2 of the 

hormone converts it from an agonist into an antagonist. Conjugation of four to six 5 kDa 

polyethylene glycol (PEG) moieties to B2036 generates the clinically used agent, pegvisomant. 

PEGylation considerably extends the serum half-life of the antagonist but inevitable leads to a 

loss in bioactivity. In addition, the Ghr from rodents has very low affinity for pegvisomant and 

as a consequence very high doses are required for cancer xenograft studies (60-250 mg/kg/day). 

This drug is therefore not suitable for routine preclinical studies. 

The work in this thesis attempted different approaches to generate long-acting GHR antagonists. 

All GHR antagonists were expressed in E.coli and purified using a series of chromatographic 

methods. N-terminal fusion to Thioredoxin (Trx)-His tag improved soluble protein expression 

in E. coli when expressed at low temperature. Protein expression and purification protocols were 

established for a series of GHR antagonists, including B2036, B20, G120Rv, B2036-S144C and 

B24. PEGylation was employed to extend their circulating half-life of the proteins. PEGylation 

of B2036, B20 and G120Rv with amine-reactive 5 kDa PEG yielded a heterogeneous mixture of 

conjugates containing four to seven PEG moieties. This PEGylation significantly reduced their 

in vitro bioactivity, but prolonged circulating half-life would be expected to compensate for this. 

Substitution of lysine to arginine at amino acid residue 120 in B2036 improved the in vitro 

activity compared to unmodified PEGylated B2036.  

To further improve bioactivity of the antagonist, B2036 was site-specifically conjugated to 20, 

30, or 40 kDa PEG maleimide through an introduced cysteine at amino acid 144 (S144C). In 

vitro bioactivity of these conjugates was significantly improved compared with amine 

PEGylated B2036. The circulating half-life of the 20, 30, and 40 kDa PEG conjugates was 16.4, 

18.6 and 58.3 h in mice, respectively. Administration of 40 kDa PEG conjugates (10 mg/kg/day) 

reduced serum Insulin-like growth factor-I (IGF-I) concentrations by 50.6% in mice. Finally, 

another GH variant, B24, was found to have improved activity as a mouse Ghr antagonist 

compared to B2036. Following amine PEGylation, B24 effectively reduced circulating IGF-I in 

mice (55.7% reduction). Site-specific PEGylation of this variant should improve the in vivo 

bioactivity of this protein further. 
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In conclusion, this thesis reports effective strategies to produce biologically active PEGylated 

GHR antagonists. Future studies will investigate site-specific attachment of PEG to B24 and will 

investigate efficacy in cancer xenograft studies. 
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Chapter 1. Introduction 

1.1 Preface 

Growth hormone (GH) is a pleiotropic hormone, expressed not only in the pituitary but also in 

various tissues and cells. GH affects somatic growth, sexual maturation, body composition and 

metabolism, as well as ageing and longevity through endocrine, autocrine and paracrine 

mechanisms. The GH signalling system is complex. GH mediates actions through binding to a 

specific cell surface GH receptor (GHR), activating key signal transduction pathways including 

the Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) pathway, the 

MEK-ERK mitogen-activated protein kinase (MAPK) and the phosphatidylinositol-3-kinase/ 

Protein kinase B (PI3K/AKT) pathway. GH can also activate the prolactin receptor (PRLR). 

Many studies have reported that the expression of human GH (hGH) in tumours is linked to 

poorer survival outcomes in patients with a variety of cancers, such as breast and endometrial 

cancer and melanoma. Thus, the direct actions of GH may contribute to key processes in cancer 

progression. Additionally, GH has been demonstrated to play a role in cell proliferation, 

inhibiting apoptosis, epithelial to mesenchymal transition (EMT), cell migration and invasion in 

vitro, as well as tumour growth, angiogenesis, lymphangiogenesis and metastasis in vivo. 

Moreover, many biological actions of GH are mediated through insulin-like growth factor-I 

(IGF-I), a hormone known to have a role in cancer. Consequently, there has been increasing 

interest in targeting GH signalling in oncology. However, currently preclinical studies 

investigating the therapeutic potential of GHR antagonism to treat cancer are limited. 

This Chapter will describe the genes and proteins involved in GH signal transduction, a role for 

this hormone in normal physiology and cancer, the rationale design of peptide GHR antagonists, 

and will discuss strategies to improve pharmacokinetic (PK) and pharmacodynamic (PD) 

behaviour of the antagonists in vivo. 

1.2 The GH and IGF-I axis: endocrine regulation of GH 

Pituitary GH secretion occurs in a pulsatile fashion under hypothalamic control regulated by 

several factors, including growth hormone-releasing hormone (GHRH), somatostatin, ghrelin 

and IGF-I (Olarescu et al., 2000). GHRH stimulates GH secretion from the anterior pituitary, 
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while somatostatin is the main inhibitor of GH secretion. GHRH is secreted by the arcuate 

nucleus of the hypothalamus and reaches the anterior pituitary somatotroph cells via the portal 

venous system, leading to increased GH1 transcription and secretion of the protein. Increased 

GH in the circulation triggers a feedback loop that inhibits GHRH secretion. In addition, GHRH 

plays a key role in the proliferation of somatotrophs in the anterior pituitary, and the absence of 

GHRH causes anterior pituitary hypoplasia (Murray et al., 2015). The expression of GHRH 

mRNA is upregulated by depolarisation, α2-adrenergic stimulation, hypophysectomy, 

thyroidectomy and hypoglycaemia, and it is downregulated by somatostatin, IGF-I and 

activation of GABAergic neurons (Olarescu et al., 2000).  

Somatostatin acts as an endogenous inhibitory regulator of the secretory and proliferative 

responses of target cells which are widely distributed in the brain and periphery. Many cells in 

the body including specialised cells in the anterior periventricular nucleus and arcuate nucleus 

secret somatostatin, which enters the adenohypophyseal portal venous system via the median 

eminence to exert its effect on the anterior pituitary. Somatostatin has a very short half-life in 

humans (approximately 2 minutes) due to rapid inactivation by tissue peptidases. The secretion 

of somatostatin is inhibited by high blood glucose and is induced by serum GH/IGF-I 

concentrations, exercise and immobilisation (Eigler and Ben-Shlomo, 2014; Giustina and 

Veldhuis, 1998; Patel, 1999). GH secretion is also regulated by the hormone ghrelin which is 

produced in the stomach and hypothalamus. Ghrelin is a natural ligand for the GH secretagogue 

receptor, and it has a synergistic effect with GHRH in stimulating increases in circulating GH 

levels (Hataya et al., 2001). In addition, some studies have speculated that GH acts in an 

autocrine/paracrine manner to self-regulate within the pituitary. However, evidence for the 

mechanism of this ultrashort intra-pituitary feedback loop has been controversial, and more 

research needs to be carried out to understand how GH directly impacts on its own regulation 

(Bergan-Roller and Sheridan, 2018; Wong et al., 2006). 

Pulsatile secretion of GH from the pituitary, either directly or indirectly stimulates the production 

and secretion of IGF-I (Figure 1.1). The direct effects are the result of GH binding to its receptor 

and activation of the STAT5 signalling pathway. In addition, GH increases circulating IGF-I 

levels by stimulation of synthesis and secretion of IGF-I in target tissues, particularly the liver, 

which is the main source of circulating IGF-I. This accounts for approximately 75% of 

circulating IGF-I secondary to the GH stimulation (Puche and Castilla-Cortázar, 2012). 

Increased serum GH and IGF-I levels triggers a negative feedback loop result in inhibition of 

GHRH, release of somatostatin, and subsequently reduction of GH secretion from the pituitary 
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(Lu et al., 2019; Veldhuis et al., 2001, 2002). Although the endocrine system is the main 

secretory pathway, GH is also expressed in many extra-pituitary tissues where GH has autocrine 

and paracrine effects (Lu et al., 2019; Perry et al., 2006, 2013; Sanders et al., 2010)  

 

Figure 1.1 Endocrine regulation of human GH. GH is secreted from the anterior pituitary under 

the regulation of hypothalamic hormone GHRH, ghrelin and SS. GH impacts many physiological 

systems with wide-ranging effects in various tissues, such as liver, bone, muscle and adipose 

tissue, and stimulates the synthesis and secretion of IGF-I. 90% of circulating IGF-I is synthesised 

and secreted by the liver. The green colour indicates positive feedback loops, and the red colour 

indicates negative feedback loops. Adapted from Gunawardane et al (Olarescu et al., 2000). 

 

GH actions involve multiple organs and systems, and it functions as a promoter of postnatal 

longitudinal growth, which induces bone growth and affects protein, lipid and carbohydrate 

metabolism. Consequently, GH hypersecretion results in gigantism in childhood and acromegaly 

in adults, while GH deficiency in children and adults leads to short stature and adult GH 

deficiency syndrome, respectively. In rare cases functional GH deficiency may be due to Laron 

syndrome which is caused by inactivating mutations in the GHR (Ayuk, 2006; Colao et al., 2019; 

Hannah-Shmouni et al., 2016). Acromegaly is a chronic disease characterised by an excess 

secretion of GH and increased IGF-I concentrations in circulation (Colao et al., 2019). 

Normalisation of systemic IGF-I concentration is the key biochemical criterion by which 

treatment efficacy is assessed in patients with acromegaly (Renehan and Brennan, 2008). In 

contrast, adults with Laron syndrome have reduced circulating IGF-I concentrations (Guevara-

Aguirre et al., 2011). 
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The GH/IGF-I axis has also been implicated in tumour growth and progression (described in 

more detail in Section 1.7). GH and IGF-I expression is also elevated in certain cancers. IGF-I 

binding with the type I IGF receptor (IGF-IR) activates key downstream signalling pathways 

which impact on mitogenesis and inhibits apoptosis (Baserga et al., 2003).  

1.3 The GH gene locus, transcript variants and protein isoforms 

GH is a heterogeneous protein which has several molecular isoforms. The human GH (hGH) 

locus spans 46.8 kb on chromosome 17q24.2, and consists of five genes related to GH (Chen et 

al., 1989) (Figure 1.2). Two genes encode two distinct GH variants, namely GH1 (also known 

as GH-N) and GH2 (also known as GH-V). Two additional genes named CSH1 and CSH2, 

encode chorionic somatomammotropin (CS). The mature protein products of CSH1 and CSH2 

are identical. The fifth gene in the cluster (CSHL1) is thought to be a pseudogene which is weakly 

transcribed into mRNA, but not translated. The GH1 gene is expressed in the pituitary, while the 

four other genes (GH2, CSH1, CSH2 and CSHL1) are expressed in the syncytiotrophoblast cells 

of the placenta (Mannik et al., 2012). Each of the genes in the cluster contains 5 exons and 4 

introns. Tissue-specific regulation of the cluster is regulated by a remote 5’ locus control region 

(LCR) which contains four DNase hypersensitive sites. Hypersensitive site I (HSI), which is 

located 5’ of the GH1 promoter, is an important LCR component which primarily regulates GH1 

activation in pituitary somatotrope cells. HSI encompasses an array of three binding sites for the 

pituitary specific POU homeodomain factor, Pit-1 (Shewchuk et al., 2002). The expression of 

GH in the pituitary is mainly under the control of this tissue-specific factor Pit-1 (Ben-Batalla et 

al., 2010; Nachtigal et al., 1993). 

 

Figure 1.2 Structure of the human GH gene locus on chromosome 17. The GH gene cluster 

spans 48 kb on chromosome 17q22-24. This cluster contains pituitary GH1 and four genes 

expressed in the placenta (CSHL, CSH1, GH2, and CSH2). Each of the genes in the cluster 

contains 5 exons and 4 introns. Adapted from Parry et al (Parry and Strauss III, 1996). 
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Several GH isoforms have been identified in the pituitary and in the circulation. The most 

abundant product of the GH1 gene is a 191 amino acid 22 kDa protein which contains two 

disulphide bridges. It consists of four alpha-helices with an orientation of “up-up-down-down” 

(de Vos et al., 1992). The disulphide bonds play an important role of the stability of GH structure. 

A disulphide bridge between Cys53 and Cys165 links the crossover connection between helices 

I and II to helix IV; and a disulphide bridge between Cys182 and Cys189 forms a small loop in 

the C-terminus (Junnila and Kopchick, 2013). This 22 kDa isoform is the major form of GH in 

the circulation and has multiple biological activities, including the promotion of somatic growth, 

growth plate elongation, IGF-I secretion, nitrogen retention, and amino acid transportation into 

muscle (Baumann, 2009). The other main variant derived from the GH1 gene is produced by 

alternative splicing in exon 3 and comprises 5-10% of GH mRNA in the pituitary. It has a similar 

structure to the 22 kDa GH, barring the deletion of internal amino acid residues 32-46. This 

results in a 176 amino acid protein with a molecular mass of 20 kDa. The 20 kDa GH isoform 

has a lower affinity for the human GHR (hGHR) compared to the 22 kDa GH (Ikeda et al., 2000; 

Sigel et al., 1981), due to the deletion occurring in one of the receptor binding sites (Tsunekawa 

et al., 2000; Wada et al., 1998). Furthermore, 20 kDa GH can bind to the human PRLR but acts 

as a weaker agonist compared with 22 kDa GH due to poor binding affinity for the PRLR. A 

third variant of GH is a 17.5 kDa isoform, which arises from skipping of exon 3, and lacks amino 

acid residues 32-71 (Lecomte et al., 1987). This variant only exists under pathological conditions 

where the GH1 gene is mutated. 

As described above, the GH2 gene encodes placental GH. The most prominent GH2 gene 

product (GH2 or GH-V) encodes a 22 kDa protein with 191 amino acids. It has a similar structure 

to the pituitary 22 kDa GH, but its sequence differs by 13 amino acids and contains a consensus 

sequence for N-glycosylation at amino acid 140 site (Baumann, 2009). The affinity of 22 kDa 

placental GH for the GHR is also comparable to the pituitary 22 kDa GH, whereas the affinity 

for the PRLR is weaker (Ray et al., 1990). In contrast to pituitary GH secretion, GH-V is 

produced by the placenta and is not under hypothalamic control. During human pregnancy, 

placental GH-V is released as early as gestational week 5 and increases progressively until 

maternal blood levels reach a plateau about 4 weeks before term (Alsat et al., 1997). At the same 

time, expression and secretion of pituitary GH gradually decreases so that GH-V replaces 

pituitary GH as the dominant circulating form of GH at approximately 20 weeks of gestation 

(Devesa et al., 2016). This occurs through a negative short-feedback loop and IGF-I feedback 

which suppresses GH secretion (Devesa et al., 1992).  
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The CS protein has 85% amino acid identity with GH, but the functions of the GH and CS 

proteins are biologically distinct. It has very low affinity for the GHR and does not act as a GH 

analogue at physiological levels (Baumann, 2009). CS is expressed in the placenta during 

pregnancy and actions of this hormone are mediated by binding to the PRLR. 

1.4 The human GHR 

1.4.1 The class I cytokine receptor family 

The class I cytokine receptors play an important role in a variety of biological processes, and the 

dysregulation of these receptors is associated with many diseases, including cancer. All class I 

cytokine receptors utilise receptor-associated Janus kinases (JAK1, JAK2, JAK3, and TYK2) 

that bind to the proline rich Box1 motif of the intracellular domain of the receptor to initiate 

intracellular signalling (Brooks and Waters, 2010). 

The class I cytokine receptors are single trans-membrane receptors with an N-terminal 

extracellular domain and a C-terminal intracellular domain (Moutoussamy et al., 1998; Waters 

and Brooks, 2015). The N-terminal extracellular domain contains at least one cytokine receptor 

homology (CRH) domain that possesses two fibronectin type III (FNIII) (de Vos et al., 1992). 

The membrane proximal C-terminal domain contains a conserved WSxWS motif, with the 

exception of the GHR that possesses the homologous sequence YGeFS (Waters and Brooks, 

2015). The WSxWS motif is not necessary for cytokine binding, but is important for receptor 

expression and stability (Dagil et al., 2012) A subset of these receptors, including the GHR, 

prolactin receptor (PRLR) and EPO receptor, are homomeric receptors with single CRH domain 

which is sufficient to cytokine binding and receptor activation, while other receptors have more 

than one CRH domain (Waters and Brooks, 2015). The homodimeric class I cytokine receptors 

are the simplest members of this family, and therefore have been extensively studied at the 

structural and functional level. The structure and function of the GHR will be discussed in detail 

in section 1.4.2. 

1.4.2 Structure of the GHR gene and protein 

The GHR is a member of the class I superfamily of cytokine receptors. It is a homodimer 

composed of two identical subunits with a single transmembrane domain. The receptor has no 

intrinsic kinase activity and the signal transduction processes stimulated by GH binding are 

mediated by non-receptor tyrosine kinases which associate with the receptor, such as JAK2 and 
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c-SRC. The GHR primarily employs JAK2 to activate the STAT5 signalling pathway, but also 

initiates the MAPK, PI3K-AKT and other pathways (Brooks and Waters, 2010; Rawlings, 2004)  

GHR cDNA has been identified in many species, including humans, monkeys, rabbits, cows, 

sheep, pigs, and rodents (Leung et al., 1987). The GHR gene is located on the short arm of 

chromosome 5 in a region spanning at least 87 kb. The gene consists of 9 coding exons in 

addition to several noncoding exons in the 5´-untranslated region (UTR). Exon 2 encodes the 

peptide signal sequence, exons 3-7 encode the extracellular domain and the remaining exons 

encode the transmembrane and the cytoplasmic domain (Godowski et al., 1989; Leung et al., 

1987). The human cDNA sequence encodes a 620 amino acid mature protein that includes an 18 

amino acid signal sequence and has a calculated molecular mass of 70 kDa. There are five 

potential N-linked glycosylation sites in the extracellular domain for the receptor.  Purified GHR 

protein from rabbit liver has a molecular mass of approximately 130 kDa by SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) and the apparent discrepancy between the 

molecular mass predicted from the cDNA and the size determined by SDS-PAGE analysis can 

be accounted for by glycosylation and the presence of covalently bound ubiquitin (Leung et al., 

1987).  

The extracellular domain of the GHR is comprised of two FNIII motifs consisting of 

approximately 100 amino acids per domain. Each FNIII domain contains a barrel-like structure 

formed by a folding pattern of seven beta-strands, similar to the constant domain of 

immunoglobulins (Foster et al., 2004). In the cytoplasmic tail, the Box 1 and 2 motifs are 

necessary for association of JAK2, and the ubiquitination motif (UbE motif) is essential for the 

GHR internalisation. The YGeFS motif in the GHR is equivalent to the WSxWS motif, which is 

essential for correct ligand interaction and receptor signalling (Ozaki et al., 2006). The different 

domains in the GHR are shown in Figure 1.3. 
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Figure 1.3 Structure of the GHR. The extracellular domain contains two FNIII subdomains in 

addition to a YGEFS motif. The cytoplasmic tail contains Box 1 and 2 motifs which are necessary 

for association of JAK2, and the ubiquitination motif (UbE motif), which is necessary for GHR 

internalisation. Adapted from Kaabi Y (Kaabi, 2012). 

The co-crystal structure of the complex between GH and the extracellular domain of GHR was 

solved in 1992. This showed that the complex consists of a receptor homodimer and a single 

molecular of GH (de Vos et al., 1992). Each GH molecule contains two asymmetrically placed 

binding sites; site 1 is a high affinity binding site while site 2 is a lower affinity site (Cunningham 

and Wells, 1991). In contrast, the GHR utilises similar determinants to bind to either site 1 or 2 

on GH. Signal transduction through the GHR is initiated by conformational changes in the 

receptor triggered upon GH association (Kaabi, 2012). The initial step involves GH binding to 

the GHR via site 1 to form a high affinity 1:1 complex. Once GH binds to the first GHR subunit 

at site 1, site 2 on GH becomes exposed and is able to bind the second GHR with lower affinity, 

causing a conformational change and activation of downstream signalling transduction 

(described below). Key amino acid residues important for GH binding at site 2 include F1, I4, 

R8, D116, and G120 (Cunningham and Wells, 1991). Of these, G120 is a particularly important 

amino acid for receptor binding. Substitution of G120 to a charged amino acid (G120R or 

G120K) converts the hormone from agonist to antagonist (Fuh et al., 1992). 
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1.4.3 The GHR promoter and regulation of gene expression 

The human GHR gene is an example of a gene with multiple 5’-UTRs under the control of 

multiple promoters. The transcriptional control of the gene, which contains nine 5’UTR exons, 

is complex. A total of 14 different GHR mRNA 5-UTR transcript variants (V1-V5, V7-V9 and 

VA-VE) with different 5-UTR regions have been identified, all of which splice into the same 

site just upstream of the translation start site in exon 2 and encode the same protein. The most 

distal initiation site consists of a cluster of three transcripts, V2-V9-V3. Approximately 16 kb 

downstream is a second cluster of four variants, V7-V1-V4-V8. The second cluster is 

approximately 18 kb upstream of V5, which lies adjacent to exon 2. These transcript variant 

mRNAs arise as a result of the use of different promoters together with alternative splicing and 

display tissue- and developmental specific expression profile suggesting that different promoter 

usage is a mechanism for developmental- and tissue-specific regulation of the GHR gene (Wei 

et al., 2006). For instance, V2, V9, V3, V5, and VA-VE variant mRNAs are expressed 

ubiquitously, whereas the V7, V1, V4, V8 and V6 variant mRNAs are specifically expressed in 

the postnatal liver. Transcriptional start sites for the V1 and V9 transcripts have been identified. 

Postnatal liver-specific expression of V1 is driven from two TATA boxes, whereas the 

ubiquitous V9 transcript has a single start site and a TATA-less promoter (Goodyer et al., 2001; 

Zogopoulos et al., 1996). Expression of the GHR is regulated by multiple factors, including GH, 

thyroid hormones, nutritional status, pregnancy and diabetes mellitus (Murray and Le Tissier, 

2020; Schwartzbauer and Menon, 1998). 

1.4.4 GHR isoforms and their function  

In addition to the 5-UTR transcript variants described above, there are four GHR isoforms. These 

include full-length membrane-bound receptor (GHR-fl), the soluble GH binding protein 

(GHBP), a truncated isoform (GHR-tr), and an exon 3 deleted isoform (GHR-d3) (Chiloiro et 

al., 2020; Edens, 1998). GHR-fl consists of 620 amino acids with a single transmembrane region 

and the function of full length GHR is described as above. GHBP essentially corresponds to the 

soluble extracellular domain of the full-length receptor, which has been identified in the serum 

of many species, in particular, humans, mice, rats and rabbits (Baumann et al., 1986; Baumbach 

et al., 1989; Leung et al., 1987; Peeters and Friesen, 1977; Spencer et al., 1988). A large 

proportion of total circulating GH is bound to a high affinity GHBP. The origin of GHBP is 

significantly different across species, but in general, GHBP resembles the extracellular domain 

of the GHR. However, in rodents, GHBP is encoded by an alternative spliced transcript of 1.2-

1.5 kb that excludes the transmembrane domain, whereas in humans and other species the GHBP 
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is derived by proteolytic cleavage of the GHR-fl protein (Dastot et al., 1998). Some studies have 

indicated that complexing of GH with GHBP prolongs the half-life in the circulatory system as 

well as attenuating the biological effects of GH (Baumann et al., 1987; Schilbach and 

Bidlingmaier, 2015).  

Alternative splicing in the cytoplasmic domain results in a truncated isoform of the GHR referred 

to as GHR-tr (Dastot et al., 1996; Ross et al., 1997). GHR-tr is produced by an alternative splicing 

event within exon 9, resulting in the truncation of 97.5% of the cytoplasmic domain. Unlike full-

length GHR, GHR-tr is found to have a dramatically increased capacity for generating soluble 

GHBP (Dastot et al., 1996). GHR-tr isoforms may act as dominant negative inhibitors of the 

GHR signalling capabilities (Ross et al., 1997). 

In humans, there exists another GHR isoform which results from deletion of exon 3 (GHR-d3). 

GHR exon 3 skipping results from homologous recombination between two retroviral sequences 

flanking this exon that mimic an alternative splicing event. The exon 3 deletion was first reported 

as a potential pathological finding in two patients with GH insensitivity (Godowski et al., 1989). 

Subsequent studies confirmed that GHR-d3 was common polymorphism with these isoforms 

inherited as a Mendelian trait (Pantel et al., 2000; Stallings-Mann et al., 1996). The exon 3 

deletion in the GHR does not cause changes in the GH binding interface, disulphide bonds or 

folding of the GHR extracellular domain, but does result in changes in charge, molecular size, 

hydrophobicity, in addition to the loss of a glycosylation site. Some cohort studies have 

investigated the relationship between efficacy of recombinant GH therapy and the GHR-d3 

polymorphism, and suggest that the GHR-d3 genotype is associated with a better clinical 

response to GH therapy compared to the GHR-fl isoform (Binder et al., 2006; Dos Santos et al., 

2004; Tauber et al., 2007). However, the importance of GHR-d3 remains controversial. Some 

studies suggest that GHR-d3 isoforms may be not important in the clinical setting of patients 

with acromegaly or small-for-gestational-age (SGA) babies (Carrascosa et al., 2006; de Oliveira 

Machado et al., 2016). 

1.5 Signalling pathways activated by the GHR 

Although the GHR is devoid of intrinsic kinase activity or an ATP binding motif, these receptors 

recruit and rapidly initiate tyrosine phosphorylation of multiple cytoplasmic proteins upon ligand 

binding. Figure 1.4 illustrates an overview of the role of GH/GHR in the regulation of JAK-

STAT, PI3K-AKT, and Ras/MAPK signalling pathways. In particular, the GHR activates 

specific receptor associated tyrosine kinases: JAK family proteins and c-SRC family kinases 
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(Waters, 2016). The JAK family includes four non-receptor protein tyrosine kinases (JAK1, 

JAK2, JAK3, and TYK2). JAK2 is the predominant tyrosine kinase utilised by the GHR (Waters 

and Brooks, 2015).  

GHR exists predominantly as a dimer and is held together by its transmembrane helices. In the 

inactive state, two associated JAK2 protein kinase molecules interact in an inhibitory manner 

through pseudo-kinase domains present on these molecules interacting with the JAK2 kinase 

domains. Upon GH binding, GHR is converted into a left-hand crossover state, inducing the 

separation of helices at the lower transmembrane boundary leading to separation of the two 

cytoplasmic proline-rich motifs (Box 1). JAK2 interacts with the Box 1 sequences on the GHR 

through a FERM domain. Separation of Box 1 upon receptor activation pulls the two JAK2 

molecules apart, releasing inhibition by the pseudo-kinase domain and bringing the two JAK2 

kinase domains into contact. This allows cross-activation and initiation of signalling by 

phosphorylating of STATs (Waters et al., 2014). The JAK-STAT pathway is a major effector of 

GHR signalling, and necessary for the transcriptional regulation of IGF-I (Birzniece et al., 2009). 

GHR signalling activates STAT1, 3 and 5. There are two STAT5 proteins, STAT5a and 

STAT5b, which are derived from two independent genes exhibiting up to 90% sequence identity 

in their coding sequence. In addition, STAT5b is 12 amino acids shorter than STAT5a. These 

two forms of STAT5 have been found to have both distinct and overlapping functions in terms 

of their role in the GH signalling cascade (Birzniece et al., 2009). Experiments with Stat5b gene-

knockout mice indicated that loss of Stat5b function cannot be compensated for by the closely 

related molecule Stat5a (Choi and Waxman, 2000). However, Stat5a and Stat5b were both key 

mediators in GH signal transduction mediated by the JAL/STAT cascade. 

JAK2 phosphorylates STAT proteins on conserved tyrosine residues. Phosphorylated STAT 

proteins (pSTATs) form homo- or heterodimers by intermolecular interactions of their SH2 

domains with the phosphorylated tyrosine residue. Dimerised STAT subsequently translocates 

into the nucleus where it binds to a specific sequence in promoters to activate transcription of 

GH-sensitive genes (Birzniece et al., 2009). For example, STAT1 and STAT3 bind to the sis-

inducible element (SIE) on c-fos, while STAT5 binds to the lactogene hormone response 

elements on the β-casein gene promoter (Herrington et al., 2000). 

Other pathways, such as PI3K-AKT pathway and the MAPK pathway, are also activated by the 

GHR (See Figure 1.4). GH can utilise the IRS-1 to activate PI3K-AKT pathway (Xu and 

Messina, 2009). Apart from STAT, activation of JAK2 by GH can also induce the association 
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between PI3K and IRS-1 which leads to activation of PI3K. Activated PI3K then converts 

phosphatidylinositol-4, 5-biphosphate (PIP2) to phosphatidylinositol-3, 4, 5-triphosphate (PIP3), 

stimulating the recruitment of AKT to the plasma membrane. Then, AKT is activated by 

phosphatidylinositol 3-dependent kinase 1 (PDK1), stimulating the activation of downstream 

signalling molecules, including mammalian target of rapamycin (mTOR), and BCL2-associated 

agonist of cell death (BAD). All of these impact on cell proliferation, apoptosis and resistance to 

chemotherapy (Baselga, 2011).  

The MAPK cascades play a critical role in regulation of intracellular signals by a wide range of 

cell surface receptors. GH activates the MAPK pathway by recruiting the adaptor protein Shc 

(src homology 2 domain containing transforming protein 1) to the activated GHR-JAK2 complex 

(Bergan-Roller and Sheridan, 2018). Four well-characterised MAPK cascades have been 

identified in mammalian cells, which are a family of proline-directed serine/threonine protein 

kinases, mediating signalling for a variety of extracellular stimuli (Cargnello and Roux, 2011; 

Roux and Blenis, 2004). Each MAPK cascade consists of a MAPK kinase kinase (MAP3K), a 

MAPK kinase (MAP2K) and a MAPK. Among the MAPK-mediated pathways, the RAF-MAPK 

pathway has been of key interest for cancer research (Montagut and Settleman, 2009). The RAS 

family is a protein superfamily of small GTPases, and important human members of this 

superfamily include KRAS, NRAS, and HRAS. RAS members activate the MAPK pathway by 

binding to and activating RAF kinase. Activated RAF triggers subsequent phosphorylation and 

activation of the MEK1/2 and the extracellular signal-regulated kinases (ERKs), which 

translocate to the nucleus and regulate gene expression of transcriptional factors (Hollenhorst, 

2012; Hollern et al., 2013). This induces the expression of numerous genes which are required 

for cell survival and proliferation.  
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Figure 1.4 Schematic overview of the role of GH/GHR in the regulation of JAK-STAT, PI3K-

AKT, and RAS/MAPK signalling pathways. Adapted from Postel-Vinay MC et al (Postel-Vinay 

and Kelly, 1996). 

 

Recently, studies have demonstrated that the GH/GHR complex not only signals from the plasma 

membrane, but also rapidly translocates into the cell nucleus after activation although the 

physiological function of translocation is not clear (Conway-Campbell et al., 2007; Hainan et 

al., 2018; Lan et al., 2017; Lobie et al., 1994). The mechanism of GH/GHR complex nuclear 

import and its role in the nucleus warrant further investigation. 

1.6 Human GH activation of the PRLR 

An important facet of GH and PRL biology is that hGH can bind and activate both the GHR and 

the PRLR of different species, while PRL interacts only with the PRLR. The PRL/PRLR 

signalling pathway shares features with GH signalling, in particular, the utilisation of JAK/STAT 

pathway (Goffin et al., 1996). The PRLR also belongs to the class I cytokine receptor family and 

has similarities with the GHR in amino acid sequence and 3D structure (Boutin et al., 1989). 

In humans, hGH activates both the GHR and PRLR, while PRL only activates the PRLR 

(Cunningham et al., 1990; Goffin et al., 1996). hGH can also activate the Ghr and Prlr from other 

species, whereas non-primate Gh cannot activate the human GHR (Bartke et al., 1994). In 
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contrast, in non-primate species Gh only activates the Ghr and not the Prlr. Consistent with this, 

bovine Gh (bGh) can activate mouse Ghr, but not Prlr (Zhang et al., 2019). For example, in 

mouse MIN6 β-cells, hGH induced phosphorylation of JAK2 and STAT5, and also induced 

phosphorylation of the Prlr, whereas bGh only triggered phosphorylation of JAK2 and STAT5, 

without inducing detectable phosphorylation of Prlr (Zhang et al., 2019). 

Notably, some breast cancer cells co-express the GHR and the PRLR, and these receptors can 

form heteromultimers which can impact on GH signal transduction. For example, T47D is an 

estrogen receptor and progesterone receptor positive human breast cancer cell line. It co-

expresses abundant GHR and PRLR and responds well to either hGH or hPRL stimulation, as 

evidenced by activation of the JAK2/STAT5 signalling pathway. Immunoprecipitation (IP) 

studies demonstrated that this GHR-PRLR association in T47D cells was dramatically increased 

by treatment with hGH (Xu et al., 2011). Although hGH induced the dimerisation of GHR, GH 

preferentially caused tyrosine phosphorylation of the PRLR rather than the GHR in T47D cells. 

However, neither a GHR-specific ligand antagonist (B2036) nor a GHR-specific neutralising 

monoclonal antibody (mAb) inhibited GH-inhibited STAT5 activation. Even a non-specific 

GHR antagonist (G120R), which also inhibits the PRLR, or the specific PRLR antagonist 

(G129R) did not completely inhibit GH-induced activation of signalling. It was therefore 

hypothesised that endogenous GHR and PRLR likely form a GHR-PRLR heterodimer in T47D 

cells and that GH-mediated signalling in this cell line is mainly active via the PRLR in the form 

of both PRLR-PRLR homodimers and GHR-PRLR heterodimers (Xu et al., 2011). In addition, 

the PRLR-PRLR and GHR-PRLR form specifically interacting ligand-independent assemblages 

and both GH and PRL can augment PRLR-PRLR complementation, much like the GH-induced 

changes in GHR-GHR dimers. Further analysis by Stuart Franks’ research group demonstrated 

that, in addition to forming homodimers, the GHR and PRLR associate in complexes comprised 

of the GHR-GHR/PRLR-PRLR heteromers consisting of the GHR homodimers and the PRLR 

homodimers, rather than the hypothesised GHR-PRLR heterodimers (Figure 1.5) (Liu et al., 

2016).  
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Figure 1.5 GHR/PRLR heteromultimers are composed of GHR homodimers and PRLR 

homodimers. B2036 is a GHR-specific antagonist; mAb is a GHR-specific monoclonal antibody; 

G120R is a non-specific GHR antagonist which also inhibits the PRLR; G129R is a specific PRLR 

antagonist. Adapted from Liu Y, et al (Liu et al., 2016). 

 

1.7  GH and cancer 

Accumulating evidence implicates a role for the GH/IGF-I axis in cancer (Kaulsay et al., 2001; 

Pandey et al., 2008; Perry et al., 2017a; Xu et al., 2011). Interestingly, increasing evidence 

suggests a consistent association between adult height and cancer risk across a variety of 

different cancers (Jiang et al., 2015; Renehan, 2011; Stefan et al., 2016; Zhang et al., 2015). In 

particular, Green et al evaluated relative risk per 10 cm height increase for total cancer incidence 

as well as 17 specific cancer sites, and reported increased risk for 15 of 17 cancers (such as 

malignant melanoma, non-Hodgkin lymphoma, leukaemia, colon, rectum, breast, endometrium, 

ovary, kidney, and central nervous system cancer) (Green et al., 2011). Another meta-analysis 

to investigate associations between height and breast cancer risk using data from more than five 

million women, estimated that a 10 cm height increase was associated with an 17% increased 

risk of breast cancer (Zhang et al., 2015). Given that GH is a key regulator of longitudinal growth 

and promotes postnatal bone and muscle growth and the GH/IGF-I axis may be a contributing 

factor to this association between height and cancer. However, it is worth noting that other factors 
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may also contribute to this association, including genetic and environmental factors, such as diet 

and lifestyle. 

As described above, GH is capable of modulating many intracellular signalling pathways that 

are implicated in carcinogenesis, including JAK/STAT, MAPK/ERK and PI3K/AKT/mTOR 

(Campbell et al., 1995; Di Pasquale et al., 2018). These pathways are known to play a role in 

mitogenic, anti-apoptotic and metabolic actions of GH. Hence, the direct actions of GH could be 

involved in key processes of cancer oncogenesis. Apart from the direct effects of GH, many of 

its biological actions are mediated through IGF-I, another hormone known to have a role in 

cancer (Ekyalongo and Yee, 2017). 

Several lines of evidence from animal and human studies support a role for GH and the GHR in 

cancer development. Data from some animal studies have shown a lower incidence of cancer or 

decreasing tumour burden in several rodent animal models with an inactivating GHR mutation 

or functional inactivation of GH (Ikeno et al., 2009; Pollak et al., 2001; Swanson and Unterman, 

2002; Wang et al., 2008). Moreover, studies from patients with acromegaly, which is a condition 

associated with GH excess, show that acromegaly increases the risk of colon cancer and other 

malignancies, such as thyroid cancer (Dagdelen et al., 2014; Renehan and Brennan, 2008). In 

contrast, Laron Syndrome, a congenital genetic condition resulting from an inactivating mutation 

in the GHR, leads to GH/IGF1 signalling pathway defects and protection against cancer. Patients 

with Laron Syndrome suffer from hypoglycemia, hypercholesterolemia and sleep disorders, but 

have a surprisingly low risk of cancer compared to first degree relatives (Guevara-Aguirre et al., 

2011; Janecka et al., 2016; Steuerman et al., 2011). A study lasting 50 years further confirmed 

that adult-age patients with Laron Syndrome are protected from cancer, diabetes, and 

cardiovascular disease (Laron, 2015).  

Further studies have identified the potential role for GH and GHR in breast cancer, melanoma, 

glioma, craniopharyngioma, hepatocellular, gastric, and pancreatic cancer (Brooks and Waters, 

2010; Perry et al., 2017a). GH and the GHR is expressed in normal and neoplastic human 

mammary tissue (Mertani et al., 1998; Raccurt et al., 2002). In a survey of GH mRNA expression 

in a panel of breast cancer lines, all cell lines expressed GHR transcripts while three cell lines 

expressed GH1 mRNA (including cell lines MDA-MB-361, MCF-7 and 734B) (van Garderen 

and Schalken, 2002). The oncogenic actions of autocrine hGH have been extensively studied in 

human breast cancer cell lines and mouse xenograft models by Peter Lobie’s group. Forced 

expression of the hGH gene in human mammary carcinoma MCF-7 cells promotes cell 
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proliferation and transcriptional activation in an autocrine/paracrine manner (Kaulsay et al., 

1999). Mukhina et al investigated the role of autocrine GH in EMT and found that autocrine GH 

induces MCF-7 cells to convert phenotype and exhibit the morphological and molecular 

characteristics of a mesenchymal cell, with expression of fibronectin and vimentin and 

subsequent enhanced migratory ability and invasion through an extracellular matrix. Autocrine 

GH also induced local invasion of MCF-7 cells in a xenograft model (Mukhina et al., 2004). 

Further studies using an immortalised human mammary epithelial cell line demonstrated that 

autocrine GH is oncogenic (Zhu et al., 2005). Overexpression of autocrine hGH gene promoted 

anchorage-independent cell growth in a JAK2-dependent manner, supported oncogenic 

transformation and invasion in an immortalised, but otherwise normal human mammary 

epithelial cell line, MCF-10A (Zhu et al., 2005). Moreover, autocrine hGH expression in the 

MCF-10A cell line resulted in tumour formation in a mouse xenograft model, whereas control-

transfected cells did not form tumours (Zhu et al., 2005). Autocrine/paracrine GH secreted by 

mammary carcinoma cells is also associated with increased angiogenesis and lymphangiogenesis 

both in vitro and in vivo, which accompanying increased expression of vascular endothelial 

growth factor-A. Antagonism of GH function by B2036 reduced endothelial cell tube formation 

in vitro (Brunet-Dunand et al., 2009). Moreover, in MCF-7 cells stably transfected with the GH 

gene, transcriptional activation and cell growth were blocked by the addition of the GHR-specific 

antagonist B2036 (Brunet-Dunand et al., 2009; Kaulsay et al., 2001). These studies indicate that 

autocrine GH is oncogenic in mammary carcinoma cell lines. Expression of hGH has been found 

to be positively associated with tumour stage, and lymph nodes metastasis in mammary 

carcinoma, which predicts a worse survival outcome in patients with mammary carcinoma (Wu 

et al., 2011). 

Other studies have looked at the role of GH in melanoma. Metastatic melanoma cell lines express 

relatively high levels of GHR mRNA, indicating that GHR signal transduction may support the 

growth of this type of cancer. The NCI-60 panel includes 60 cancer cell lines from nine types of 

human cancer (breast, CNS, colon, leukaemia, melanoma, non-small cell lung, ovarian, prostate 

and renal) and was developed by the National Cancer Institute (NCI) in 1980s for the purpose of 

screening anti-cancer drugs (Patnaik et al., 2012; Shoemaker et al., 1988). Sustarsic and 

colleagues utilised this panel to quantify the mRNA expression of GHR, GH, PRL and PRLR 

using real-time quantitative PCR (qPCR). Both the GHR and PRLR were broadly expressed 

across most cancer types (Sustarsic et al., 2013). Notably, mRNA expression of the GHR was 

50-fold higher in melanoma than in the panel as a whole. Analysis of human metastatic 
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melanoma biopsies confirmed GHR gene expression in melanoma tissue. In these human 

biopsies, the level of GHR mRNA was elevated in advanced stage IV tumour samples compared 

to stage III. GH increased proliferation in melanoma cell lines. Targeting the GHR by siRNA 

mediated GHR knock-down in human melanoma cells suppresses cell proliferation and EMT 

though downregulation of multiple oncogenic pathways (JAK/STAT, AKT, mTOR, SRC and 

ERK1/2) (Basu et al., 2017a).  

GH has been reported to contribute to prostate development and function and may also contribute 

to prostate cancer. A series of studies investigated the expression of GH in multiple prostate 

cancer cell lines, suggesting the potential effect of autocrine GH in the development of prostate 

cancer. The mRNA expression levels of GH and the GHR were higher in some prostate cancer 

cell lines (e.g. LNCaP, 22RV-1, PC-3) (Weiss-Messer et al., 2004). Exogenous GH increased 

LNCaP cell proliferation, but had no effect on apoptosis. However, the endogenous 

overexpression of autocrine GH reduced the cell proliferation and increased apoptosis of LNCaP 

cells. These distinct actions of exogenous and autocrine GH were accompanied by the alteration 

in the subcellular localisation of the GHR. Autocrine GH appears to sequester the GHR in the 

golgi and endoplasmic reticulum. (Nakonechnaya et al., 2013). This alteration of the GHR 

trafficking may underlie a distinct mode of GH-mediated signalling associated with the effect of 

autocrine GH, suggesting the potential effects of GH on prostate cancer cell function, and the 

activity of autocrine GH might be distinct from endocrine GH in prostate cancer cells 

(Nakonechnaya et al., 2013). Autocrine hGH has also been reported to promote cell proliferation 

and EMT in human endometrial carcinoma cells (Pandey et al., 2008). 

GH has been reported to promote resistance to cancer therapies, including chemotherapy and 

radiotherapy (Perry et al., 2013). In both estrogen receptor-positive and estrogen receptor-

negative breast cancer cell lines, GH promotes a chemoresistance in response to treatment with 

mitomycin C or doxorubicin in vitro (Bougen et al., 2011, 2012; Zatelli et al., 2009). Resistance 

to chemotherapy has also been observed in human melanoma cell lines. Treatment of human 

melanoma cells with GH upregulated the expression of multiple ATP-binding cassette (ABC) 

transporters and increased melanoma cell resistance to vemurafenib which was accompanied by 

increased GHR expression. Consistent with this, treatment of melanoma cells following siRNA-

mediated silencing of the GHR with anti-tumour compounds significantly prolonged drug 

retention and increased drug efficacy, suggesting that inhibition of the GHR may sensitise 

melanoma cells to chemotherapy (Basu et al., 2017b). GH has also been associated with 

radioresistance in numerous in vitro and in vivo studies (Candelas et al., 1998; Mylonas et al., 
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2000; Tekin et al., 2006). Autocrine GH promoted regrowth of the breast cancer cell lines MDA-

MB-435S and T47D following treatment with ionising radiation and protected against induction 

of DNA damage and increased clonogenic survival after exposure to radiation (Bougen et al., 

2012). Treatment of irradiated BALB/c mice with GH significantly increased overall 

hematopoietic recovery, in particular, total white cells, CD4 and CD8 T cell subsets, B cells, and 

NK cells (Chen et al., 2010). The relation between GH and radiotherapy in cancer treatment was 

further explored by Wu and colleagues. They found that elevated levels of the GHR mRNA and 

protein expression were associated with a poor response to radiotherapy in rectal cancer, and 

increased hGHR expression was also observed following radiotherapy when compared with pre-

radiation samples (Wu et al., 2006). Functional antagonism of GH with the GHR antagonist 

B2036/pegvisomant abrogates chemoresistance and radioresistance. Our group reported that 

pegvisomant suppressed RL95-2 endometrial tumour regrowth following radiotherapy in a 

xenograft model, while pegvisomant, as a signal agent, had no effect on tumour growth (Evans 

et al., 2016). The mechanism contributing to delayed regrowth is unclear, but it will be interesting 

to investigate whether combined GHR antagonism and ionising radiation is effective in other 

radiation-resistant xenograft cancer models where autocrine hGH is driving tumour growth. 

Targeting the GH/IGF-I axis most likely inhibits tumour growth by a number of mechanisms, 

including inhibiting GH signalling, and lowering circulating IGF-I levels (Perry et al., 2017a). 

Therefore, GH antagonists may be useful in the treatment of cancers whose growth is promoted 

by endogenous GH or IGF-I. 

1.8 GHR antagonists 

An understanding of the structure of the GHR led to the development of peptide GHR 

antagonists. A series of GHR antagonists were designed that compete with native GH for the 

GHR and prevent it from activation of downstream signal transduction. This section introduces 

the discovery and development of those key GHR antagonists. 

Following resolution of the three-dimensional structure of GH, the amino acid composition of 

the third α-helix (109-126 in bGh and 110-127 in hGH) drew attention due to its amphiphilic 

properties (Kopchick et al., 2014a). A peptide containing the third α-helix possessed low but 

significant growth-promoting activity (Hara et al., 1978). However, three amino acids at 117, 

119, and 122 site of bGh were not ideal for amphiphilic helix formation. The initial hypothesis 

was that substituting these three residues would improve the amphiphilic property of the third 

helix and would increase the bioactivity of GH. Surprisingly, transgenic mice expressing a 
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mutant bGh gene with the substitution of E117L, G119R and A122D had reduced circulating 

IGF-I concentrations and exhibited a dwarf phenotype (Yang et al., 1993). Further studies 

confirmed that amino acid site G119 of bGh was critical for the growth activity of GH (Campbell 

et al., 1993). The glycine residue at position 120 of hGH corresponds to glycine residue at 119 

of bGh, and substitution of G120K in hGH resulted in similar inhibitory activity (Thirone et al., 

2002). Thus, a substitution of G119 in bGh or G120 in hGH converts the molecule from a growth 

enhancer to a growth blocker. 

1.8.1 Human G120R and G120K 

G120R and G120K were the earliest examples of the human peptide GHR antagonists. 

Substitution of arginine or lysine for glycine at position 120 in native GH results in an antagonist, 

which has been widely used to probe the molecular mechanism of action of GH. These mutants 

can also bind the PRLR and robustly antagonise GH activation of the rat or human PRLR in cell-

based assays, but its affinity for the GHR is greater than for the PRLR (Dattani et al., 1995; 

Goffin et al., 1999). G120R only antagonises GH activation of the PRLR, but not PRL activation 

of the PRLR (Menezes et al., 2017; Xu et al., 2011). The reason is still unclear, but it might be 

due to stronger binding of PRL to PRLR compared with GH binding, which could be influenced 

by the presence of zinc (Menezes et al., 2017). 

1.8.2 Human B2036 

Although a single mutation in GH binding site 2 converts GH from an agonist into an antagonist, 

it was hypothesised that GH mutants with increased binding affinity at binding site 1 and 

perturbed ability to bind at site 2 would exhibit better inhibitory effects compared to an 

antagonist with only the site 2 mutation. Monovalent phage display technology is an effective 

tool to select variants of proteins and was used to identify variants of hGH with high affinity for 

hGHBP (Bass et al., 1990; Lowman and Wells, 1993). Lowman and colleagues established five 

different libraries of mutated hGH genes and used phage display to test the binding affinity of 

the mutated proteins for immobilised hGHBP.  By combining affinity enhancing mutations from 

independently sorted libraries they created an hGH variant with 15 substitutions (F10A, M14W, 

H18D, H21N, R167N, D171S, E174S, F176Y, K41I, Y42H, L45W/Q46W, F54P and R64K) 

that bound 380-fold tighter to hGHBP than native hGH (Lowman and Wells, 1993). Mutations 

at protein interfaces usually act cumulatively (Skinner and Terwilliger, 1996; Wells, 1990). Two 

sets of substitutions at binding site 1 that increase the binding affinity, were reported by 
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Cunningham et al. (Cunningham et al., 2000). One set of substitutions (H18D, H21N, R167N, 

K168A, D171S, K172R, E174S, and I179T) serves to increase the affinity of this binding site 

and also removes two sites (K168A and K172R) which was important for subsequent 

modification of the protein by PEGylation (discussed in detail below). This combination of 

mutations resulted in a GHR antagonist which was called B2036 (Figure 1.6). B2036 is the 

protein core of pegvisomant, which is the only clinical available GHR antagonist, and is 

produced by Pfizer. These mutations at binding site 1 enhance the affinity of B2036 for 

recombinant GHBP by 4-5 fold compared with wild-type GH (Ross et al., 2001). B2036 can 

competitively bind to the GHR, but does not active it, thereby inhibiting GH-mediated signal 

pathways.  

 

Figure 1.6 Amino acid sequence of B2036. B2036 contains 9 mutations (pink). A single mutation 

in GH binding site 2 at amino acid position 120 converts the hormone into an antagonist. B2036 

has 8 additional mutations at binding site 1 which serve to increase the affinity of binding site 1. 

Adapted from Graham et al (Graham et al., 2008). 

 

As described above, GH is able to activate JAK/STAT signalling pathway through binding to 

the GHR or PRLR (Wells et al., 1993). B2036 has also been found to prevent the GH-dependent 

phosphorylation of STAT5 (Maamra et al., 1999; Ross et al., 2001), but in contrast  to GH, 

B2036 is specific for the GHR, and does not bind, activate, or inhibit the PRLR. This antagonist 

is therefore useful for investigating cellular effects mediated specifically through the GHR (Chen 

et al., 1991a; Goffin et al., 1999; Kaulsay et al., 2001).  



 

22 

1.8.3 A long-acting GHR antagonist - Pegvisomant 

GH and its mutated forms are proteins of a relatively small size (22 kDa), and have a short half-

life of approximately 20 minutes in the circulation due to renal clearance. One strategy for 

increasing the serum half-life of proteins is to generate poly(ethylene glycol) (PEG)-protein 

conjugates which increases the molecular weight and hydrodynamic volume of the protein 

(Turecek et al., 2016). To extend the circulating half-life of B2036, 5 kDa PEG was non-

selectively attached to 4-6 of the 9 amine groups (lysines and the N-terminal amine group) of the 

protein core B2036 to generate pegvisomant (Pfizer, Inc. New York, NY) (Figure 1.7), which is 

approved by the Food and Drug Administration (FDA) for the treatment of acromegaly (Clark 

et al., 1996).  

Although PEGylation of B2036 delays the clearance of B2036 and improves half-life in the 

circulation (approximately 72 hours) and reduces antigenicity (Pradhananga et al., 2002; Ross, 

2001), its affinity for the receptor and consequent bioactivity were dramatically decreased 

(Muller et al., 2004). Only a small number of studies have applied pegvisomant in a preclinical 

oncology setting. The results from in vivo tumour xenograft studies found that pegvisomant, as 

a signal agent, showed promising inhibitory effects on tumour growth in some types of cancer, 

such as colorectal, breast, and meningioma cancer, and provide rationale for testing the 

hypothesis in treating cancers which response to GH and/or IGF-I (Chen et al., 2015; Dagnaes-

Hansen et al., 2004; Divisova et al., 2006; Drake et al., 2005; McCutcheon et al., 2001). 

The binding affinity of B2036-PEG (Pegvisomant) for the GHR for different species varies 

considerably. Based on the EC50 generated from liver GHR binding assays, the human, rhesus 

monkey, and rabbit GHR have similar affinity for B2036-PEG. The GHR from dogs has lower 

affinity while rodents, in particular, rats and mice, have very low affinity for B2036-PEG, with 

values a hundred-fold lower than that of the hGHR (21-106 Somavert Approval - FDA, 

(Pharmacia & Upjohn, 2003)).  
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Figure 1.7 Schematic representation of PEGylated B2036. B2036, coupled with an average of 

4-6 PEGs (5 kDa), results in the drug pegvisomant. The predominant molecular weights of 

pegvisomant are ~42, 47, and 52 kDa resulting from the protein component (B2036, 22 kDa) 

conjugated to 4, 5, or 6 5 kDa PEGs. B2036 has seven lysines and an N-terminal amino acid which 

can be conjugated to PEG. The most probable sites of PEG attachment are the N terminus Phe1 

and Lys38, 120, 140, 158. Adapted from Finn R (Finn, 2009).  

 

1.9 PEGylation of therapeutic proteins 

The first human recombinant protein, insulin, was approved by the FDA for medical use in 1982. 

Since then many other proteins have been developed for therapeutic purposes. Proteins are often 

more specific than small molecule drugs and have less side effects from off-target activity 

(Leader et al., 2008). However, small therapeutic proteins (<50 kDa) are usually eliminated in 

the circulation in a matter of minutes to hours. A number of different strategies have been used 

to overcome this obstacle, including glycosylation, protein fusion and albumin conjugation 

(AlQahtani et al., 2019).  PEGylation of the protein is a widely used approach to prolong the 

half-life in the circulation (Dozier and Distefano, 2015). It increases the hydrodynamic radius of 

the conjugate, thus preventing the biomolecules from being excreted through the kidney filtration 

barrier (Abuchowski et al., 1977a). However, PEGylation may lead to a reduction in binding 

affinity due to steric interference with the drug-target binding interaction. This loss in potency is 

offset by the longer circulating half-life of the drugs, and the resulting change in PK-PD profile 

has enabled development of drugs that otherwise would not have been feasible and has led to 

improvements in other existing drugs. Thus, whereas most approaches to drug development seek 

to specifically increase the activity of the drug, the focus of PEGylated drugs is to balance the 
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PK and PD properties to produce novel therapies that will meet with both increased efficacy and 

greater compliance in the clinical setting (Figure 1.8) (Simone Fishburn, 2008). All in all, 

PEGylation provides many desirable properties for therapeutic proteins, peptides, and antibodies 

(Gupta et al., 2019; Mishra et al., 2016; Qi and Chilkoti, 2015). The PEG moiety is highly 

soluble, has low toxicity, is commercially available in many sizes, and has been approved by 

FDA for medical applications.  

 

 

Figure 1.8 PEG alters the in vivo efficacy of drugs by altering the balance between their PD 

and PK properties. A decrease in potency caused by reduced binding affinity is compensated for 

by an increase in the overall systemic exposure caused by the prolonged plasma circulating time. 

The resulting change in the PK-PD profile provides an overall improved therapeutic efficacy that 

enables the generation of new drugs. 

 

1.9.1 Non-specific protein PEGylation 

The concept of protein-PEG conjugates was first proposed by Prof. Frank Davis in 1970s. 

Initially, Prof. Davis sought a hydrophilic polymer which could be used to modify recombinant 

proteins, thereby effectively prolonging their half-lives in circulation and masking the 

immunogenicity of the protein molecule. PEG is a hydrophilic polymer, as it has a terminal 

hydroxyl group which can react with the amino group of proteins. However, the conventional 

PEG is a polyethylene glycol with double terminal hydroxyl groups. This reacts with proteins on 

both side of the hydroxyl groups, resulting in the formation of “PEG-protein-PEG-protein” 

conjugates with different degrees of cross-linking. Prof. Frank Davis and his colleagues 

discovered a monomethoxy-PEG which was capped on one end with a terminal methoxy group 

to prevent reactivity at that end, while the hydroxyl group retained reactivity. Thus, early work 

to PEGylate proteins came from the Davis laboratory, and used non-specific modification of 

proteins by linking multiple methoxy PEGs to the amine groups present on proteins using 
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cyanuric chloride as the coupling agent. These early studies from the Frank lab demonstrated 

that PEGylation increased the half-life of proteins in the blood and decreased immunogenicity 

(Abuchowski et al., 1977b, 1977a; Chen et al., 1981; Savoca et al., 1984).  

Subsequently, there has been a great deal of research interest in the application of protein 

PEGylation for therapeutic proteins. The first commercial PEGylated protein was a PEGylated 

enzyme, adenosine deaminase (ADA) (produced by Adagen) (Hershfield et al., 1987). 

PEGylated ADA is used to treat severe combined immunodeficiency (SCID) in patients with 

genetically inherited deficiency of ADA. Following the successful clinical application of 

PEGylated ADA, a number of additional PEGylated proteins were approved for medical 

applications, such as PEGylated Interferon-α2b (PegIntron) and Interferon-α2a (Pegasys), 

PEGylated Asparaginase (Oncaspar), and the PEGylated hGHR antagonist 

(Somavert/Pegvisomant). 
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        B 

 

 

Figure 1.9 Schematic representation of the amine PEGylation reaction. (A) Conjugation of 

PEG to a protein using an N-Hydroxysuccinimide (NHS) linker. (B) The NHS-PEG functional group 

covalently binds to the amine groups of a protein. The PEG chain is end-capped with a terminal 

methoxy group to prevent reactivity. Red indicates lysine residues. Adopted from Turecek et al 

(Turecek et al., 2016). 

 

The choice of the conjugation chemistry depends on many factors, and non-specific PEGylation 

at lysines is usually attempted first. Lysine is one of the most abundant amino acids on a protein 

surface. Non-selective conjugation through amine groups on the side-chain of lysines and the N-

terminus (Figure 1.9) is an accessible and low-cost approach which has been used to increase the 

serum half-life of many proteins. While this method is convenient for the creation of the 

PEGylated conjugates, it leads to a heterogeneous mixture of PEGylated products and inevitably 

shields bioactive domains in the molecule. For example, the reactive groups in 
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B2036/pegvisomant (eight lysines and the N-terminus) are spread across the protein, with amine-

PEG-reactive residues F1, K38, K41, K70, and K158, located in regions of the protein that make 

direct contact with the GHR (de Vos et al., 1992). Thus, random PEGylation of B2036 leads to 

a significant drop in protein bioactivity. A similar study has been conducted in erythropoietin 

(Epo). Epo contains 8 lysine residues in addition to the N-terminal amino acid. Some of these 

lysine residues (K20, K45, K97 and K152) are critical for receptor binding and/or structural 

stability (Elliott et al., 1997). Thus, conjugation of amine-reactive PEG to any or all of these 

amino acids, leads to significantly reduced bioactivity (Long et al., 2006). If the activity 

following non-specific conjugation is not ideal, this can be improved by site-specific conjugation 

(Ko and Maynard, 2018). 

1.9.2 Site-specific protein PEGylation 

Site-specific PEGylation of proteins has the potential to greatly enhance the use of proteins as 

therapeutics. Firstly, compared to non-specific multi-site protein PEGylation, installing a single 

PEG chain at a defined non-essential site in a protein can minimise the loss in bioactivity 

associated with PEGylation while still retaining the PK benefits that accompany polymer 

attachment. Typically, maleimide has been used extensively for cysteine-reactive polymers as 

they have rapid reaction kinetics and the conjugation is generally stable (Vinogradova et al., 

2015). Even though most PEGylated therapeutics have decreased activity compared to the 

unmodified form, the bioactivity is more favourable if the PEGylation site is controlled. Site-

specific PEGylation therefore creates a homogeneous product with the polymer attached to the 

particular residue in the protein. This can have substantial therapeutic benefits as the protein 

retains much of its normal function, resulting in fewer side-effects due to lower and less frequent 

dosing requirements. 

Several therapeutic PEGylated proteins that were generated by site-specific attachment are 

commercially available. PEGylated human recombinant granulocyte colony-stimulating factor 

(G-CSF), Pegfilgrastin, is one such example (Piedmonte and Treuheit, 2008). Recombinant G-

CSF was site-specifically conjugated to a 20 kDa PEG aldehyde at the N-terminus under mild 

acidic pH conditions (Piedmonte and Treuheit, 2008). Theoretically, a PEG chain can attach to 

the N-terminus of proteins at slightly acidic pH with an aldehyde. To maximise the selectivity 

of the PEG aldehyde conjugation to the N-terminus, this method takes advantage of the fact that 

the pKa value of the N-terminal α-amino group is 7.6-8.0 whereas the ϵ-amino groups of lysine 

residues is 10.0-10.2 (Wong, 1991).When the reaction is performed at acidic conditions, the ε-

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/maleimide-derivative
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amino group is predominantly protonated and therefore unable to react with the aldehyde group, 

and the free amine on the N-terminus becomes the only site available for PEG conjugation 

(Kinstler et al., 2002). However, site-specific PEGylation on the N-terminus can only be used 

where the N-terminus is not involved in the proteins bioactivity. 

A common method for site-specific PEGylation of proteins is to conjugate the PEG chain 

through the thiol group offered by a cysteine residue. Normally, an unpaired cysteine residue can 

be genetically encoded into the target protein. Conjugation sites for cysteines are better defined 

than lysines as cysteine accounts for less than 1% of the total amino acid of proteins and many 

thiol-specific reagents, in particular, the maleimide groups, are commercially available. The 

modification is achieved by reacting a free cysteine with a maleimide group attached to a PEG 

moiety (Figure 1.10). However, free cysteines are rare and often buried in hydrophobic pockets 

(Ko and Maynard, 2018). If protein engineering tools are available, amino acid substitution to 

install a cysteine at a defined site works well as a method for site-specific PEGylation (Ko and 

Maynard, 2018; Paluck et al., 2016). Notably, there is no guarantee that the modified protein will 

properly fold and not form an undesired disulphide dimer. In addition, native disulfide bonds can 

be reduced to provide cysteines available for conjugation (Dozier and Distefano, 2015; Ko and 

Maynard, 2018). 
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Figure 1.10 General schematic for protein PEGylation at thiol groups. (A) Maleimide PEG 

chemical structure based on linear polyethylene oxide repeating units. (B) Schematic 

representation of the cysteine reactive PEGylation reaction. The PEG functional group covalently 

binds to the thiol group on the protein. The PEG chain is end-capped with a terminal methoxy group 

to prevent reactivity. Adopted from Turecek et al (Turecek et al., 2016). 

 

Another successful example of a site-specific PEGylated therapeutic protein is the PEGylated 

antibody Fab fragment of the anti-tumour necrosis factor (TNF)-α monoclonal antibody, known 

as certolizamab pegol (Cimzia). This was approved for the treatment of adult patients with 

moderate-to-severe Crohn's disease who have not responded to conventional therapies (Melmed 

et al., 2008). This humanised antibody Fab fragment was PEGylated by reacting a C-terminal 

cysteine with a 40 kDa branched PEG maleimide, and allows the dosing schedule to be reduced 

to once every two weeks (Veronese and Mero, 2008). 

Given the success of drug development by site-specific PEGylation, there has been increasing 

interest into research around site-specific PEGylation. Tang et al used this technique to create a 

long-acting PEGylated glucagon like Peptide-1 (GLP-1) receptor agonist (Exendin-4) by 

conjugating a 20 kDa PEG maleimide to the C-terminal cysteine (Tang et al., 2018). This drug 
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is used in the treatment of diabetes. PEGylation of Exendin-4 prolongs the hypoglycaemic period 

from 8.4 h to 54.9 h after single administration and prolongs the serum half-life of the protein 

from 1.7 h to 31.7 h. This study demonstrates the simplicity and adaptability of site-specific 

protein PEGylation.  

The introduction of cysteine to create site-specific PEG conjugates is also applicable to small 

molecules, such as peptides. For example, small peptides designed from the HIV-1 envelope 

glycoprotein gp41 have been shown to inhibit virus-host cell membrane fusion (Danial et al., 

2012). A series of PEGylated peptides generated by introducing a free cysteine at different sites 

were created. A peptide PEGylated at either the N or C terminus had dramatically decreased 

inhibitory activity, but if the peptide was conjugated at an internal residue, there was only a small 

decrease in activity. These PEGylated peptides also had longer half-life compared to the 

unconjugated peptide in a trypsin degradation assay. These types of studies demonstrate that 

PEGylation can be used in the successful modification of small peptides. 

Other studies have highlighted the importance of the location of the cysteine residue on retention 

of bioactivity after PEG modification. A recent study created a site-specific PEGylated protein 

by adding an unpaired cysteine to recombinant immunotoxins (RITs), a chimeric protein 

containing an Fv fragment that can bind to tumour cells (Zheng et al., 2020). A free cysteine was 

introduced into different sites of the RITs and a 20 kDa maleimide PEG derivative was site-

specifically conjugated to the protein through the introduced cysteine. The resulting PEGylated 

proteins with different conjugating sites had in vitro cytotoxic activity ranging from 18% to 65%, 

compared with the unconjugated RITs. While all conjugates were all linked to mono-PEG, the 

radius of hydration varied, suggesting the site of introduction of the PEG chain strongly impacted 

on the hydrodynamic size of the PEGylated protein. The hydrodynamic size of the conjugates 

was also correlated with their half-life in the circulation. The tumour xenograft study 

demonstrated that the variant with highest in vitro cytotoxicity also exhibited the best anti-

tumour activity in mice. Interestingly, this variant also had a shorter half-life in the circulation 

compared than the other PEGylated variants (Zheng et al., 2020). 

Another approach for site-specific PEGylation involves utilising native disulphide bonds instead 

of engineering a cysteine mutation. In this method  the native disulfide bond is replaced with 

synthetic disulfide rebridging linkers to conjugate small molecules with polymers while 

maintaining the tertiary structure of the protein. One of the advantages of this approach is to 

avoid protein dimerisation or disulfide scrambling caused by the introduced cysteine. Balan et 
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al. attempted to site specifically PEGylate the disulphide bonds of L-asparaginase and interferon 

α-2b (INF) via a three carbon bridge linker (Balan et al., 2007). The only disulphide bond in L-

asparaginase lies on the outer edge and distant from the enzymatic site (Palm et al., 1996).  

PEGylation at this disulphide bond resulted in a conjugate which retained high in vitro 

bioactivity. In contrast, INF contains two disulphide bonds. The single-bridged PEG-INF 

retained good in vitro bioactivity, but a double-bridged PEG-INF resulted in a large reduction in 

its bioactivity, even though molecular modelling studies demonstrated that the double-bridged 

IFN retained its tertiary structure. Furthermore, Badescu et al. developed a novel disulfide 

rebridging reagent comprising monomethyl auristatin E (MMAE) to conjugate disulfide bonds 

with antibodies or antibody fragments (Badescu et al., 2014). The interchain disulfide of a Fab 

fragment derived from trastuzumab was PEGylated by this reagent, resulting in a homogeneous 

conjugate with a potent cytotoxic agent (monomethyl auristatin E) through the native disulfide 

bond. This is a promising new approach for PEGylating proteins which contain intrinsic disulfide 

bonds and can potentially facilitate PEGylation of a protein without interrupting the tertiary 

structure and thus impacting on bioactivity. 

The increasing number of successful examples of site-specific PEGylation highlights the 

versatility of using cysteine mutations to create PEGylated peptides or proteins. While there are 

many advantages for using cysteine, there are still some disadvantages. One concern is that if 

the target protein contains more than one free cysteine residue, then this method is no longer 

site-specific and a heterogenous mixture of products may form (Ko and Maynard, 2018). Another 

concern is the stability of cysteine maleimide conjugation in vivo. It has recently come to light 

that the cysteine-maleimide conjugation is not completely stable as this linkage may undergo 

retro-Michael additions or other thiol exchange reactions under physiological conditions (Figure 

1.11A), which results in premature cysteine-maleimide cleavage from the conjugates (Ravasco 

et al., 2019). But the extent of the reversibility depends on the environment, and the majority of 

these studies focus on antibody-drug conjugates (Shen et al., 2012; Wiggins et al., 2015). In this 

context, retro-Michael instability of maleimide conjugates may result in decreased targeted 

cytotoxic activity and off-target toxicity, as unmodified antibodies with potent cytotoxic 

properties and the maleimide-cargo may end up in the bloodstream, and the maleimide-cargo 

may bind to other plasma thiols (e.g. human serum albumin). The reversibility hypothesis may 

affect the efficacy and safety of antibody-drug conjugates in a feature of cysteine maleimide 

linkages. However, in general, this type of conjugation is still the preferred approach for this 

type of site-specific protein conjugate and there are many examples of clinically available and 
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safe bioconjugates using cysteine-maleimide chemistry, such as Cimzia, Rentuximab vedotin, 

and Trastuzumab emtansine.  

 
  A 

 

   B 

 
 

Figure 1.11 Schematic for maleimide-based protein-polymer conjugates undergoing retro-

Michael deconjugation. (A) Maleimide conjugation leads to a thiosuccinimide adduct that can 

undergo retro Michael-addition reaction in physical conditions; (B) Hydrolysis of the maleimide 

linkersconfers stability to retro-Michael deconjugation. 

 

New classes of polymers being developed aim to facilitate irreversible and site-selective cysteine 

conjugation. One interesting approach is the development of “self-hydrolysing maleimide” 

reagents (Kalia et al., 2017; Lyon et al., 2014; Ponte et al., 2016; Tobaldi et al., 2017; Wu et al., 

2018). These “self-hydrolysing maleimide” polymers undergo rapid hydrolysis to the 

corresponding succinamic acid after conjugation, thus eliminating the retro-Michael 

deconjugation reaction and resulting in a more robust linkage (shown in Figure 1.11B).  

To date, there have been some promising approaches to address the retro-Michael instability of 

the cysteine maleimide linkage (Ravasco et al., 2019; Szijj et al., 2018). However, it is difficult 

to make a conclusive statement about the “best fit approach”, as all approaches have their 

advantages and disadvantages and the preferred conjugation strategy for any given bio-functional 

protein needs to be determined on a case-by-case basis.  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzymatic-hydrolysis
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/maleimide
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzymatic-hydrolysis
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1.9.3 Safety evaluation of PEG conjugates 

PEG has a long history for use in medical applications. In the early 1960s, the FDA approved 

PEG as a component of a human gamma globulin lyophilised powder formulation. This was a 

conventional PEG with a double terminal hydroxyl group. A safety study in animals using this 

conventional PEG was conducted in the 1940s by Smyth and colleagues (Smyth et al., 1947), 

and its metabolism was explored (Schaffer et al., 1950). The results indicated that small 

molecular weight PEG (below 1000 Daltons) resulted in nephrotoxicity but when the molecular 

weight was greater than 1000 Da, the toxicity was not obvious. For example, when PEGs with 

molecular weights of 1450, 3350, or 6000 Da were administered intravenously to rabbits, even 

at a total dose of up to 10 g/kg, no toxicity was observed. Metabolism studies demonstrated that 

renal exclusion was the primary mechanism by which low molecular weight PEG was removed 

from the body. As the molecular weight increased, fecal excretion also became a means of 

clearance. Since mPEG and PEG have similar structures, it was inferred from these early animal 

studies that mPEG was also safe for in vivo use. In addition, other studies also found that mPEG 

conjugates were safe in rodents at high doses (Viau et al., 1986). 

However, after repeated administration of some PEGylated biopharmaceuticals, cellular 

vacuolation is histologically observed in certain organs and tissues, and may be due to the 

accumulation of the PEG polymer in the circulation (Ivens et al., 2015). Vacuolation occurs 

mainly in phagocytes and is a normal physiological process by which cells attempt to remove 

foreign entities (Shubin et al., 2016). Importantly, vacuolation has not been linked with changes 

in organ function in toxicology studies, and this phenomenon can be transient or irreversible  

(Ivens et al., 2015; Shubin et al., 2016). PEG-associated vacuolisation in macrophages, which 

predominantly occurs within tissues of the reticuloendothelial system, is well documented and 

does not have detectable toxicological significance (Kronenberg et al., 2013). Nevertheless, 

some preclinical toxicology studies on PEGylated therapeutic proteins observed vacuolation in 

renal tubule cells and epithelial cells of the choroid plexus at high doses (Stidl et al., 2016, 2018). 

Tubular vacuolation caused distortion of tubular profiles and compression of nuclei, without 

leading to necrosis (Stidl et al., 2016). However, vacuolation in the epithelial cells of the choroid 

plexus is of concern because it is the main source of cerebrospinal fluid and a key component of 

the blood-cerebrospinal fluid barrier (Stidl et al., 2018).  

PEG is been regarded to be a non-antigenic, non-immunogenic moiety. However, some studies 

have found that mPEG modified protein can induce the production of antibodies in response to 
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PEG, thereby accelerating drug clearance. The production of antibodies may be related to the 

terminal monomethoxy group (Armstrong et al., 2007; Sherman et al., 2012). Currently, the 

discovery of PEG antibodies has been limited to PEG modified protein drugs, which affects their 

efficacy to some extent, but whether this will have further negative impacts requires further 

research. With the development of new polymers and conjugates, nonclinical toxicology studies 

will be important to determine their tissue location, antibody generation, and possible functional 

consequences associated with vacuolation, and in order to evaluate potential safety risks (Ivens 

et al., 2015; Ko and Maynard, 2018). Currently, PEG is still the best polymer available with the 

longest clinical track record; however, further studies are underway to develop alternative 

polymers to address the limitations of PEG (Qi and Chilkoti, 2015).  

1.10 Objectives 

Accumulating evidence implicates the GHR in cancer. However, the only clinically available 

GHR antagonist, pegvisomant, is not suited to routine preclinical studies due to the very high 

dose needed in rodents. The aim of this project was to generate a long-acting PEGylated GHR 

antagonist for in vivo use. In order to achieve this, four approaches were taken. Chapter 3 

describes an effective method to produce biologically active PEGylated human GHR antagonists 

(B2036, B20 and G120Rv) by amine reactive PEGylation, and determine their in vivo PK 

behaviour in mice. Chapter 4 presents the strategy to produce a long-acting GHR antagonist by 

site-specific PEGylation in order to minimise the decrease in activity associated with PEGylation 

while retaining the PK benefits that accompany polymer attachment, and also determine their in 

vivo PK profile and bioactivity by measuring serum IGF-I level in mice. Finally, Chapter 5 

introduces the generation of the mGhr antagonist bovine G119R and another version of human 

GHR antagonist B24, and examine their in vitro and in vivo bioactivity, particularly, B24 is 

expected to be an inhibitor to both human GHR and mouse Ghr.  
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Chapter 2. Materials and Methods 

 

2.1 Materials 

 Common chemicals, reagents and antibodies 

Table 2.1 List of chemicals, reagents and suppliers 

Material Source 

1Kb plus DNA ladder  Life Technologies, Carlsband, CA, USA  

Acrylamide/Bis solution (40%)  Bio-Rad laboratories, Inc., Hercules, CA, USA 

Agarose (Ultra-pure)  Life Technologies, Carlsbad, CA, USA 

Ammonium persulfate (APS)  Serva Electrophoresis, Heidelberg, Germany 

Ampicillin  Sigma Chemical Company, St Louis, MO, USA 

Bacto TM tryptone  BD Biosciences, Franklin lakes, NJ, USA  

Bacto TM Yeast extract  BD Biosciences, Franklin lakes, NJ, USA  

Bovine serum albumin (BSA) 
Immuno Chemical Products Ltd, Auckland, New 

Zealand 

Dimethyl-sulphoxide (DMSO)  Sigma Chemical Company, St Louis, MO, USA 

Disodium hydrogen phosphate  Sigma Chemical Company, St Louis, MO, USA 

Dithiothreitol (DTT)  Sigma Chemical Company, St Louis, MO, USA 

DMEM (high glucose) media  Life Technologies, Carlsbad, CA, USA 

EDTA  Sigma Chemical Company, St Louis, MO, USA 

ELISA Ultrablock Bio-Rad AbD Serotec, USA 

Ethanol (absolute, analytical grade)  Scientific Supplies Ltd, Auckland, New Zealand 

Ethidium bromide  Sigma Chemical Company, St Louis, SMO, USA 

Fetal bovine serum (FBS) Gibco New Zealand Ltd., Auckland, New Zealand 

Glycerol  Sigma Chemical Company, St Louis, MO, USA 

Glycine  Applichem GmbH, Darmstadt, Germany 

Hydrochloric acid  Scientific Supplies Ltd, Auckland, New Zealand 

Isopropanol  Scientific Supplies Ltd, Auckland, New Zealand 

Isopropyl-beta-D-

thiogalactopyranoside (IPTG) 
Thermo Fisher Scientific, New Zealand 

L-glutamine  Gibco New Zealand Ltd., Auckland, New Zealand 

Magnesium Chloride  Scientific Supplies Ltd, Auckland, New Zealand 

Methanol  Scientific Supplies Ltd, Auckland, New Zealand 

Methoxy PEG Succinimidyl 

Propionate, MW 5000 
JenKem Technology, USA 

Methoxy PEG Maleimide MW 20000 JenKem Technology, USA 

Methoxy PEG Maleimide MW 30000 JenKem Technology, USA 
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Methoxy PEG Maleimide MW 40000 JenKem Technology, USA 

2-Mercaptoethanol Sigma Chemical Company, St Louis, MO, USA 

Penicillin (1000 U/mL) Gibco New Zealand Ltd., Auckland, New Zealand 

Streptomycin (1000 μg/mL) Gibco New Zealand Ltd., Auckland, New Zealand 

PVDF membrane Bio-Rad laboratories, Inc., Hercules, CA, USA 

Phenylmethylsulfonyl fluoride (PMSF) Sigma Chemical Company, St Louis, MO, USA 

PBS buffer Sigma Chemical Company, St Louis, MO, USA 

RPMI 1640 medium  Life Technologies, Carlsbad, CA, USA 

SeeBlue plus2 protein marker  Life Technologies, Carlsbad, CA, USA 

Sodium dodecyl sulfate (SDS)  Life Technologies, Carlsbad, CA, USA 

Sodium Dihydrogen Phosphate  Scientific Supplies Ltd, Auckland, New Zealand 

Taq DNA Polymerase Thermo Fisher Scientific, New Zealand 

Tetramethylethylenediamine (TEMED)  Sigma Chemical Company, St Louis, MO, USA 

Tris Serva Electrophoresis, Heidelberg, Germany 

Triton X100  Sigma Chemical Company, St Louis, MO, USA 

Trizol Life Technologies, Carlsbad, CA, USA 

Trypsin  Gibco New Zealand Ltd., Auckland, New Zealand 

Tween-20  Serva Electrophoresis, Heidelberg, Germany 

SYBR safe Invitrogen Life Technologies, Carlsbad, CA, USA 

Ultrablock (ELISA) Bio-Rad laboratories, Inc., Hercules, CA, USA 

 

 

Table 2.2 List of antibodies and suppliers 

Antibody 
Catalogue 

No. 
Supplier 

Anti-rabbit IgG, HRP-linked antibody  7074 
Cell Signalling Technology, Beverly, 

MA, USA 

Anti-mouse IgG, HRP-linked antibody  A4416  
Sigma Chemical Company, St Louis, 

MO, USA 

Anti-goat IgG, HRP-linked antibody  A5420  
Sigma Chemical Company, St Louis, 

MO, USA 

Novex™ Phospho-STAT5 pTyr694 

antibody  
44-390G  

Life Technologies, Carlsband, CA, 

USA 

Monoclonal Anti-β-Actin antibody 

produced in mouse 
A1978 

Sigma Chemical Company, St Louis, 

MO, USA 

Stat5 Antibody (C-17)  sc-835  Santa Cruz Biotechnology, USA 

Human/Mouse/Rat GH Antibody AF1067 R&D systems, Minneapolis, MN, USA 
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Table 2.3 List of growth factors and suppliers 

Growth factor Sources 

Human recombinant pituitary growth 

hormone 

Harbor-UCLA Medical Centre, Torrance CA, USA 

Human recombinant prolactin Harbor-UCLA Medical Centre, Torrance CA, USA 

Mouse recombinant growth hormone Harbor-UCLA Medical Centre, Torrance CA, USA 

Recombinant mouse interleukin 3 Thermo Fisher Scientific, New Zealand 

 

Additional chemicals 

The human GHR antagonist B2036 was provided in liquid form by Pfizer at 10.4 mg/mL (472.73 

µM) and stored in aliquots at -20℃. 

 

 Materials for Molecular Biology 

2.1.2.1 Common Buffers 

TAE: 40 mM Tris acetate, 2 mM EDTA 

6xDNA loading dye: 30% glycerol, 0.25% bromophenol blue, 0.25% xylene cyanol in TAE 

10x Taq Buffer: 500 mM KCl, 100 mM Tris HCl pH9.0, 1% Triton X-100 in H2O 

2.1.2.2 Codon optimised DNA sequences 

Codon optimised DNA sequences encoding the mature form of the target protein were 

synthesised (ATUM, Newark, California, USA) and supplied in vector pD434. The target 

proteins included B2036, B20, G120Rv, B2036-S144C, B24 and bG119R. B2036 is a mutated 

version of human GH with 9 amino acid substitutions (G120K, H18D, H21N, R167N, K168A, 

D171S, K172R, E174S and I179T). B20 is a variant of B2036 in which G120R replaces G120K. 

G120Rv contains the original G120R substitution and two additional substitutions (K168A and 

K172R). B2036-S144C is a mutated form of B2036 with an additional mutation on S144C. B24 

is a mutated version of human GH with 10 amino acid substitutions (G120R, H18A, Q22A, 

F25A, D26A, Q29A, E65A, K168A, K172R, and E174A). bG119R is a mutated bovine Gh 

molecule which contains the G119R, K167A and K171R substitutions. 
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2.1.2.3 Primers 

Table 2.4 Primer sequences 

Vector name Primer Name Primer sequence 

pET32a-B2036 B2036_fwd 5’- CGCGGATCCTTCCCGACGATCCCTCTG-3' 
 B2036_rev 5’- CCGGAATTCTCAACCTCAAAAACCGCAGG-3'  

pET21b-B2036 B2036_fwd 5’- CGCGGATCCTTCCCGACGATCCCTCTG-3' 
 B2036_rev 5’- CCGGAATTCTCAACCTCAAAAACCGCAGG -3'  

pET32a-B20 B2036_fwd 5’- CGCGGATCCTTCCCGACGATCCCTCTG-3' 

  B20G120R_rev 5’- CCGGAATTCTCATTAAAAACCGCAGGAAC-3'  

pET32a-G120Rv B2036_fwd 5’- CGCGGATCCTTCCCGACGATCCCTCTG-3' 

  B20G120R_rev 5’- CCGGAATTCTCATTAAAAACCGCAGGAAC-3'  

pET32a-bG119R bGH-G119R_fwd 5’- CGCGGATCCTTCCCTGCAATGTCTCTGTCC-3' 

  bGH-G119R_rev 5’- CCGGAATTCTCATTAGAACGCACAGCTGG-3' 

pET32a-S144C B2036_fwd 5’- CGCGGATCCTTCCCGACGATCCCTCTG-3' 

  B20G120R_rev 5’- CCGGAATTCTCATTAAAAACCGCAGGAAC-3'  

pET32a-B24 B2036_fwd 5’- CGCGGATCCTTCCCGACGATCCCTCTG-3' 

  B20G120R_rev 5’- CCGGAATTCTCATTAAAAACCGCAGGAAC-3'  

Sequencing T7 terminator 5’ GCTAGTTATTGCTCAGCGG-3' 

Restriction enzyme sites are underlined.  

2.1.2.4 Plasmids 

pD434 

E.coli inducible expression vector containing T7 promoter. Codon optimised DNA sequences 

were supplied in pD434 (ATUM, Newark, California, USA). 

pET-32a.3C 

E.coli inducible expression vector modified by inserting a PCR fragment containing a 3C 

protease recognition site followed by the gene for a T-cell receptor construct (by R. Langley, 

University of Auckland). The TCR insert was cut out using BamHI and EcoRI and the MCS 

sequence BamHI-SmaI-PstI-EcoRI was inserted in its place (by T. Proft, University of Auckland). 

2.1.2.5 Media for bacterial growth 

All media was sterilized at 121°C for 15 min prior to use. 

Luria-Bertani (LB) broth: 1% Bacto Tryptone, 0.5% Bacto Yeast Extract, 1% NaCl. 

Sterilised by autoclaving. 

LB Agar Plates: LB media with 1.5% bacto-agar. 
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2.1.2.6 Selective antibiotics 

Ampicillin: Stock concentration of 100 mg/mL in H2O 

Kanamycin: Stock concentration of 15 mg /mL in H2O 

Chloramphenicol: Stock concentration of 30 mg /mL in ethanol 

All stocks were diluted 1/1000 in culture medium. 

2.1.2.7 Bacteria Strains 

E.coli DH5α For plasmid cloning and pGEX-3C protease protein 

expression. 

E. coli AD494 (DE3) pLysS Obtained from Novagen. For pET-32a.3C system protein 

expression, this strain is chloramphenicol and kanamycin 

resistant. 

2.1.2.8 Mammalian cell lines 

The human prostate carcinoma cell line, LNCaP, breast cancer cell lines MCF7, T47D, SK-BR3, 

mouse myoblast cell line C2C12, and mouse melanoma cell line B16F10, were obtained from 

the American Type Culture Collection (ATCC). Mouse Ba/F3 cells stably expressing the human 

GHR (Ba/F3-GHR) were a kind gift from Professor Mike Waters (University of Queensland, 

Australia). Mouse Ba/F3 cells stably expressing the mouse Ghr (Ba/F3-Ghr) were established in 

our lab. 

2.1.2.9 Media for mammalian cell culture 

All media and components were sterilized in a Class II biosafety cabinet by filtration. RPMI-

1640 medium powder and DMEM F12 medium powder were from Gibco, Invitrogen, USA. 

Fetal bovine serum (FBS) was from Moregate Biotech, Australia.  

RPMI-1640 full media RPMI-1640 pH 7.4, 1.5 mg/mL sodium bicarbonate, 50 

U/mL penicillin, 50 μg/mL streptomycin, 2 mM L-

glutamine, 5 % heat inactivated FBS. 

DMEM F12 full media DMEM F12 pH 7.4, 1.5 mg/mL sodium bicarbonate, 50 

U/mL penicillin, 50 μg/mL streptomycin, 2 mM L-

glutamine, 5 % heat inactivated FBS 

RPMI-1640 serum free media RPMI-1640 pH 7.4, 1.5 mg/mL sodium bicarbonate, 50 

U/mL penicillin, 50 μg/mL streptomycin, 2 mM L-

glutamine 
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DMEM F12 serum free media DMEM-F12 pH 7.4, 1.5 mg/mL sodium bicarbonate, 50 

U/mL penicillin, 50 μg/mL streptomycin, 2 mM L-

glutamine 

Heat inactive FBS Heat inactivated at 56°C for 30 min 

 

 Materials for Protein Expression and Analysis 

2.1.3.1 Common Buffers 

Coomassie stain buffer: 0.06% Brilliant Blue R-250, 40% methanol, 10% acetic 

acid 

Coomassie destain buffer: 50% methanol,  40% ddH2O, 10% acetic acid 

Phosphate-buffered saline (PBS): 120 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 1.76 

mM KH2PO4 

Bacteria lysis buffer: 1 × PBS, pH 7.4, 150 mM NaCl, 1% Triton X-100, 10% 

glycerol, 1 mM PMSF 

NTA wash buffer: 1 × PBS, pH 7.4 with 150 mM NaCl, 10 mM imidazole, 

0.1% Triton X-100, 10% glycerol 

NTA elution buffer: 1 × PBS, pH 7.4 with 150 mM NaCl, 200 mM 

imidazole, 0.1% Triton X-100, 10% glycerol 

Mono Q wash buffer: 50 mM Tris-HCl pH 8.0, 10% glycerol 

Mono Q elution buffer: 50 mM Tris-HCl pH 8.0, 1 M NaCl, 10% glycerol 

DEAE wash buffer: 50 mM Tris-HCl pH 8.0, 10% glycerol 

DEAE elution buffer: 50 mM Tris-HCl pH 8.0, 1 M NaCl, 10% glycerol 

PBS-T (ELISA):  PBS pH 7.4, 0.05%  Tween 20 

PBS-T (WB):  PBS pH 7.4, 0.1% Tween 20 

Inclusion body solubilising buffer: 50 mM Tris-HCl pH 9.5, 10 mM EDTA, 8 M urea, 4 mM 

DTT 

Inclusion body refold buffer: 50 mM Tris-HCl pH 9.5, 1 mM EDTA, 1 mM PMSF, 

100 mM glycine, 1 mM cystamine and 5 mM cysteamine 

SDS-PAGE running buffer 25 mM Tris HCl, 250 mM glycine, 0.1% SDS 

Western Transfer buffer 0.192 M Glycine; 25 mM Tris, 20% methanol 

Sample buffer 125 mM Tris-HCl pH 6.8,  4.1% SDS, 20% glycerol, 10-

4% Bromophenol Blue, 300 mM 2-mercaptoethanol 

SDS-PAGE resolving buffer 1.5 M Tris-HCl, pH 8.8 

SDS-PAGE separating buffer 0.5 M Tris-HCl, pH 6.8 

10% APS  150 μL ddH2O + 15 μg APS  
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2.1.3.2 Functional assays 

Table 2.5 List of commercial assay kits 

Assay Kits Supplier 

Human Growth Hormone (GH) DuoSet ELISA R&D systems, Minneapolis, MN, USA  

Mouse/Rat IGF-I ELISA kit Mediagnost, Reutlingen, Germany 

Alpha Sure Fire STAT5 p-Y694/699 PerkinElmer, Boston, Mass, USA 

Pierce LAL Chromogenic Endotoxin Quantitation 

Kit 
Pierce, Thermo Scientific, IL, USA 

BCA Protein Assay Kit Pierce, Thermo Scientific, IL, USA 

 

 

2.2 Methods 

 Molecular biology methods 

2.2.1.1 Polymerase Chain Reaction 

Polymerase Chain Reaction (PCR) was performed in 50 μL reaction volumes, containing 1 x 

PCR buffer, 2.5 mM MgCl2, 100 μM of each dNTP, 0.2 μM of forward and reverse primers, 5 

units of Taq DNA polymerase (Invitrogen, California, USA) and ~ 1 pg of template DNA. 

Reactions were performed using an Eppendorf Mastercycler (Eppendorf, Germany) with the 

following cycling conditions: denaturation at 94°C for 5 min; 30 cycles of 30 sec of denaturation 

(94°C), 1 min of annealing at 55°C; 1 min of elongation (72°C); followed by a final elongation 

at 72°C for 10 min. For colony screening, reaction volumes were reduced to 25 μL. A sterile 

micropipette tip was used to transfer a few cells from each colony to a corresponding PCR tube. 

After PCR, 5 µL of each reaction was subjected to electrophoresis on a 1% agarose gel. 

2.2.1.2 DNA analysis and purification 

a) Agarose gel electrophoresis 

Plasmid DNA and PCR products were prepared in 1 x DNA loading dye and were 

electrophoresed at 100 V for 30-45 min on 1% agarose gels in TAE buffer. Gels were stained in 

1 x SYBR safe in TAE buffer for 10 min and washed with Milli Q H2O for 10 min. DNA bands 

were visualized under blue light. 1Kb plus DNA ladder was used as a reference for product sizes. 
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b) DNA extraction from agarose gels 

DNA was purified from TAE agarose gels using a E.Z.N.A.® Gel Extraction Kit (OMEGA, Bio-

tek, Norcross, GA, USA). After cutting the required DNA band out of the gel, it was dissolved 

into 1 volume Binding Buffer at 60℃ for 7 min or until the gel completely melted. The melted 

agarose solution was transferred to a HiBind® DNA Mini column and centrifuged at 10,000 g 

for 1 min. The flow through was discarded and the column was washed twice with 700 μL of 

Wash Buffer followed by a 13,000 g centrifugation for 1 min. 30-50 μL of H2O was added 

directly to the column matrix and the DNA eluted by centrifugation at 13,000 g for 1 min. 

 

2.2.1.3 DNA Manipulation 

a) Restriction endonuclease digestion of DNA 

Vector DNA or PCR products were typically digested in 50 μL reaction volumes containing 1 

μL of BamHI and EcoRI (New England Biolabs, Ipswich, MA, USA); 5 μL of 10 x NEB buffer 

2, 0.1% BSA and Milli Q H2O. Digestions were carried out for 2 h at 37°C. If vector DNA was 

being cut, 1 U of calf intestinal alkaline phosphatase (New England Biolabs, Ipswich, MA, USA) 

was added to the digest 15 min prior to completion. The products were separated using agarose 

gel electrophoresis and purified using gel purification of DNA (see 2.2.1.2). 

b) Ligation of DNA 

Linearised vector and digested insert DNA were ligated at a 3:1 insert:vector molar ratio with 1 

μL of T4 DNA ligase (New England Biolabs, Ipswich, MA, USA) as specified by the 

manufacturer’s instructions. The reactions were carried out in a total volume of 20 μL for 10 min 

at room temperature. 

c) Plasmid extraction and purification 

E. coli DH5α cells containing a plasmid of interest were grown overnight in LB medium (5-10 

mL) with appropriate antibiotics at 37°C with agitation (200 rpm). Bacteria cells were collected 

by centrifugation at 5,000 g for 10 min and processed by E.Z.N.A.® Plasmid DNA Mini Kit. The 

pellet was resuspended in 500 μL of Solution I / RNase A. Bacteria were lysed by the addition 

of 500 μL plasmid preparation Solution II, mixed by gentle inversion and then neutralized by the 

addition of 700 μL Solution III. Plasmid containing solution was centrifuged at 13,000 g for 10 
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min. The DNA-containing phase (supernatant) was transferred to a HiBind® DNA Mini Column 

and centrifuged for 1 min. 500 μL DNA Wash Buffer was added to the column and centrifuged 

for 1 min, following by another 2 min centrifugation after discarding the filtrate. The purified 

plasmid was eluted by 80-100 μL Elution Buffer. 

d) Preparation of glycerol stocks 

Stationary phase bacterial cultures of sequence-confirmed E. coli cells were mixed with glycerol 

to a final concentration of 20% and frozen at -80℃. 

2.2.1.4 Transformation 

a) Preparation of calcium component E. coli cells 

E. coli DH5α or AD494 pLysS were inoculated from a glycerol stock into a LB agar plate (no 

antibiotics for DH5α; 30 µg/mL chloramphenicol and 15 µg/mL kanamycin for 

AD494(DE3)pLysS cells), and grow plate overnight at 37°C. A single colony was selected from 

LB plate and inoculated in a 10 mL starter LB culture medium at 37°C overnight with agitation 

(200 rpm). This starter was used to inoculate with 1 L LB medium at a 1 in 100 dilution, and was 

incubated at 37°C with with agitation until the OD600 reached 0.35-0.4. The cells were then 

pelleted by centrifugation at 1,500 g for 15 min, the supernatant was discarded and the cells were 

resuspended in 100 mL of ice cold 100 mM MgCl2. The cells were kept on ice for 10 min and 

pelleted by centrifugation at 2,000 g for 15 min, the supernatant was discarded and the cells were 

resuspended in 200 mL of ice cold 100 mM CaCl2. The cells were kept on ice for at least 20 min 

and pelleted by centrifugation at 2000 g for 15 min, the supernatant was discarded and the cells 

were resuspended in 50 mL of ice cold 85 mM CaCl2, 15% glycerol. The competent cells were 

aliquot into 50 μL volumes, snap frozen in a dry ice/ethanol bath, and stored at -80℃. 

b) Transformation 

50 μL of competent E. coli were thawed on ice and then incubated with 5 μL of ligation mixture 

(see 2.2.1.3b) or 0.5 μL of purified plasmid (see 2.2.1.3c) for 10 min on ice. Bacteria were heat 

shocked at 42°C for 45 sec and then recovered on ice for 2 min. Bacteria were then incubated in 

950 μL LB media at 37°C for 30-60 min. Bacteria were pelleted by centrifugation at 2,000 g for 

10 min and then resuspended in 100 μL of LB media. The transformed bacteria were selected on 
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LB agar plates containing the appropriate antibiotics and incubated overnight at 37°C. Colonies 

were screened by PCR to confirm the presence of insert DNA (see 2.2.1.1). 

 Protein Expression and Purification 

2.2.2.1 Protein expression and extraction from E. coli 

All GHR antagonists were expressed using the pET32a.3C expression system. E. coli strain 

AD494(DE3)pLysS transformed with the pET32a.3C carrying gene of interest were cultured in 

10 mL of LB medium with 100 g/mL ampicillin, 34 g/mL chloramphenicol, and 15 g/mL 

kanamycin at 37℃ overnight with agitation (200 rpm). The following day, cultures were diluted 

1/10 in 1 L of LB medium with the appropriate antibiotics and allowed to grow at 37°C with 

agitation (200 rpm) until an OD600 of approximately 0.6. Then, the cultures were induced with 

0.1 mM IPTG, and cells were further grown at either 37℃ or 30℃ for 4 h, or 18℃ for 18h. The 

cells were then harvested by centrifugation at 8,000 g for 20 min, and cell pellets were suspended 

in 30-40 mL of lysis buffer and stored at -80℃.  

3C protease was used to cleave the protein from Thioredoxin (Trx)-His6 tag. The pGEX-3C 

protease plasmid was transformed into DH5α component cells, and cells were inoculated into 10 

mL LB media with 100 μg/mL ampicillin at 37°C with agitation (200 rpm) overnight. The 

following day, cultures were diluted 1/10 fold in 1 L fresh LB medium containing 100 μg/mL 

ampicillin and incubate at 37°C with shaking for 1-2 h until OD600 reach 0.4-0.6, 0.1mM IPTG 

was added to the medium, and continue incubating on a shaker for a further 4 h at 30°C. The 

cells were harvested by centrifugation and resuspended in 30 mL lysis buffer and stored at -80℃.  

Frozen bacterial suspensions were thawed on ice and sonicated at 200 W (60 ×1s pulses) using 

a Uibra cell TM sonicator (Sonics & Materials, Newtown, CT, USA) and then centrifuged at 

10,000 g for 30 min. The soluble (supernatant) and insoluble (pellet) fractions were analysed by 

SDS-PAGE and coomassie blue staining to determine which fractions contained the recombinant 

proteins. 

2.2.2.2 Protein purification 

For protein expressed into soluble faction, the supernatant was filtered through a 22 μM syringe 

filter (Merck Millipore, Darmstadt, Germany) and was applied to a series of chromatography, 
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including immobilized metal affinity, anion-exchange and size-exclusion chromatography. For 

protein expressed as inclusion bodies, inclusion bodies were refolded as described in Chapter 3.  

a) Nickel affinity chromatography 

Bacterial lysate containing soluble proteins was passed over a Ni-NTA column (the resin bed 

volume is approximately 5 mL, prepared in-house) that had been equilibrated with NTA washing 

buffer. The column was then washed with 5 column volumes (CV) of NTA washing buffer. 

Bound fusion protein was directly eluted by NTA elution buffer. Fusion protein was dialysed 

against washing buffer and then cleaved by the addition of 3C protease (1/100 of estimated fusion 

protein) and 0.2 mM DTT at 4°C for at least 16 h.  

The Trx-His6 tag was then removed by reverse Ni-NTA affinity chromatography. Cleaved 

protein was passed through the column and dialysed against MonoQ washing buffer for further 

purification by anion exchange chromatography.  

b) Anion exchange chromatography 

Cleaved protein were purified by anion exchange chromatography (Mono Q 5/50, GE Healthcare, 

Sweden) on an AKTA fast protein liquid chromatography (FPLC) system (GE Healthcare, USA). 

Following dialysing against MonoQ washing buffer, 6-8 mL of protein solution was applied to 

the column at 2 mL/min through a 10 mL loading loop. Bound protein was then eluted over a 

linear gradient from 0-0.3 M NaCl over 10 CV at a flow rate of 2 mL/min. Fractions forming the 

major peak absorbance at 280 nm were collected and analysed by SDS-PAGE. Fractions with a 

high degree of purity were dialysed against PBS (pH 7.4). Protein concentration was determined 

using a Pierce BCA assay with BSA as a standard (Thermo Fisher, USA).  

c) Size exclusion chromatography 

Size exclusion chromatography was performed on a Superdex 75 column (5/150 GL GH 

healthcare) to further purify the protein solution.  PBS pH 7.4 was used as running buffer at 1 

mL/min. After equilibrating the column with running buffer, 0.5 mL of concentrated protein was 

loaded onto the column. Fractions were collected by peak absorbance at 280 nm. 

d) Glutathione agarose affinity chromatography 

The supernatant of the cell lysis containing glutathione S-transferase (GST) fused 3C protease 

was passed through a glutathione agarose column equilibrated with wash buffer (1×PBS pH 7.4) 

and washed with 5 CV of wash buffer. The GST fusion protein was eluted by elution buffer (50 
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mM Tris-HCl, 10 mM reduced glutathione, pH 8.0). Purified GST-3C protease was then dialysed 

against 1×PBS (pH 7.4) and stored at -20℃ with 50% glycerol. GST-3C protease maintains 

strong activity at 4℃. 100 µg 3C protease can cleave 10 mg recombinant protein with 0.2 mM 

DTT at 4℃ for at least 16 h. 

 Protein Analysis and Manipulation 

2.2.3.1 Protein electrophoresis 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE gels (4% stacking gel and 7.5-15% separating gel) were prepared. For reduced SDS-

PAGE, samples were mixed with 6 × sample buffer (10% 2-mercaptoethanol) and heated at 95°C 

for 10 min to denature and reduce the proteins. For non-reduced SDS-PAGE, samples were 

mixed with 6 × sample buffer, with no heating. 10-15 μL samples were loaded on the gel and the 

gel was run for approximately 60 min at 100 V until the dye front had reached the bottom of the 

glass plate. 

Coomassie blue staining 

After electrophoresis, SDS-PAGE gels were stained in Coomassie Blue stain buffer for at least 

30 min with gentle shaking (~50 rpm) to visualise protein. The gel was then rinsed with 

coomassie destain solution. 

Iodine solution staining 

Iodine staining was used to stain and visualise PEG. After electrophoresis, SDS-PAGE gels were 

stained in 0.1 M iodine solution for 5-10 min with gentle shaking (~50 rpm) to visualise PEG. 

The gel was then rinsed with Milli Q H2O. 

2.2.3.2 Western Blotting 

Following electrophoresis, a Polyvinylidene Fluoride (PVDF) membrane was soaked in 

methanol for 30 sec, washed with water and equilibrated in transfer buffer for 5-10 min. The 

transfer apparatus was assembled in the following order: black side of the gel holder cassette; 

pre-wetted fibre pad; pre-wetted filter paper; gel; membrane; pre-wetted filter paper; pre-wetted 

fibre pad; red side of the gel holder cassette. Transfer was carried out for 60 min at 100 V. Then, 
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the PVDF membrane was removed from the transfer apparatus and incubated in blocking buffer 

(5% no fat milk powder in PBS-T buffer) for 1-2 h at room temperature with agitation. 

After blocking, the membrane was incubated overnight at 4°C in primary antibody diluted in 

blocking buffer (1% BSA in PBS) according to the manufacturer’s datasheet. Afterwards, the 

membrane was washed 3 times with PBS-T and incubated in corresponding secondary HRP-

conjugated antibody diluted in blocking buffer for 1h at room temperature. Then the membrane 

was washed 5 times with wash buffer. To detect the protein of interest, the membrane was 

incubated in SuperSignal West Dura Extended Duration Substrate (Pierce Biotechnology Inc, 

Rockford, Illinois, USA), according to the manufacturer’s instructions. The membrane was 

drained of excess developing solution, wrapped in plastic wrap, visualised and analysed on a 

BioRad ChemiDoc MP System.  

2.2.3.3 Protein PEGylation 

Non-specific amine PEGylation  

A 50 mg/mL stock solution of 5 kDa methoxy PEG succinimidyl propionate was prepared in 0.1 

mM HEPES buffer pH 8.0 immediately before use. 20 μL of protein (1 μg/μL) was prepared in 

HEPES buffer in a LoBind tube. The appropriate amount of PEG solution was added to each 

reaction followed by incubation on a shaker at room temperature for 2 h. Conjugation was 

assessed by SDS-PAGE. Coomassie blue stain was used to visualise protein and 0.1 M iodine 

stain was used to visualise PEG. The protocol for amine protein PEGylation and purification is 

described in Chapter 3. 

Site-specific thiol PEGylation  

Site-specific thiol PEGylation was carried out on a solid support (nickel resin). Lysates generated 

from bacteria cultured in 250 mL media were loaded onto a 5 mL Ni-NTA gravity column. 

Protein was immobilised on nickel resin. 1 mL of methoxyPEG maleimide (mPEG maleimide), 

was added to the column and incubated with protein at room temperature for 2 h. The 

concentrations of 20, 30 and 40 kDa mPEG maleimide were 100, 150, and 200 mg/mL, 

respectively. After elution, fractions containing PEGylated proteins were collected. The protocol 

for site-specific protein PEGylation and purification is described in Chapter 4. 
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2.2.3.4 Mass spectrometry (MS) analysis 

Site-specific PEG-B2036 conjugates were desalted using a 10 kDa cut-off spin column and 

analysed by matrix-assisted laser desorption ionization (MALDI) time-of-flight (TOF) MS using 

a Bruker UltrafleXtreme MALDI-TOF/TOF MS with 2kHz UV laser. The matrix was 10 mg/mL 

sinapic acid (SA) in a 50:50 mixture of acetonitrile and water containing 0.1% trifluoroacetic 

acid. PEGylated conjugates were mixed with matrix at a volume ratio of 1:1 and loaded on a 

gold plate. The detection method was set to linear/positive mode. 

2.2.3.5 Determination of endotoxin content  

Endotoxin levels in the final purified conjugates were measured using a Pierce LAL 

Chromogenic Endotoxin Quantitation Kit (Thermo Fisher Scientific, New Zealand). 50 µL of 

each conjugate, standards, and endotoxin-free water was dispensed onto a 96 well-plate pre-

equilibrated at 37 ± 1℃, and 50 µL of Limulus Amebocyte Lysate (LAL) was added to each 

well. After incubation for 10 min, 100 μL substrate solution was added to the samples and 

incubated for 6 min. Then, 100 µL stop reagent (25% v/v glacial acetic acid in water) was added 

to terminate the reaction. Absorbance at 405 nm was measured using a spectrophotometer. A 

standard curve was prepared by plotting the average blank-corrected absorbance for each 

standard on the y-axis vs. the corresponding endotoxin concentration in EU/mL on the x-axis. 

The coefficient of determination, R2, was ≥0.98. The endotoxin concentration of each unknown 

sample was determined using the formulated standard curve (linear regression). 

 Cell culture 

All cell culture work was undertaken in a laminar flow hood under sterile conditions. 

2.2.4.1 Passaging and harvesting of cell lines 

Ba/F3-GHR, Ba/F3-mGhr, LNCaP, MCF7, T47D and SK-BR3 cells were maintained in RPMI 

1640 full media. Ba/F3-GHR cells were routinely cultured in the presence of 25 ng/mL human 

GH. C2C12 and B16F10 cells were maintained in DMEM F12 full media. Cell lines were grown 

in 75 cm2
  tissue culture flasks (Greiner Bio-One, Frickenhausen, Germany) containing 10-20 

mL of growth media at 37°C in a humidified 5% CO2 incubator.  

A continual stock of cell lines was maintained by splitting a portion of cells into a new flask once 

cells reached 70-80% confluence. To passage cells, the media was removed and cells were 
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washed with PBS followed by addition of 1 mL of trypsin/EDTA. Cells were incubated in the 

incubator for 2-3 min until all the cells had detached from the flask, which was verified under 

the microscope. Following trypsinisation, 10 mL of serum supplemented media was added to 

each flask to neutralise the trypsin. The cell suspensions were transferred to 50 mL Falcon tubes 

and centrifuged at 1000 rpm for 5 min. The supernatant was aspirated and cell pellets were re-

suspended in fresh media. For further culturing of stock cultures, an appropriate proportion of 

this media was transferred into a fresh tissue culture flask and approximately 20 mL of fresh 

media added.  

2.2.4.2 Cell counting 

For setting up experiments and measuring experimental end points, cell concentrations were 

measured using haemocytometer. 20 μL of the cell suspension was transferred to an Eppendorf 

tube and mixed with 180 μL of 0.4% Trypan blue dye. 10 μL of this dilution was transferred 

onto a haemocytometer and counted. The number of cells in 4 corner quadrants was counted and 

the number of cells/mL calculated using the formula below. This was repeated 3 times and value 

averaged.  

Cells/mL= (number of cells in 4 quadrants/4) × dilution factor × 104 

2.2.4.3 Storage of cell lines 

Cells were trypsinised and resuspended in 10 mL of fresh media, counted and then centrifuged 

(1000 rpm, 5 min). Following removal of the supernatant, cells were re-suspended in freezing 

media (50% PRMI, 40% FBS, 10% DMSO) at 5×106 - 1×107 cells/mL and 1 mL aliquots of the 

cell suspension were placed into cryogenic vials (Nalgene, Rochester, NY, USA). The vials were 

placed into a freezing chamber containing isopropanol (Nalgene, Rochester, NY, USA) and 

placed into a -80°C freezer for at least 24 h to allow gradual cooling and freezing for cell 

preservation. After frozen cells were stored in the vapour phase of liquid nitrogen for long-term 

storage. 

2.2.4.4 Revival of cell lines from liquid nitrogen storage 

Cell aliquots from each cryogenic vial were thawed immediately at 37°C, and transferred into a 

T-25 tissue culture flask (Greiner Bio-One, Frickenhausen, Germany) and cultured at 37°C in a 
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humidified 5% CO2 incubator. The media was changed the next day (to remove DMSO and dead 

cells) and then every two days to allow growth of revived cells. 

2.2.4.5 Mycoplasma detection assay 

All cell lines were routinely tested for mycoplasma. The MycoAlert™ kit (Lonza, Walkersville, 

MD) is used for the detection of mycoplasma in cell cultures. Cells were cultured for at least 48 

h without antibiotics and the cell culture supernatant (sample) was collected by centrifugation at 

200 g for 10 min and can be stored at 4°C for testing the same day. 100 μL of sample was added 

to each well. Then, 100 μL of MycoAlert™ reagent was added to each sample. Reading A was 

measured in a luminometer after 5 min. 100 μL of MycoAlert™ substrate was then added to each 

sample. Reading B was measured after 10 min. The ratio was calculated as Reading B/Reading 

A. The ratio of Reading B to Reading A is used to determine whether a cell culture is 

contaminated by mycoplasma (see table 2.6). 

Table 2.6 Interpretation of the ratio of Reading B to Reading A 

Ratio Interpretation 

< 0.9 Negative for mycoplasma 

0.9 - 1.2 Borderline: quarantine cells, retest in 24 h 

> 1.2 Mycoplasma contamination 

 

 Animal study  

All protocols were approved by the Animal Ethics Committee of the University of Auckland 

(Approval# 001781).  CD1 mice aged 6-8 weeks were housed under standard conditions and 

maintained at 22°C with a 12 h light/dark cycle and with ad-libitum access to food and water.   

2.2.5.1 Pharmacokinetic (PK) studies  

In vivo PK studies were conducted under a protocol (#1781) approved by the University of 

Auckland Animal Ethics Committee. CD1 mice (approximately 22 g) were administered with a 

single dose of PEGylated protein subcutaneously (s.c.) at 0.2 mg protein/kg, and blood samples 

were collected at 0.5, 1, 2, 6, 24, 48, 72 and 96 h after dosing by cardiac puncture following 

terminal CO2 anaesthesia (n=3 animals per time point).  Male mice were used for amine 

PEGylated B20 and female mice were used for site-specific PEG-B2036. PEGylated proteins 
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were assayed with a sandwich-type enzyme-linked immunosorbent assay (ELISA) as described 

in Section 2.2.5.3. PK parameters were calculated using non-compartmental analysis in Phoenix 

WinNonlin v8.1 (Certara, Princeton, NJ, USA). 

2.2.5.2 In vivo bioactivity studies 

The in vivo bioactivity of the antagonists was determined by measuring circulating IGF-I. CD-1 

mice (female, approximately 22 g) were administered with 10 mg protein/kg/day conjugates or 

vehicle (PBS), s.c., respectively, for 5 days (n=5 animals per group). Blood was collected 6 h 

after the final dose by cardiac puncture following terminal CO2 anaesthesia and IGF-I 

concentrations were measured by ELISA as described in Section 2.2.5.3.  

2.2.5.3 Serum analysis by enzyme-linked immunosorbent assay (ELISA) 

Blood was collected into serum vacutainer tubes (BD Biosciences, San Jose, CA, USA) and 

allowed to clot for 30-60 min at room temperature. The tubes were spin at 1,000 g for 20 min at 

4℃. The serum was collected as the top yellow layer and stored at -80℃. 

Methoxy-PEG ELISA 

Serum containing B20-PEG was assayed with a sandwich-type ELISA (Methoxy-PEG, MPEG, 

Life Diagnostic, West Chester, PA, USA). 5 kDa mPEG-amine was used as standard and diluted 

with mPEG Dilluent buffer as per the manufacturers’ instructions. All serum samples were 

diluted 1:500 with mPEG Dilluent buffer. 100 μL of HRP anti-mPEG conjugates was added to 

each well firstly. Then, 100 μL of each determination (standards and samples) was added to each 

well in duplicate. The wells were incubated for 1h (shake at 150 rpm) and washed six times with 

washing buffer. Then, 100 μL TMB (3,3’, 5,5”-tetramethylbenzidine) substrate solution was 

added to each well. After incubation at room temperature for 30 min, protected from light, 100 

μL of stop solution was added to each well. The plate was read absorbance at 450 nm. The 

standard curve was created by computer software capable of generating a four parameter logistic 

(4-PL). The concentration of serum samples were calculated from the standard curve and be 

multiplied by the dilution factor.  

Human GH ELISA 

Serum containing site-specific PEG-B2036 was assayed using a sandwich-type GH ELISA 

(DuoSet ELISA, Catalog DY1067, R&D systems). Immuno Nonsterile 96-well plates (Thermo 
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Fisher Scientific, New Zealand) were coated with 100 μL of Capture antibody at a concentration 

of 2 μg/mL in 0.01M NaHCO3 pH 8.2 coating buffer at 4°C overnight. After incubation, the 

wells were washed three times in washing buffer and then blocked with 250 μL of Ultrablock at 

room temperature for 1h. The wells were washed three times and incubated with 100 μL of 

samples or standards in duplication for 2 h. Standards were prepared from 20, 30 or 40 kDa PEG-

B2036 solution with a range from 0.25 to 16 ng/mL. All standards were spiked with 1:200 blank 

serum, and the serum samples were diluted 1:200 with Ultrablock. Following incubation, the 

wells were washed three times with washing buffer, and 100 μL of detection antibody was added 

to each well and incubated for 2 h. After washing 3 times, 100 μL working solution of 

Streptavidin-HRP (1/200 dilution) was added to each well. The plate was then incubated for 30 

min and washed six times with washing buffer. 100 μL TMB substrate solution was added to 

each well. After incubation at room temperature for 30 min, protected from light, 100 μL of stop 

solution was added to each well. The plate was read absorbance at 450 nm and 570 nm within 

30 min. To correct for optical imperfections in the plates, the absorbance at 570 nm was 

subtracted when analysing. The standard curve was created by computer software capable of 

generating a 4-PL. The concentration of serum samples were calculated from the standard curve 

and be multiplied by the dilution factor. 

Mouse IGF-I ELISA 

Mouse serum IGF-I concentration was determined by a sandwich-type mouse/rat IGF-I ELISA 

(E25, Mediagnost). Standards were dissolved in Sample buffer as per the manufacturers’ 

instructions, and all serum samples were diluted 1:100 in Sample buffer. All standards and 

samples were incubated with Sample buffer at room temperature for at least 20 min. 50 μL of 

Antibody Conjugate AK was added to each well firstly. Then, 50 μL of each determination 

(Standards, Control Sera KS1 & KS2 and samples) was added to each well in duplicate. The 

plate was covered and incubated for 1h at room temperature (shake at 350 rpm). After incubation, 

the wells were washed five times with washing buffer. 100 μL of the Enzyme EK were then 

added to each well and the wells were incubated for another 0.5 h (shake at 350 rpm). After 

incubation, the wells were washed with washing buffer for five times, and 100 μL of the TMB 

substrate solution was added to each well. The plate was incubated at room temperature for 30 

min, protected from light. 100 μL of stop solution was added to each well. The plate was read 

absorbance at 450 nm (reference filter 570 nm). The standard curve was created by computer 

software capable of generating the most suitable curve fit (4-PL). The IGF-I concentration of 

serum samples were calculated from the standard curve and be multiplied by the dilution factor. 
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  Functional analysis 

2.2.6.1 Cell viability assay 

The day before setting up the assay, Ba/F3-hGHR or Ba/F3-mGhr cells were serum-starved 

overnight. Then, cells were suspended at 250,000 cells per mL in media (RPMI 1640 full media 

for Ba/F3-hGHR and RPMI 1640 serum free media for Ba/F3-mGhr) and 80 μL was seeded per 

well in a 96-well plate. Serial dilutions of the inhibitors were set up in 1/4 diluent covering a 

range of concentrations. 10 μL of diluted inhibitors was transferred to each well and was mixed 

thoroughly with a multichannel pipette followed by incubation at 37ºC for 20 min. 10 μL of 

growth factor (hGH, mGh, or IL-3) solution was added to each well in the 96-well plate (final 

concentration 20 ng/mL hGH or mGh; 145 ng/mL IL-3). The plate was incubated for 48 h at 

37℃, 5% CO2. After the incubation, 5 µL of 20× resazurin dye (see Materials) was added to 

each well. After tapping gently, the plate was incubated for 2 h at 37℃. Fluorescence was read 

using the Biosynergy2 plate reader and data were analyzed using GraphPad Prism software 

(version 7.0; GraphPad Software, Inc.). The half-maximal inhibitory concentration (IC50) and 

fitting curve were obtained using Prism with the dose-response inhibition model. 

2.2.6.2 AlphaScreen assay 

An AlphaScreen SureFire p-STAT5 (PerkinElmer, TGR BioSciences, Australia) assay was used 

to quantify of the phosphorylation level of STAT5A and STAT5B in cellular lysates. The 

principle of this assay was illustrated in Figure 2.1. To measure the inhibitory activity of the 

GHR antagonists on phosphorylation level of STAT5 in GH-stimulated cells, cells were 

incubated with 1000 nM GHR antagonist for 20 min and then were stimulated by 500 ng/mL 

GH for 10 min. Cells are lysed by lysate buffer providing from the kit at room temperature with 

shaking (~350 rpm) for 10 min. Lysates can be frozen and stored at -80°C for later analysis. 4 

μL lysate was transferred to a 384 well proxiplate plate (neat for p-STAT5; 1/10 dilution for 

GAPDH). 5 µL acceptor bead mix (1 µL Activation buffer + 4 µL Reaction buffer) was added 

to each well, followed by 2 h incubation. 2 µL of donor mix was added under subdued light and 

then incubated for an additional 2 h at room temperature. AlphaScreen signal (counts) were read 

on an EnVision Multilabel plate reader (PerkinElmer, TGR BioSciences, Australia). The 

averaged counts for untreated and treated cells were calculated and p-STAT5 readings were 

normalized to GAPDH or total protein concentration.  
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Figure 2.1 The principle of the AlphaScreen assay. The AlphaScreen assay is an amplified 

luminescent proximity assay. This assay is a bead-based chemical assay which is used to detect 

biomolecular interactions in microplate format. It contains two kinds of beads, donor beads and 

acceptor beads, both of which are coated with a hydrogel and conjugated with biomolecules on the 

bead surface. Donor beads contain a photosensitiser phthalocyanine which converts ambient 

oxygen to excited singlet oxygen. When the acceptor beads are brought into close proximity, the 

energy from singlet oxygen transfers to thioxene derivatives within the acceptor beads and 

subsequently emits at 520-620 nm. 

 Statistical analysis  

The graphical presentations were generated using GraphPad Prism 8 (GraphPad Software, CA, 

USA). All normally distributed data were expressed as means ± SEM. Data were analysed using 

an unpaired two-tailed t-test, or one way ANOVA with post-hoc analysis (Tukey's procedure) as 

appropriate. In vitro assays were repeated at least three times with a representative figure shown. 

A p-value of <0.05 was accepted as statistically significant. * corresponds to p values less than 

0.05, ** corresponds to p values less than 0.01, *** corresponds to p value less than 0.001. 
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Chapter 3: Generation of human GHR antagonists from E. coli 

and conjugated with amine-reactive polyethylene glycol 

3.1 Preface 

The following chapter describes the expression, purification and PEGylation of a series of human 

GHR antagonists and it contains data from a published article “Long-acting human growth 

hormone receptor antagonists produced in E. coli and conjugated with polyethylene 

glycol”. A version of this chapter was published in Bioconjugate Chemistry. 2020 Jun 17; 

31(6):1651-1660. 

3.2 Introduction  

GH is 22 kDa peptide hormone secreted by the pituitary gland and at extra-pituitary sites, that is 

essential for normal growth during childhood and puberty (Bonert and Melmed, 2017). GH 

mediates actions through binding to a GH receptor (GHR) and activating key signal transduction 

pathways, including the Janus kinase 2/signal transducer and activator of transcription 5 

(JAK2/STAT5) pathway (Dehkhoda et al., 2018; Lichanska and Waters, 2008). Resolution of 

the co-crystal structure of GH binding to the extracellular domain of the GHR demonstrated that 

the complex consists of two receptor molecules binding to a single GH ligand. Each GH 

molecule contains two asymmetrically placed binding sites; site 1 is a high-affinity binding site 

while site 2 is a lower affinity binding site (Cunningham et al., 1991). Binding leads to a 

rotational change in the receptor transmembrane domain. This leads to transphosphorylation and 

activation of two JAK2 molecules which are associated with the receptor intracellular domain 

(Waters et al., 2014). 

Chronic GH hypersecretion of GH, usually from a pituitary adenoma, leads to acromegaly. This 

is a rare condition with clinical features including abnormal somatic growth, metabolic 

dysfunction, cardiovascular disease and respiratory disorders (Colao et al., 2019). GH excess is 

associated with insulin resistance and has been implicated in diabetes. There has also been 

increasing interest in the contribution of this hormone to the progression of different types of 

cancer, and accordingly in the development of inhibitors of GH signalling (Brittain et al., 2017; 

Brooks and Waters, 2010; Dehkhoda et al., 2018; Lu et al., 2019; Perry et al., 2017b). 

Currently, the most effective inhibitors of GH signalling are peptide antagonists of the GHR. 

Intriguingly, a single mutation in GH binding site 2 converts GH from an agonist into an 
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antagonist (Chen et al., 1994); substitution of glycine at position 120 of GH with arginine 

(G120R) or with lysine (G120K) creates an antagonist which still binds to the receptor but does 

not activate it. This glycine 120 substitution is the basis of the only clinically used GHR 

antagonist, pegvisomant (Pfizer Inc., USA), which is a PEGylated protein antagonist (Kopchick 

et al., 2002; Van Der Lely and Kopchick, 2006). The protein core of pegvisomant (B2036) 

contains the G120K substitution and 8 additional mutations at binding site 1 (H18D, H21N, 

R167N, K168A, D171S, K172R, E174S and I179T), which serve to increase the binding affinity 

at site 1 and remove two PEGylation sites (K168A and K172R). B2036 has been demonstrated 

to prevent GH-stimulated phosphorylation of STAT5 in numerous studies (Kaulsay et al., 2001; 

Maamra et al., 1999; Xu et al., 2011). In contrast to GH, which can bind and activate both the 

GHR and prolactin receptor (PRLR), B2036 is specific for the GHR and does not bind to the 

PRLR (Goffin et al., 1999).  

Unconjugated B2036 and GH have a short half-life of approximately 20-30 minutes in 

circulation due to renal clearance. In order to extend the half-life and improve in vivo potency, 

these proteins are conjugated to polymers such as polyethylene glycol (PEG) (Bailon et al., 2001; 

Molineux et al., 1999; Turecek et al., 2016; Wang et al., 2000). Covalent attachment of PEG to 

a protein through the amine groups on the side-chain of lysines and the N-terminus increases the 

molecular weight and hydrodynamic volume of the protein, leading to a reduced rate of clearance 

from the body. This non-specific conjugation approach, often using NHS-modified polymers, is 

the simplest method for the creation of the PEGylated conjugates, although it leads to a 

heterogeneous mixture of PEGylated products and may shield the bioactive domain of the 

molecule (Dozier and Distefano, 2015; Ko and Maynard, 2018). Pegvisomant consists of B2036 

conjugated to an average of 4-6 amine-reactive 5 kDa PEG moieties which attach to proteins at 

lysine residues or the N-terminal amino acid (Kopchick et al., 2002). Modification of B2036 

with amine-reactive 5 kDa PEGs increases the half-life in the circulation to approximately 72 

hours (Muller et al., 2004). However, conjugation also dramatically reduces the affinity of the 

drug for the GHR (Pradhananga et al., 2002; Ross et al., 2001). None-the-less, clinical studies 

have demonstrated that pegvisomant effectively normalises IGF‐I levels in patients with 

acromegaly (Muto et al., 2011; Neggers et al., 2016). 

Recombinant forms of GH and its antagonists are mainly produced in prokaryotic expression 

systems, such as E. coli. However, efficient production in E. coli is problematic as these proteins 

tend to form insoluble protein aggregates as inclusion bodies, resulting in poor solubility. In the 

present study we describe a simple, cost effective, high yield method for the production of a 
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valuable tool for researchers. We demonstrate that N-terminal fusion to a Trx fusion partner 

improves soluble expression of B2036 in E. coli and that modification of B2036 at residue 120 

to remove the PEGylation site (G120K to G120R) improves the in vitro bioactivity of the 

PEGylated protein. 

3.3 Aims 

The aims of this study were to establish protocols for efficient expression and purification 

recombinant GHR antagonists produced in E. coli, and modify them by non-specific PEGylation 

to prolong their half-lives in circulation. 

3.4 Methods 

This section contains the protocols of expression, purification and PEGylation of GHR 

antagonists which were specific to this chapter. 

 Construction of plasmids 

Three GHR antagonists, B2036, B20 and G120Rv, were recombinantly engineered by gene 

fusion with Trx-His6 or His6. First, codon optimised DNA sequences encoding the mature form 

of the antagonists were synthesized (ATUM) and supplied in the vector pD434. The insert was 

amplified by PCR using primers described in Table 2.4 (Chapter 2). Sequences were cloned into 

a modified pET-32a.3c vector containing an N-terminal Trx-His6 tag or a modified pET21b.3c 

vector containing an N-terminal His6 tag. Both vectors have a human rhinovirus 3C protease 

cleavage site between the target protein and tag. Vectors were verified by restriction digest and 

Sanger sequencing. These plasmids were designated pET32a/21b-B2036, pET32a/21b-G120Rv, 

and pET32a/21b-B20, respectively. 

 Expression of recombinant GHR antagonists 

Protein expression and purification conditions were initially optimized for B2036. B2036 

expression vectors (pD434-B2036, pET32a-B2036, pET21b-B2036) were transformed into E. 

coli strain AD494(DE3)pLysS for protein expression. A 10 mL aliquot of an overnight culture 

was seeded into 500 mL fresh LB medium containing 100 µg/mL ampicillin, 34 µg/mL 

chloramphenicol, and 15 µg/mL kanamycin and grown at 37℃ to an OD600 of approximately 

0.6 in 2 L baffled flasks. Recombinant protein expression was induced with 1 mM isopropyl-b-

D-thiogalactopyranoside (IPTG), and cells were further grown at either 30℃ or 37℃ for 4 h, or 
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18℃ for 18h. The cells were then harvested by centrifugation at 8,000×g for 20 min, and cell 

pellets were suspended in lysis buffer (1 × PBS, pH 7.4, with 150 mM NaCl, 1% Triton X-100, 

10% glycerol, 1 mM PMSF) and stored at -80℃. During protein extraction, cells were incubated 

on ice for 30 min and sonicated at 200 W (60 × 1s pulses) using a Vibra-CellTM sonicator (Sonics 

& Materials, Newtown, CT, USA) and then centrifuged at 10,000×g for 30 min. The soluble 

(supernatant) and insoluble (pellet) fractions were analysed by SDS-PAGE and Coomassie Blue 

staining to determine which fractions contained the recombinant proteins.  

 Purification of recombinant GHR antagonists 

Purification of untagged B2036 from soluble fraction  

When induced at 18℃, untagged B2036 were expressed in soluble fraction. After sonication and 

centrifugation, the supernatants were loaded onto a 5 mL diethylaminoethyl cellulose (DEAE) 

FF column (GE Healthcare) and eluted with a 0.1-1 M NaCl gradient. Fractions containing 

B2036 were pooled and dialysed again. Dialysed fractions were purified by anion-exchange 

chromatography using a Mono Q 5/50 GL column (GE Healthcare) and eluted with a 10-column 

volume linear gradient of 0-0.3 M NaCl. Fractions containing B2036 were pooled and finally 

purified by gel filtration using a Superdex 75 column (GE Healthcare) equilibrated with PBS 

buffer.  

Purification of untagged B2036 from inclusion bodies 

When induced at 37℃, untagged B2036 accumulated as insoluble protein aggregates in inclusion 

bodies. Following sonication and centrifugation, the pellets were washed with 50 mM Tris-HCl 

pH 8.5, 5 mM EDTA, 0.5% Triton X-100 for 3 times. The pellets were then solubilised in 10 

mL of 50 mM Tris-HCl pH 9.5, 10 mM EDTA, 8 M urea, 4 mM DTT at room temperature for 

1 h, followed by centrifugation (12,000×g, 15 min, 4℃) and the supernatant retained. 

Supernatants were analysed by SDS–PAGE to check the quality of the protein. The solubilised 

B2036 was refolded by rapid dilution. This was done by adding solubilised proteins drop-wise 

into refold buffer (50 mM Tris-HCl pH 9.5, 1 mM EDTA, 1 mM PMSF, 100 mM glycine, 1 mM 

cystamine and 5 mM cysteamine) gradually with gentle stirring at 4℃ for 24 h. The solution 

containing refolded B2036 was concentrated in a stirred cell concentrator and dialysed into 50 

mM Tris-HCl 8.5 for isolation by anion-exchange chromatography (Mono Q 5/50 GL) as 

described above. 

Purification of B2036 tagged with Trx-His6 from soluble fraction  
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E. coli expressing B2036 tagged with Trx-His6 were grown at 18℃ for 18 h after induction, 

After sonication and centrifugation, the supernatant was applied onto a 5 mL Ni-NTA Rapid Run 

column (Agarose Bead Technologies). The column was washed with 5 CV of washing buffer (1 

× PBS, pH 7.4 with 150 mM NaCl, 10 mM imidazole, 0.1% Triton X-100, 10% glycerol) and 

eluted with elution buffer (1 × PBS, pH 7.4 with 150 mM NaCl, 200 mM imidazole, 0.1% Triton 

X-100, 10% glycerol). Fractions containing Trx-His6-GHR antagonists were pooled and 

dialysed against washing buffer. Dialysed fractions were digested with 3C protease at 4℃ 

overnight to remove the Trx-His6 tag (Ullah et al., 2016). The Trx-His6 tag was then removed 

by reverse Ni-NTA affinity chromatography. Flow-through fractions were pooled and dialysed 

against 50 mM Tris-HCl buffer pH 8.0, 10% glycerol. Dialysed fractions were further purified 

by anion-exchange chromatography (mono Q 5/50 GL) and eluted with a 10-column volume 

linear gradient of 0-0.3 M NaCl. Fractions forming the major peak containing the recombinant 

antagonists were pooled and dialysed against PBS buffer. The protein concentration was 

determined using a Pierce bicinchoninic acid (BCA) assay with BSA as a standard 

(ThermoFisher). Protein purity was initially monitored by SDS-PAGE. 

 Preparation of PEGylated GHR antagonists 

A 50 mg/mL stock solution of 5 kDa methoxy PEG succinimidyl propionate (JenKem 

Technology) was prepared in 0.1 mM HEPES buffer pH 8.0 immediately before use. 20 µL of 

each antagonist (1 µg/µL) was diluted in HEPES buffer in a LoBind tube and mixed by pipetting. 

The appropriate amount of PEG solution was added to each reaction followed by incubation on 

a shaker at room temperature for 2 h. Conjugation was assessed by SDS-PAGE. Coomassie blue 

stain was used to visualise protein and 0.1 M iodine stain was used to visualise PEG-conjugated 

proteins. 

PEGylated recombinant antagonists were purified by anion-exchange chromatography (Mono Q 

5/50 GL) with an elution gradient of 0 - 0.3 M NaCl to remove unreacted PEG. The main elution 

peak was collected, concentrated, and buffer-exchanged in to PBS buffer by dialysis.  

3.5 Results  

 Construction of expression vectors and protein expression optimisation 

Three GHR antagonists (B2036, B20 and G120Rv) were investigated in this study, with the aim 

of improving GHR inhibitory activity. B2036 is the previously described protein core of 
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pegvisomant containing the G120K mutation which specifically inhibits the GHR. B20 is a 

variant of B2036 in which G120R replaces G120K. This removes the PEGylation site in binding 

site 2 of GH and we hypothesised that this would improve the activity of the antagonist. G120Rv 

is a variant of the original antagonist, hGH-G120R. hGH-G120R can bind to both the GHR and 

the PRLR and inhibit signalling from both receptors, although its affinity for the GHR is greater 

than for the PRLR (Goffin et al., 1999). The G120Rv variant contains the G120R substitution 

and two additional substitutions (K168A and K172R) to remove PEGylation sites.  

Codon-optimised genes were synthesised and cloned into a modified pET32a.3c vector 

containing an N-terminal Trx-His6 tag and a 3C protease recognition site or a modified 

pET21b.3c vector containing an N-terminal His6 tag and a 3C protease recognition site (Figure 

3.1). The insert sequences were confirmed by sequencing and the plasmids were transformed 

into AD494(DE3)pLysS E. Coli strain to test the expression and solubility.  
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Figure 3.1 Schematic representation of pET32a-B2036, pET21b-B2036 vector construction. 

(A) Vector map of pD434-B2036, pET32a-B2036, and pET21b-B2036. Expression of the target 

proteins in E. coli is induced by an IPTG-inducible T7 promoter. (B) Schematic structure of the His6-

B2036, and Trx-His6-B2036 fusion proteins. The 3C protease recognition sequence and the amino 

acid sequence of B2036 are shown. Arrow indicates the 3C cleavage site. Cleavage results in an 

additional 4 amino acids added to the N-terminal sequence of B2036 (underlined). 

 

Initially, expression and solubility were optimised for B2036. The levels of protein expression 

and solubility of untagged B2036, His-tagged B2036 (His6-B2036) and B2036 with an N-

terminal Trx-His tag fusion (Trx-His6-B2036) varied considerably (Figure 3.2). Following 
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induction at 37oC with 1 mM IPTG, all three proteins accumulated as insoluble protein 

aggregates in inclusion bodies (Figure 3.2). Lowering the induction temperature to 18℃ 

increased the yield of soluble protein, but for untagged B2036 and His6-B2036 the amount was 

still low (Figure 3.2B&C). In contrast, efficient expression and increased solubility was observed 

for Trx-His6-B2036 at 18℃ (Figure 3.2A), indicating that fusion of B2036 to Trx and induction 

at a lower temperature efficiently reduced the formation of inclusion bodies and improved 

soluble protein expression. In subsequent experiments, induction at 18℃ was used to generate 

soluble protein, and 37℃ was used when generating proteins from inclusion bodies.  

 

 

Figure 3.2 Analysis of solubility of recombinant B2036 induced at different temperatures by 

SDS PAGE. E. coli AD494(DE3)pLysS expressing recombinant antagonists were induced at the 

temperatures indicated. Cells were lysed, and the pelleted (P) and soluble (S) fractions were 

purified and analysed by SDS- PAGE and Coomassie blue staining. Solubility increased at reduced 

temperatures. (A) Trx-His6-B2036 expression was induced with IPTG at 37℃ and 30℃ for 4 h, or 

18℃ for 18 h. (B) Untagged B2036 expression following induction with IPTG at 37°C for 4 h or 18°C 

for 20 h. (C) His6-B2036 expression following induction with IPTG at 37°C and 30°C for 4 h, or 

18°C for 18 h. U, uninduced bacteria; P, pellet; S, soluble fraction after cell lysis; M, marker; arrow 

indicates recombinant B2036S proteins. 
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 Purification of recombinant GHR antagonists 

Different purification protocols were optimised for untagged B2036 and Trx-His6-B2036, with 

the aim of comparing yields across different approaches.  

 

Purification of soluble untagged B2036: A three-step purification process was established to 

obtain pure untagged B2036 from the soluble fraction. The first two purification steps involved 

anion exchange chromatography (DEAE and Mono Q). During DEAE chromatography, the 

target protein eluted in the fraction containing 0.2 M NaCl with a purity of approximately 15% 

as determined by SDS-PAGE analysis (Figure 3.3). B2036 protein was then concentrated in 

elution fractions from the Mono Q chromatography step with a purity of 43.7% (Figure 

3.3A&C). The final purification step involved size-exclusion chromatography. This resulted in 

two peaks, an earlier smaller peak and later sharp peak (Figure 3.3B). SDS-PAGE analysis 

indicated that the later peak represented monomer B2036, and the smaller peak contained 

impurity which may include dimer B2036 (Figure 3.3B&C). However, there was insufficient 

material in the smaller peak to conduct analysis under reducing and non-reducing conditions. 

Pure B2036 monomer was isolated from later fractions. Approximately 2 mg pure B2036 

monomer was obtained from 1 L of cell culture. 
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     A                                                                        B 

                                 

                            
                                         C 

 
Figure 3.3 Purification of recombinant untagged B2036. Purification of untagged B2036 from 

soluble fraction. (A) Mono Q chromatography. (B) Size exclusion purification. (C) E. coli cells 

expressing recombinant protein were lysed, and the soluble fractions were purified and analysed 

by SDS- PAGE. Untagged B2036 was purified by a combination of ion exchange (DEAE and Mono 

Q) and size exclusion chromatography. Elution fractions from each purification step were separated 

by 10% SDS-PAGE and analysed by Coomassie blue staining. F1-F4, elution fractions 1 to 4 from 

the size exclusion chromatography; MQ, MonoQ; M, marker; arrow indicates GHR antagonist 

proteins. 

 

Purification of untagged B2036 from inclusion bodies: In order to improve the yield, we also 

refolded untagged B2036 from inclusion bodies. E. coli cells expressing untagged B2036 were 

induced at 37 ℃ with 1 mM IPTG and grown for 4 h. Under these conditions, accumulation of 

inclusion bodies was observed. 

Following extensive washing with 50 mM Tris-HCl buffer (pH 8.5) 5 mM EDTA, 0.5% Triton 

X-100, the inclusion bodies were solubilised in 8 M urea. Under these conditions, the purity of 

B2036 was approximately 60% as estimated by SDS-PAGE analysis. MonoQ chromatography 

was then used to purify B2036 monomers and two main peaks were identified (Figure 3.4A). 
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Reduced and non-reduced SDS-PAGE analysis confirmed that the earlier sharp peak represented 

B2036 monomer and the later blunt peak represented a protein dimer. There was an increase in 

B2036 dimers formed under refolded conditions with approximately 67% of the protein forming 

dimers (Figure 3.4B). However, this approach improved the yield of monomer B2036 to 3.7 mg 

from 1 L of cell culture.  

 

Figure 3.4 Purification and analysis of refolded B2036 resolved in 8M urea from inclusion 

bodies. (A) Mono Q purification of refolded untagged B2036. (B) SDS-PAGE analysis of refolded 

untagged B2036 following Mono Q chromatography purification. Samples were separated by 10% 

SDS-PAGE and visualised by Coomassie blue staining. M, Marker; Urea, 8M urea; F1 and F2, 

elution peaks 1 and 2 from the Mono Q purification under reduced and non-reduced conditions. 

mAU, milli-absorbance units. 

 

Purification of soluble Trx-His-B2036: Recombinant Trx-His-B2036 was initially purified by 

Ni-Nitrilotriacetic acid (NTA) affinity chromatography. Bacterial cell lysates were applied to a 

Ni-NTA affinity column and the bound fusion protein was eluted with 200 mM imidazole after 

the washing step. The purity of Trx-His6-B2036 in the elution fraction was found to be 

approximately 90% (Figure 3.5A). This was dialysed against washing buffer (1 × PBS, pH 7.4 

with 150 mM NaCl, 10 mM imidazole, 0.1% Triton X-100, 10% glycerol) and 3C protease was 

added to remove the Trx-His6 tag (~18 kDa). SDS-PAGE analysis demonstrated that the fusion 

proteins was completely cleaved after incubation at 4℃ overnight (Figure 3.5A). Cleaved B2036 

was separated from the tag by reverse Ni-NTA affinity chromatography. In this step, the Trx-

His tag bound to the Ni-NTA column, whereas B2036 passed through and was collected in the 

flow-through fractions. Following cleavage, recombinant B2036 retained an additional 4 amino 

acids from the 3C cleavage site at the N-terminus (Figure 3.1). Finally, Mono Q chromatography 

was applied to further purify B2036. Following gradient elution with NaCl and SDS-PAGE 
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analysis, the majority of B2036 was eluted as a monomeric form in the earlier higher F1 peak 

with molecular weight of 22 kDa and a purity of approximately 100%, and the later lower F2 

peak represented dimer B2036 (Figure 3.5B). This elution pattern was similar to that observed 

for refolded B2036, except that only 18% of B2036 was present as a dimer. Using this approach, 

approximately 24 mg of pure B2036 was obtained from 1 L of cell culture.  

 
   A                                                                       B 

 

Figure 3.5 Expression and purification of recombinant Trx-His6-B2036. (A) Mono Q 

chromatography of B2036 cleaved from Trx-His6-B2036. mAU, milli-absorbance units. (B) E. coli 

cells expressing recombinant protein were lysed, and the soluble fractions were purified and 

analysed by SDS- PAGE. Trx-His6-B2036 was purified by Ni-NTA affinity and cleaved by 3C 

protease. Molecular weights of B2036 and the Trx-His6 tag were 22 and 18 kDa, respectively. 

Anion-exchange chromatography (MonoQ) was applied to further purify B2036 from the tag. Elution 

fractions from each purification step were separated by 10% SDS-PAGE and analysed by 

Coomassie blue staining. M, marker; 3C, 3C protease cleavage step; MQ, MonoQ; arrow indicates 

B2036. 

 

Taken together, the results for the purification of untagged and tagged proteins indicate that 

efficient purification of recombinant B2036 was achieved with high purity and productivity by 

expressing B2036 with a Trx fusion partner. The established purification methods for Trx-His6-

B2036 was more efficient than that for the untagged protein. Therefore, we chose to express each 

of the antagonists (B2036, B20 and G120Rv) with a Trx-His6 tag and used the same 

methodology to purify the recombinant proteins. The overall yields of B20 and G120Rv was 

were similar to that of B2036 (21 mg and 30 mg from 1 L of cell culture, respectively). 
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 In vitro bioactivity of purified GHR antagonists 

A mouse Ba/F3-GHR cell viability assay was performed to determine biological activity of the 

purified proteins. Ba/F3 is a murine pro-B cell line that requires interleukin-3 (IL-3) for growth. 

The Ba/F3-GHR cell line has been stably transfected with an expression vector containing the 

GHR cDNA and proliferates in response to human GH (hGH) or IL-3 (Conway-Campbell et al., 

2008). To evaluate the growth-inhibitory activity of the antagonists, Ba/F3-GHR cells were 

serum-starved and treated with different concentrations of the purified antagonists for 20 min, 

followed by 20 ng/mL (909 pM ; EC90 concentration) hGH for 48 h. As shown in Figure 3.6 and 

Table 3.1, all three GHR antagonists inhibited the growth of Ba/F3-GHR cells in a dose-

dependent manner with IC50 values ranging from 3.4 ± 0.1 to 40.8 ± 6.0 nM.  The inhibitory 

activity of B2036 and B20 was comparable (IC50 3.4 ± 0.1 and 6.7 ± 0.7 nM, respectively), 

whereas growth inhibition by G120Rv (which lacks the binding site 1 mutations) was less 

pronounced (IC50 = 40.8 ± 6.0 nM). Purified B2036 exhibited a similar activity to commercially 

sourced B2036 (IC50 = 4.4 ± 0.2 nM; data not shown).  

 

Figure 3.6 Inhibition of GH-stimulated cell viability by unconjugated B2036, B20 and G120Rv. 

Dose-response curve in Ba/F3-GHR cells. Cells were treated with purified B2036, B20 or G120Rv 

for 20 mins at the doses indicated, followed by 20 ng/mL hGH for 48 h. Cell viability was determined 

by addition of resazurin sodium salt. 

 

The ability of the antagonists to block GH-stimulated signal transduction was determined in four 

cell lines (LNCaP, MCF7, T47D and C2C12) using an AlphaScreen assay which measures 

activation of STAT5A and STAT5B by phosphorylation (pSTAT5). LNCaP (prostate cancer), 

and MCF7 and T47D (breast cancer) cell lines, all express the human GHR. MCF7 and T47D 

cell lines express both GHR and PRLR mRNA (Figure 3.7A). LNCaP cells express PRLR mRNA 

but at very low levels (Figure 3.7B), whereas C2C12 is a mouse myoblast cell line which 

expresses mouse Ghr and Prlr (Liao et al., 2016).  Cells were serum-starved then treated with 
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500 ng/mL (22.7 nM) hGH (LNCaP, T47D, MCF7) or mouse Gh (mGh) (C2C12) for 10 min. 

GH treatment increased STAT5 activation in all four cell lines (Figure 3.8A-D). Treatment with 

1 M B2036, B20 or G120Rv for 20 min prior to hGH or mGh treatment, significantly abrogated 

GH activation of STAT5 in LNCaP and C2C12 cells (Figure 3.8A&D). In contrast, G120Rv was 

the only inhibitor that significantly inhibited STAT5 activation in MCF7 cells (Figure 3.8B).  

This may be due to activity against the PRLR in this cell line, as G120Rv also inhibits activation 

of this receptor, whereas B2036 does not. None of the three antagonists inhibited GH activation 

of STAT5 in T47D cells (Figure 3.8C). However, the T47D cell line also has high human PRLR 

expression, and the GHR and PRLR form multimeric complexes in this cell line which may 

impact on the activity of the antagonists (Xu et al., 2011). In summary, recombinant B2036, B20 

and G120Rv proteins generated using the established expression and purification conditions, 

exhibited significant inhibitory activity in LNCaP and C2C12 cell lines which express the GHR. 

 

 

Figure 3.7 mRNA profile of GHR and PRLR in MCF7, T47D and LNCaP. (A) Reverse 

transcriptase-PCR (RT-PCR) demonstrating gene expression of GHR and PRLR in MCF-7 and 

T47D cell lines. RNA was extracted from cell lines using Trizol. RT-PCR was conducted using 

KAPA SYBR FAST One-Step qRT-PCR Master Mix. PCR primers were as follows: 18S ribosomal 

RNA For 5’-GTAACCCGTTGAACCCCATT, Rev 5’-CCATCCAATCGGTAGTAGCG; GHR For 5’-

CTCAACTGGACTTTACTGAACG, Rev 5’-AATCTTTGGAACTGGAACTGGG; PRLR For 5’-

CGCGAAACAGCTTTCCACAC, Rev 5’-CAGATGCCACATTTTCCTTC. (B) mRNA profile of GHR 

and PRLR detected by NanoString nCount. Cells were grown to 80% confluence in 5% FBS RPMI 

for 24 h. Cells were lysed and RNA extracted with Trizol. RNA was assess for GHR and PRLR 

mRNA using a NanoString nCounter PlexSet assay. Counts were normalised to three house-

keeping genes (HPRT1, CLTC, TBP). 
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Figure 3.8 Inhibitory activity of unconjugated GH antagonists in three human cancer cell 

lines (LNCaP, MCF-7, and T47D) and the mouse muscle cell line (C2C12) as determined by a 

phospho-STAT5 AlphaScreen assay. Cells were serum-starved overnight and treated with 1 M 

antagonist for 20 mins followed by GH at 500 ng/mL for 10 mins. *p<0.05 v.s. GH treatment. ** 

p<0.01 v.s. GH treatment. Graphs show average ± SEM of at least 3 independent experiments. 

 

 PEGylation of the GHR antagonists  

Unconjugated B2036 is cleared from the circulation very quickly. To extend the in vivo serum 

half-life and generate a long-acting antagonist, B2036, B20 and G120Rv were conjugated to 5 

kDa PEG polymers. Methoxy PEG succinimidyl propionate is an amine-reactive N-

hydroxylsuccinimide (NHS) PEG product with a stable non-degradable linker between the PEG 

polymeric chain and the NHS ester. B20 contains 8 primary amines (7 lysine residues and the 

N-terminus) that can theoretically react with the NHS ester, while B2036 and G120Rv contain 9 

and 8 primary amines, respectively.  

PEGylation conditions (including protein to PEG ratio, temperature and pH) were first optimised 

for B20, and then used to conjugate the other antagonists. Initially purified B20 protein was 

conjugated with different molar equivalents of 5 kDa PEG and the conjugation was assessed by 

SDS-PAGE (Figure 3.9). As PEGylated proteins have a larger hydrodynamic volume than native 

proteins of the same nominal molecular weights, SDS-PAGE can only provide an effective size 
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instead of the exact molecular weight (Cheng et al., 2012). However, the banding pattern can be 

used to monitor the PEGylation reaction and is an indication of the homogeneity of the 

conjugated proteins. 

 

Figure 3.9 Purified protein was conjugated with 5, 10, 20, 30 and 40 molar equivalents of 5 

kDa PEG. The conjugation was assessed by SDS-PAGE using a 4-12% precast gel and NuPAGE 

MOPS running buffer. A ratio of 1:40 was used in subsequent experiments. M, marker; arrow 

indicates unconjugated B20 protein. 

 

 

As the ratio of PEG to protein increased, the protein systematically increased in molecular 

weight, indicating conjugation of PEG to the protein. For example, a protein:PEG ratio of 1:20 

resulted in a series of conjugates with effective molecular weights of 55-105 kDa, which is 

predicted to be equivalent to incorporation of 3-6 of the 5 kDa PEG moieties. A protein:PEG 

ratio of 1:40 resulted in a series of conjugates with effective molecular weights of 65-135 kDa. 

This is predicted to be equivalent to incorporation of 4-7 PEG moieties and was used in 

subsequent experiments. Changing the temperature and reaction time (e.g. room temperature for 

2 h or 4℃ overnight) did not impact on the reaction (data not shown). There was a small increase 

in the ratio of conjugates with higher PEG incorporation at pH 8 and above (Figure 3.10A&B) 

as is expected due to the increased nucleophilicity of the lysines at higher pH closer to the pKa 

of these residues. Subsequent PEGylation reactions were carried out at pH 8.0.  



 

71 

 

Figure 3.10 Comparison of PEGylation of B2036 with 5 kDa mPEG-NHS at different pH. The 

ratio of recombinant protein to PEG in the reaction was 1:20. (A) Coomassie staining was used to 

visualise proteins. (B) Iodine staining was used to visualise PEG.  

 

The PEGylated proteins were purified on a Mono Q chromatography column to remove the 

unconjugated PEG. As shown in Figure 3.11A, a single elution peak was observed for B20-PEG. 

This corresponds to multiple 5 kDa PEG conjugates. Similar elution patterns were observed for 

5 kDa PEG modified B2036 and G120Rv (B2036-PEG and G120Rv-PEG, respectively). Elution 

fractions were assessed by SDS-PAGE which confirmed purity of the conjugates and absence of 

the unconjugated protein (Figure 3.11B). Despite the different number of lysines in each 

antagonist (8 in B2036, and 7 in B20 and G120Rv), the PEGylation patterns for each protein 

were similar. Conjugation was compared at a protein:PEG ratio of 1:40 (Figure 3.11B) and 1:20 

(Figure 3.11C). 
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Figure 3.11 Purification of PEGylated conjugates using anion-exchange chromatography 

(Mono Q 5/50 GL column) and analysis by SDS-PAGE. (A) anion-exchange chromatography 

elution profile. The elution peak contains the conjugated proteins. Proteins were incubated with 

40:1 (B) or 20:1 (C) molar equivalent of 5 kDa PEG and the reactions purified by anion-exchange 

chromatography. The elution fractions were subject to 10% SDS-PAGE and were assessed by 

Coomassie blue staining. mAU, milli-absorbance units. M, marker; B1, B20-PEG; B2, B2036-PEG; 

B3. G120Rv-PEG; B4. Unconjugated B20, C1. Unconjugated B20; C2, B20-PEG; C3, B2036-PEG; 

C4. G120Rv-PEG. 

 

The endotoxin levels of the final purified B2036-PEG, B20-PEG and G120Rv-PEG with a 

protein:PEG ratio of 1:40 were <1.0 , <0.6 , and <1.4 endotoxin units (EU) /mg, respectively, 

and these values were much lower than the recommended mice endotoxin dosing limit of ≤ 6 

EU/mg (Malyala and Singh, 2008). 

 In vitro bioactivity of PEGylated GHR antagonists 

Biological activity of the PEGylated antagonists was compared using a Ba/F3-GHR cell viability 

assay. We also investigated the impact of different numbers of 5 kDa PEG conjugated to protein 

on biological activity (reaction equivalence of protein:PEG 1:20 versus 1:40). In dose-response 

studies, all three PEGylated proteins retained inhibitory activity against GH-stimulated Ba/F3-

GHR cell proliferation. PEGylated B20 with reaction equivalence of protein:PEG 1:40, which 

resulted in incorporation of 4-7 PEG moieties, significantly reduced the activity of the conjugates 

when compared to unconjugated protein (Figure 3.12 and Table 3.1). The IC50 values of the 

conjugates (reaction equivalence of protein:PEG 1:20) were: B2036-PEG, 101.8 ± 4.4 nM; B20-

PEG, 82.0 ± 2.1 nM; and G120Rv-PEG, 821.4 ± 43. As the number of attached PEG moieties 

increased, the activity dropped accordingly. Conjugates with reaction equivalence of 

protein:PEG 1:40 had IC50 values of 488.7 ± 13 nM (B2036-PEG), 364.5 ± 16 nM (B20-PEG), 

and >2000 nM (G120Rv-PEG). Thus, following PEGylation each protein lost biological activity 

to different extents (Table 3.1). Notably, with 4-7 PEG moieties attached the B20-PEG conjugate 
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had improved activity when compared to B2036-PEG in terms of IC50 value (p<0.01). B20 

contains a G120R substitution instead of the G120K substitution which is found in B2036. 

Substitution to G120R prevents the protein from being PEGylated at this site, which is located 

in one of the binding sites on GH and may increase binding affinity for the GHR as a result. 

 

Figure 3.12 Inhibition of GH-stimulated cell viability by PEGylated B2036, B20 and G120Rv. 

The inhibitory activity (IC50) of unconjugated and PEG-conjugated GHR antagonists in Ba/F3-GHR 

cells. Bar = SE. B2036-PEG (1:20), B20-PEG (1:20), and G120Rv-PEG (1:20) represent proteins 

conjugated to PEG with reaction equivalence of protein:PEG 1:20; and B2036-PEG (1:40), B20-

PEG (1:40), and G120Rv-PEG (1:40) represent proteins conjugated to PEG with reaction 

equivalence of protein:PEG 1:40. Graphs show average ± SEM of at least 3 independent 

experiments.  

 

Table 3.1 IC50 of unconjugated and conjugated GHR antagonists with 3-6 or 4-7 kDa PEGs 

 Unconjugated Conjugated 3-6 PEGs FC1 Conjugated 4-7 PEGs FC2 

B2036  3.4 ± 0.1 101.8 ± 4.4 30 488.7 ± 13.1 143 

B20 6.7 ± 0.7** 82.0 ± 2.1 12 364.5 ± 16.0** 54 

G120Rv 40.8 ± 6.0** 821.4 ± 43.0** 20 >2000 - 

Values are averages ± SEM of at least 3 individual experiments. FC =Fold change of IC50 (conjugated / 

unconjugated). **p<0.01 v.s. B2036 or conjugated B2036. 
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 Pharmacokinetics 

Circulating half-life was determined by administration of conjugates to male CD-1 mice. As the 

number of PEG moieties incorporated into each of the three antagonist-PEG conjugates was the 

same, we used B20-PEG (1:40) for this experiment. B20 was administered as a single s.c. 

injection of 0.2 mg protein/kg and serum levels were detected using a methoxy-PEG ELISA. 

B20-PEG was detectable in the serum for up to 72 h after injection, and exhibited a biphasic 

curve, with an initial rapid decline followed by a slower secondary elimination phase (Figure 

3.13). The half-life of B20-PEG was 15.2 h (measured from 0.5 to 72 h after injection) and the 

maximal drug concentration of 14,468 ng/mL was achieved at 24 h (Table 3.2). 

 
Figure 3.13 Pharmacokinetic properties of B20-PEG (1:40). Mice were dosed by a single s.c. 

injection of 0.2 mg protein/kg. Serum levels of the PEGylated proteins were measured by mPEG 

ELISA. Data are means ± SEM (n=3 mice/group). Pharmacokinetic parameters are detailed in 

Table 3.2.  

 

Table 3.2 Pharmacokinetic parameters of PEGylated B20 following s.c. administration at 0.2 mg 

protein/kg in CD-1 mice. 

 

Cmax1 (ng/mL) Tmax2 (h) AUC3 0-inf (h.ng/mL) T1/2  
4(h) 

B20-PEG 14468 24 613345 15.2 

1. Cmax: maximal drug concentration; 2. Tmax: time of maximal drug concentration; 3. AUC: Area under drug 

concentration versus time curve. 4. T1/2: half-life of distribution. 

 

3.6 Discussion  

GHR inhibition may be effective in treating tumours that are GH or IGF-I dependent (Brittain et 

al., 2017; Brooks and Waters, 2010; Dehkhoda et al., 2018; Lu et al., 2019; Perry et al., 2017b). 
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However, studies into the efficacy of this approach have been limited due to the lack of 

availability of inhibitors of GH function for preclinical studies. Here we describe an effective 

strategy to produce a comparable PEGylated biotherapeutic to pegvisomant. We report 

expression, purification and PEGylation protocols for three GHR antagonists (B2036, B20 and 

G120Rv) and demonstrate that it is feasible to generate these conjugates in large amounts. 

Efficient production of recombinant GH and GHR antagonists in E. coli has been challenging. 

However, here we show that addition of an N-terminal Trx fusion protein and a reduction in 

induction temperature to 18℃ dramatically improved the soluble expression and overall yield. 

Including a His6 tag and using Ni-NTA affinity chromatography simplified the purification 

procedure. We also demonstrate that following PEGylation the in vitro bioactivity of B2036-

PEG was significantly improved by modification of a single amino acid (G120K to G120R). 

In reported studies, recombinant forms of GH and its antagonists have been mainly produced in 

prokaryotic expression systems, such as E. coli. However, high-level expression in E. coli results 

in insoluble protein aggregations, in particular, inclusion bodies (Nguyen et al., 2014; Patra et 

al., 2000). In general, the resolution of inclusion bodies requires additional steps to be solubilised 

and refolded prior to purification by using high concentrations of denaturants, such as urea or 

guanidine hydrochloride. Although the formation of inclusion bodies has certain advantages, 

such as convenient isolation and protection from proteolysis, the overall yield of biologically 

active protein from inclusion bodies is often low (Kim et al., 2013; Nguyen et al., 2014). To 

improve the solubility of hGH in E. coli, several strategies have been attempted, including 

periplasmic secretion (De Oliveira et al., 1999; Sockolosky and Szoka, 2013), reducing the 

induction temperature (Kim et al., 2013; Nguyen et al., 2014) and expression of chimeric fusion 

proteins (Nguyen et al., 2014). These methods improve the solubility of the protein to different 

extents. Nguyen et al. tested seven N-terminal fusion partners for their ability to improve 

solubility of hGH in E. coli (Nguyen et al., 2014). Combined with lowering the expression 

temperature, the use of fusion partners increased protein solubility. Purification from inclusion 

bodies or periplasmic secretion has also been employed to produce recombinant GHR 

antagonists such as G120R and B2036 (Cunningham et al., 2000; Langenheim et al., 2006; 

Menezes et al., 2017). However, incorporating a fusion tag such as Trx to improve solubility had 

not been previously attempted.  

Here, we found that addition of an N-terminal Trx fusion partner and reducing the induction 

temperature to 18℃ dramatically increased the soluble expression and overall yield of B2036, 

B20 and G120Rv. The combined Trx-His6 tag meant that the recombinant proteins were able to 
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be purified by Ni-NTA affinity chromatography, resulting in high yield and purity. Although 

reducing the induction temperature increased the solubility of untagged and His6-tagged B2036, 

the yield was lower than the Trx-tagged version. Thus, introduction of a Trx fusion partner 

provided a simple solution to solubility and yield issues during the purification process. Four 

additional amino acids remain at the N-terminal of the protein following removal of the Trx-

His6 Tag with 3C protease. This may increase the in vivo immunogenicity of the protein and 

would need to be tested. One of the benefits of amine PEGylation is reduced immunogenicity of 

the PEGylated protein and the N-terminal amine reacts easily with NHS-PEG (Brinkley, 1992) 

which would likely shield these additional amino acids from detection. 

In humans, GH can bind and activate both the GHR and the PRLR. The B2036 antagonist is a 

GHR-specific antagonist (Goffin et al., 1999), while G120R can bind both the GHR and PRLR, 

and robustly antagonises GH activation of the rat or human GHR and PRLR in cell-based assays 

(Dattani et al., 1995; Menezes et al., 2017). In the present study, G120Rv acted as a weaker GHR 

antagonist in terms of IC50 value in the Ba/F3-GHR assay, compared with B2036 and B20. 

However, in MCF-7 cells, G120Rv inhibited GH-induced activation of STAT5 more effectively. 

This may be due to activity of G120Rv against both the GHR and PRLR in this cell line. In 

addition, the GHR and PRLR can form receptor heteromultimers in some cell lines, in particular, 

T47D (Liu et al., 2016; Xu et al., 2011). In the AlphaScreen assay, T47D cells responded well 

to GH as evidenced by activation of STAT5, but all three GHR antagonists did not inhibit GH-

induced STAT5 activation. This suggests that these antagonists cannot inhibit the GHR and 

PRLR heteromultimers in this cell line. Consistent with our results, Xu et al. found that B2036 

inhibited STAT5 signalling in the GHR-positive, PRLR-negative cell line LNCaP, whereas it 

did not block GH-induced STAT5 activation in T47D cells which have GHR/PRLR 

heteromultimers (Xu et al., 2011). All three antagonists were equally as effective in inhibiting 

mGh stimulation of Ghr signal transduction in mouse C2C12 cells that express both Ghr and 

Prlr mRNA (Liao et al., 2016). However, this is expected as in contrast to human GH, mouse 

Gh cannot activate the mouse Prlr.  

Protein PEGylation increases the exposure and duration of bioactive protein therapeutics that 

would normally have short half-life in vivo due to renal clearance. At present, 17 PEGylated 

biopharmaceuticals have been approved by the Food and Drug Administration (FDA) for clinical 

use. In the present study, PEGylated antagonists were produced by amine conjugation. This 

PEGylation strategy mainly targets the N-terminal amino group and lysine residues of proteins 

and results in a protein that is randomly conjugated with different numbers of PEG moieties. The 
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number of amines present in B2036, B20 and G120Rv was slightly different (8, 7, and 7, 

respectively), but all were found to be PEGylated with a similar number of 5 kDa PEG moieties.  

Modification of the recombinant antagonists with 5 kDa PEG reduced the in vitro bioactivity of 

the conjugates (in terms of fold change of the conjugated and unconjugated IC50). For example, 

B20-PEG had better bioactivity than B2036-PEG. B20 has the G120R substitution in place of 

G120K found in B2036. Part of the rationale for introducing the lysine at position 120 in 

pegvisomant, was to increase the probability of PEGylation at this critical binding site 

(Pradhananga et al., 2002), presumably to increase the effectiveness of the antagonist. However, 

in our hands, replacing G120K with G120R increased in vitro bioactivity. This prevents the 

protein from being PEGylated at this site, and as a result may improve receptor binding affinity 

for the antagonist leading to improved inhibitory activity. The IC50 decreased as the number of 

attached PEGs increased; however, the decrease in activity from 3-6 PEGs to 4-7 PEGs was 

similar for both B2036-PEG and B20-PEG, indicating that additional PEG moieties resulted in 

a similar reduction in bioactivity. 

GH and B2036 both have a short half-life of approximately 20 min in the circulation (Veldhuis 

et al., 2002). GH is cleared predominately by two mechanisms, by glomerular filtration, or 

mediated by interaction with GHR present in tissues, such as the liver (Webster et al., 2008). The 

predominant effect of PEG modification is to reduce kidney filtration due to the increased size 

of the molecule, and the reduction in GHR affinity also reduces the clearance mediated by 

interaction with this receptor. We tested the pharmacokinetics of B20 PEGylated with 4-7 5kDa 

PEGs. This resulted in a circulation half-life of 15.2 h compared to the 20 min half-life for GH 

reported by other studies. Consistent with this, Clark et al. reported a15 h half-life in rats for 

hGH attached to 5 of 5kDa PEG moieties (Clark et al., 1996). Pegvisomant  is reported to have 

a much longer serum half-life of 72 h in humans (Kopchick et al., 2014b; Van Der Lely and 

Kopchick, 2006). However, recombinant proteins generally have a much longer circulating half-

life in humans compared to rats and mice as humans metabolise proteins slower than rodent 

animals (Mordenti et al., 1991).  

Although there has been more recent focus on alterative conjugation methods such as site-

specific PEGylation, non-specific conjugation using NHS-modified polymers is still the most 

straightforward approach, with excellent conjugation efficiencies and distinct advantages in 

terms of purification as most of the proteins are modified with NHS-PEG and unreactive NHS-

PEG can be easily removed by ion exchange, as in our study. Site-specific PEGylation has been 

https://www.sciencedirect.com/topics/medicine-and-dentistry/pegylation
https://www.sciencedirect.com/topics/medicine-and-dentistry/plasma-half-life
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reported for GH, including clinical development of long-acting GH formulations (Cox et al., 

2007; Grigoletto et al., 2016; Lal and Hoffman, 2018; Wu et al., 2017; Yuen et al., 2018). 

However, conjugating PEG at a defined site in a protein can be challenging with lower 

conjugation efficiencies and usually requires engineered proteins (Dozier and Distefano, 2015), 

and can mean that generating these reagents in sufficient quantities in the lab can be difficult. 

Ongoing studies in the lab are investigating the utility of site-specific PEGylation for B2036. 

In conclusion, we describe a convenient approach for expression, purification and PEGylation 

of a human GHR antagonist and have demonstrated that modification of B2036 at amino acid 

residue 120 creates an antagonist with improved in vitro activity. The GH/IGF-I axis has been 

implicated in the progression of several types of cancer. However, studies into the efficacy GH 

antagonism in cancer have been limited by the availability of inhibitors of GH function. The 

antagonists described here will have application in the study of cancer xenograft models, 

particularly in tumour models where autocrine hGH is driving tumour growth. 
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Chapter 4: Generation of a long-acting human GHR antagonist by 

site-specific PEGylation  

4.1 Preface 

Pegvisomant is a mutated GH molecule (B2036) which is non-specifically conjugated 4-6 of 5 

kDa PEG to amine groups to extend circulating half-life. However, non-specific PEGylation 

significantly reduces bioactivity of B2036. To improve this, site-specific PEGylation was 

employed in this chapter. The following chapter contains data from an original research article 

“Enhanced bioactivity of a human GHR antagonist by solid-phase site-specific 

PEGylation”, which were submitted to Biomacromolecules (under review). This chapter 

describes an effective strategy to site-specifically PEGylated B2036. 

4.2 Introduction  

GH is a classical endocrine hormone that acts by binding to GHR found on the cell surface and 

activating key signalling pathways including JAK2/STAT5 pathway (Dehkhoda et al., 2018; 

Lichanska and Waters, 2008). Circulating GH is the major stimulator of IGF-I release from the 

liver (Vijayakumar et al., 2011), and this axis plays an important role in regulating longitudinal 

growth with key impacts on bone, cartilage and muscle, and metabolism of lipids and 

carbohydrates (Bonert and Melmed, 2017). Deregulation of GH signalling has implicated in 

many types of cancer, as well as diabetes, and an increasing number of studies suggests that 

GHR inhibition may have application in these areas (Brittain et al., 2017; Brooks and Waters, 

2010; Chhabra et al., 2011; Dehkhoda et al., 2018; Lu et al., 2019).  

To date the most successful strategy targeting the GHR has been the development of peptide 

GHR antagonists. GH contains two binding sites, a high affinity site (site 1) and a lower affinity 

site (site 2). Substitution of glycine-120 in the third helix (binding site 2) with lysine or glycine 

converts GH from a growth promotor to an antagonist which can bind the receptor but does not 

activate it (Kopchick et al., 2002). This led to the development of the GHR antagonist, B2036, 

which contains the G120K substitution as well as 8 additional mutations at binding site 1 

(Cunningham and Wells, 1991; Fuh et al., 1992). 

The circulating half-life of small proteins (normally below 50 kDa) is typically only minutes to 

hours (Kontermann, 2016). PEGylation, a process where PEG is attached to the protein, is widely 

used to overcome this (Dozier and Distefano, 2015). The GHR antagonist, pegvisomant (Pfizer 
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Inc., USA), is a PEGylated version of B2036, and is used clinically to treat acromegaly 

(Kopchick et al., 2002; Van Der Lely and Kopchick, 2006). Pegvisomant was generated by 

conjugating B2036 with 5 kDa amine-reactive PEG, which attaches to lysines and the N-terminal 

residue. Since amine functional groups are abundant in B2036, this method creates a series of 

PEGylated conjugates with an average of 4-6 PEG moieties attached. PEGylation dramatically 

reduces the inhibitory activity of the antagonist; studies from our lab have demonstrated that 

amine-PEGylated B2036 conjugated to 4-7 PEGs possesses less than 1% of the in 

vitro bioactivity of unmodified B2036 (Wang et al., 2020). However, this is compensated for in 

vivo, as pegvisomant has a significantly improved circulating half-life of 72 h in humans and 

effectively reduces circulating IGF-I (Muller et al., 2004).  

Conducting in vivo preclinical studies into the efficacy of GHR antagonism in cancer are 

challenging because amine-PEGylation of B2036 (pegvisomant) dramatically reduces the in vivo 

bioactivity in rodents, requiring the use of very high doses in mice (60-250 mg/kg/day) (Lu et 

al., 2019). This drug is therefore not suitable for routine preclinical studies. One way to improve 

the bioactivity of PEGylated pharmaceuticals is to conjugate a PEG chain to a target protein at a 

“non-essential” site that doesn’t interfere with the activity of the protein. Site-specific 

PEGylation can minimise the decrease in activity associated with PEGylation while still 

retaining the pharmacokinetic benefits (Dozier and Distefano, 2015). A common method for site-

specific PEGylation is through attachment to thiol groups on cysteine residues and there are 

many thiol-specific PEGylation reagents commercially available. However, this approach 

requires genetic introduction of an unpaired cysteine residue into the target protein, and 

depending on the location of the site, this can impact on how much of the original activity of the 

protein is retained after PEGylation (Zhang et al., 2012; Zheng et al., 2020). Another challenge 

associated with site-specific PEGylation at an engineered free cysteine is the formation of protein 

dimers during the protein purification process, requiring subsequent reduction of the protein prior 

to PEGylation, without over-reducing internal disulphide bonds within the target protein (Dozier 

and Distefano, 2015). This is relevant to B2036 which contains 4 cysteine residues which form 

two internal disulphide bonds (Kopchick, 2003). 

In the present study, we demonstrate that site-specific conjugation of a 30 or 40 kDa PEG chain 

at amino acid residue 144 of B2036, by introduction of an unpaired free cysteine, results in a 

long-acting GHR antagonist that retains high in vitro bioactivity and suppresses serum IGF-I in 

mice. We also demonstrate that solid phase conjugation of PEG provides a useful approach to 
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improve conjugation efficiency that avoids the need for reducing agents and overcomes issues 

associated with protein dimerisation. 

4.3 Aims 

The aim of this study was to generate a long acting GHR antagonist with improved in vivo 

bioactivity.  

4.4 Methods 

This section describes the protocols of site-specific PEGylation of B2036 which were specific 

for this chapter. 

 Construction of plasmids 

A single cysteine residue was genetically encoded into B2036 at amino acid site 144 (S144C) of 

the protein, to allow introduction of a free cysteine for site-specific conjugation. The DNA 

sequence encoding the mature form of the protein was codon optimised and synthesised by 

ATUM/DNA2.0. The coding region of B2036-S144C was then fused with thioredoxin (Trx). 

The insert was amplified by PCR using primers described in Table 2.4 (Chapter 2). Sequences 

were cloned into a modified pET-32a.3c vector containing an N-terminal Trx-His6 tag. The 

vector contains a human rhinovirus 3C protease cleavage site between the target protein and tag. 

Constructs were verified by restriction digest (BamHI and EcoRI) and Sanger sequencing. The 

plasmid was designated pET32a.3c-B2036-S144C. Recombinant protein B2036-S144C were 

produced as described in Chapter 3 with minor changes, as detailed below.  

 PEGylation of recombinant B2036-S144C 

In order to PEGylate Trx-His6-B2036-S144C, the protein was first immobilised on a Ni column. 

Lysates generated from bacteria cultured in 250 mL media was loaded onto a 5 mL Ni-NTA 

gravity column as described above. The column was washed with 5 column volumes (CV) of 

washing buffer (1 × PBS, pH 7.4, containing 150 mM NaCl, 10 mM imidazole, 0.1% Triton X-

100) and 2 CV of 1 × borate buffer (pH 9.0). The PEGylation reaction was initiated while the 

protein was bound to the column through a 2 h room temperature incubation with 20, 30, or 40 

kDa methoxyPEG maleimide (mPEG maleimide) at concentrations of 100, 150, and 200 mg/mL, 

respectively. mPEG maleimide is a thiol-specific reagent. The estimated equivalents of 

PEG:B2036 were 10:1. The column was then washed with 5 CV of washing buffer and protein 
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conjugates were eluted using elution buffer (1 × PBS, pH 7.4, containing 150 mM NaCl, 200 

mM imidazole, 0.1% Triton X-100). Fractions containing PEGylated proteins were pooled and 

dialysed against 50 mM Tris-HCl buffer (pH 8.5) at 4℃ for at least 48 h. Dialysed fractions were 

further purified by MonoQ and eluted with a 10 CV linear gradient of 0-300 mM NaCl. Fractions 

containing the PEGylated proteins were pooled and dialysed against PBS buffer. The Trx-His 

tag was removed by 3C protease digestion at 4℃ overnight, and the PEGylated B2036-S144C 

conjugates (PEG-B2036) purified from the tag by Ni-NTA affinity chromatography, as described 

above. The flow-through fractions containing PEG-B2036 were pooled and dialysed in PBS 

buffer. The dialysed fractions were concentrated using a 30 kDa cut-off spin column concentrator 

and then further purified by size exclusion on a Superdex 75 column (5/150 GL GH healthcare). 

The protein concentration was determined by BCA assay, and the conjugation was assessed by 

SDS-PAGE and Coomassie blue staining. 

4.5 Results  

 Construction of expressing plasmids and solubility testing 

A GHR antagonist with site-specific attachment to mPEG malemide was produced by cysteine 

conjugation following introduction of a free cysteine at amino acid 144 of the GHR antagonist, 

B2036, which is a mutated GH molecule. Site 144 is located in the loop between helix 3 and 4 

of the molecule (Figure 4.1A). This site was selected as it was distant to the site 1 and site 2 GH-

GHR binding interfaces, and conjugation near to these sites would be expected to interfere with 

binding activity. The resulting protein (B2036-S144C) contained the engineered cysteine, 

S144C, and additional amino acid substitutions present in B2036 i.e. G120K, H18D, H21N, 

R167N, K168A, D171S, K172R, E174S and I179T, when compared to the sequence of GH. The 

DNA sequence was codon-optimised for E. coli expression and synthesised by ATUM. The 

insert was cloned into a modified pET32a.3c vector containing an N-terminal 3C protease 

recognition site and Trx-His6 tag (Figure 4.1B) and was confirmed by Sanger sequencing. The 

plasmids were transformed into AD494(DE3)pLysS E. Coli strain to test the expression and 

solubility.  
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     A 

     B 

 

Figure 4.1 Crystal structure of human GH/GHR and schematic structure of the Trx-His6-

B2036-S144C fusion protein. (A) Human GH/GHR crystal structure (Protein Data Bank code 

3HWG). 20, 30 and 40 kDa mPEG malemide (blue dot) were conjugated at amino acid site S144C 

(yellow dot). The crystal structure image was created using Mol* (Berman et al., 2002; Sehnal et 

al., 2018; Sundström et al., 1996). (B) Schematic structure of the Trx-His6-B2036-S144C fusion 

protein. The 3C protease recognition sequence and the amino acid sequence of B2036-S144C are 

shown. The arrow indicates the 3C cleavage site. Cleavage results in an additional 4 amino acids 

added to the N-terminal sequence of B2036-S144C (underlined). 

 

Expression of recombinant Trx-His6-B2036-S144C was induced by the addition of 0.1mM IPTG. 

As shown in Figure 4.2, when cells were induced with IPTG at 37℃, most of the induced 

proteins accumulated in inclusion bodies. However, lowering the temperature to 18℃ or 30℃ 

significantly improved soluble protein expression. Inducing protein expression at 30℃ improved 

the yield when compared to 18℃, and this temperature was used in subsequent experiments. 
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Figure 4.2 Optimisation of recombinant protein expression. E.coli AD494(DE3)pLysS cells 

harbouring expression vector Trx-His6-B2036-S144C were induced with IPTG at 30℃ and 37℃ 

for 4 h, or 18℃ for 20 h respectively. Cells were lysed, and fractions were analysed by SDS-PAGE 

and Coomassie blue staining. U: uninduced cells, I: induced cells, P: the pellets after lysis, S: 

soluble fractions after lysis, M, marker; arrow indicates target protein Trx-His6-B2036-S144C. 

 

 Expression and purification of recombinant B2036-S144C 

Trx-His6 tagged recombinant B2036-S144C was expressed in E. coli at 30℃ and the cell lysate 

was applied to a Ni-NTA column. The protein purification process is shown in Figure 4.3A. Trx-

His6 tagged B2036-S144C was eluted from the column with 200 mM imidazole solution. The 

purity of target proteins in the elution fraction was approximately 90%, as determined by SDS-

PAGE analysis (Figure 4.3B). The Trx-His6 tag was cleaved from the protein with 3C protease 

at 4℃ overnight. Following cleavage, the B2036-S144C protein retained 4 amino acids of the 

tag next to the 3C cleavage site at the N-terminus (Figure 4.2). B2036-S144C was then separated 

from the cleaved tag by reverse Ni-NTA affinity chromatography (Figure 4.3B). In this step, the 

Trx-His6 tag bound to the Ni-NTA column, whereas B2036-S144C passed through without 

binding. Thus, B2036-S144C protein was collected in flow-through fractions and further purified 

by MonoQ chromatography. SDS-PAGE analysis indicated that approximately 80% of the 

protein existed as a dimer with a molecular weight (Mw) of ~44 kDa under non-reduced 

conditions (Figure 4.3C). 
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Figure 4.3 Purification of recombinant B2036-S144C. (A) Schematic of the purification steps. 

(B) E. coli cells expressing recombinant protein were lysed, and the supernatant containing 

recombinant protein Trx-His6-B2036-S144C was purified by Ni-NTA. The Trx tag was removed by 

3C protease digestion, and elution fractions were analysed by 10% SDS-PAGE. The upper arrow 

indicates Trx-His6-B2036-S144C, the middle arrow indicates B2036-S144C and the lower arrow 

indicates the Trx-His6 tag. (C) Monomer and dimer B2036-S144C proteins were separated by 

anion-exchange (MonoQ) chromatography. Elution fractions (F1-3) were analysed by 10% SDS-

PAGE under both reduced and non-reduced conditions. The earlier small peak (F1) represents 

monomer, and the later and wide peak (F2) represents dimer. M, marker; E, elution fraction; FT, 

flow through. 
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In order to avoid protein dimerisation, L-cysteine blocking reagent was added to the elution 

fractions from Ni-NTA purification. L-cysteine blocking reagent includes a thiol-reactive 

compound and engaged with the free cysteine at 144C to prevent it forming a dimer. After anion-

exchange chromatography, approximately 75% of the protein was in monomer form in the 

presence of cysteine blocking buffer compared with approximately 8% monomer without 

inclusion of L-cysteine, demonstrating the utility of this approach (Figure 4.4). The monomeric 

and dimeric form of B2036-S144C were confirmed by reduced and non-reduced SDS-PAGE 

(data not shown). 

 

      A                                                                       B 

 

Figure 4.4 Purification of recombinant B2036-S144C with and without addition of cysteine 

solution. Anion-exchange purification of B2036-S144C in the presence of 1 mM L-cysteine solution 

(A) and in the absence of L-cysteine solution (B). 

 

 Site-specific PEGylation of recombinant B2036-S144C with mPEG maleimide 

B2036-S144C purified under the above conditions was not able to react with mPEG maleimide 

due to the formation of the disulphide bond with L-cysteine. One way to overcome this is to 

reduce the intermolecular disulphide bond to expose the thiol group with reducing agents such 

as tris(2-carboxyethyl)phosphine (TCEP) or dithiothreitol. However, B2036 contains two 

internal disulphide bonds which may be affected by reducing agents. To avoid this, an alternative 

PEGylation approach was taken which took advantage of the N-terminal Trx-His tag and 

circumvented the need for reducing reagents (Figure 4.5A). The soluble lysate was applied to a 

Ni-NTA gravity-flow column and the Trx-His6 tagged B2036-S144C protein was immobilised 

on the Ni-NTA resin. The intermolecular disulphide bond was less likely to have formed at this 

early stage of purification. mPEG maleimide was subsequently added to the column where it 
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conjugated to the immobilised target protein at S144C. The PEGylated conjugates were then 

eluted from the column. 20 kDa and 30 kDa PEGylated Trx-His6-B2036-S144C variants were 

enriched in the elution fraction with a conjugation efficiency of >75%, based on Coomassie blue 

staining, while the 40 kDa conjugate had a lower conjugation efficiency (approximately 60%) 

(Figure 4.6). Further purification was achieved with anion-exchange chromatography (Mono Q). 

The elution fraction from the MonoQ column was analysed by SDS-PAGE, and PEGylated Trx-

His6-tagged B2036-S144C protein was enriched in a single fraction with a purity of 

approximately 85%. The Trx-His6 tag was then removed by cleavage with 3C protease, and 

B2036-S144C was further purified to remove the Trx-His6 tag by reverse Ni-NTA as described 

above. Size exclusion by Superdex 75 was used to further separate the conjugated and 

unconjugated proteins. SDS-PAGE analysis of the elution fractions from each purification step 

for the 30 kDa PEG-B2036 is shown in Figure 3B. Using this approach, approximately 8-12 mg 

of pure PEGylated B2036 was obtained from 1 L of cell culture. All three PEG-B2036 conjugates 

had a larger effective molecular weight than unconjugated B2036-S144C, as measured by SDS-

PAGE (Figure 4.5C) and size exclusion chromatography (Figure 4.7). By SDS-PAGE analysis, 

each conjugate appeared as a single electrophoretic band with an apparent Mw of ∼65 kDa, ∼75 

kDa and ~85 kDa, respectively. This is higher than the actual Mw (42 kDa, 52 kDa and 62 kDa, 

respectively). The higher apparent Mw of is due to the high water-binding ability of mPEG 

malemide that significantly enhances the hydrodynamic volume of proteins (Cheng et al., 2012). 

Therefore, MALDI-TOF MS analysis was used to estimate the Mw of the conjugates (Figure 

4.5D). MS analysis demonstrated that monomeric B2036-S144C had a calculated molecular 

mass of 22.3 kDa, and the molecular estimated mass of the 20, 30, and 40 kDa PEG-B2036 

conjugates was 41.8, 51.0, and 61.2 kDa, respectively (Figure 4.5D). This data suggests that one 

polymer chain was attached to the protein. Taken together, these results indicate that we have 

established an efficient PEGylation and purification procedure for cysteine site-specific 

conjugation to B2036. 
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C                                                                           D 

                       

Figure 4.5 PEGylation and purification of recombinant B2036-S144C. (A) Schematic of the 

PEGylation and purification steps. (B) PEGylation and purification of 30 kDa PEG-B2036. Elution 

fractions from each purification step were analysed by 10% SDS-PAGE; MQ: MonoQ, 3C: 3C protease 

cleavage, SE: size exclusion (Superdex 75); arrow indicates 30 kDa PEG-B2036. (C) Following size 

exclusion chromatography (Superdex 75), elution fractions containing 20 kDa, 30 kDa and 40 kDa 

PEG-B2036 were analysed by 10% SDS-PAGE. (D) MALDI-TOF MS spectra for the 20, 30 and 40 

kDa PEG-B2036 conjugates. 

 

Figure 4.6 PEGylation of Trx-His6-tagged B2036-S144C with 20, 30 and 40 kDa mPEG on Ni 

resin. (A) Unconjugated Trx-His6-tagged B2036-S144C and the 20 kDa PEG-B2036 conjugate 

with Trx-His6 tag; (B) 30 kDa PEG-B2036 Trx-His6 tag; and (C) 40 kDa PEG-B2036 with Trx-His6 

tag. The upper arrow indicates the Trx-His6-tagged PEG-B2036 conjugates, and the lower arrow 

indicates unconjugated Trx-His6-tagged B2036-S144C. 
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Figure 4.7 Size exclusion purification of (A) B2036-S144C, (B) 20 kDa PEG-B2036, (C) 30 kDa 

PEG-B2036 and (D) 40 kDa PEG-B2036 conjugates. The 20, 30 and 40 kDa conjugates elute at 

approximately 8.41, 8.20 and 8.16 mL, respectively, and unmodified B2036 elutes at approximately 

17.10 mL.  
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 In vitro bioactivity of B2036-S144C and mPEG malemide conjugates 

A mouse Ba/F3-GHR cell viability assay was performed to determine the biological activity of 

the purified proteins. Ba/F3 is a murine pro-B cell line that requires interleukin-3 for growth. 

The Ba/F3-GHR cell line stably expresses the GHR and proliferates in response to hGH 

(Conway-Campbell et al., 2008). To evaluate the growth-inhibitory activity of the antagonists, 

Ba/F3-GHR cells were serum-starved and treated with different concentrations of the purified 

antagonists for 20 min, followed by 20 ng/mL hGH treatment for 48 h. As shown in Figure 4.8A, 

monomeric B2036-S144C inhibited Ba/F3-GHR cell growth in a concentration-dependent 

manner with an IC50 value of 10.1± 2.5 nM. This value is higher than we have previously reported 

for unmodified B2036 (3.4 ± 0.1 nM) (Wang et al., 2020). Interestingly, the B2036-S144C dimer 

also inhibited Ba/F3-GHR cells growth with an IC50 value of 4.9 ± 1.0 nM (Figure 4.8A). This 

may be due to the dimer acting as an inhibitor but may also result from reduction of the dimer to 

its monomeric form under cell culture conditions. To test this, B2036-S144C dimer was 

incubated under cell culture conditions for 4, 24 and 48 h. Under these conditions, a weak 

monomer band was observed at 4 and 24 h (Figure 4.9). By 48 h less than 20% of the B2036-

S144C protein had been reduced to the monomeric form, as determined by Western blot (Figure 

4.9). These experiments indicated that recombinant S144C-B2036 retained its biological activity 

following introduction of the free cysteine and purification. It is also likely that dimeric B2036-

S144C functions as a GHR antagonist. However, given the presence of monomer, further 

experiments would be required to confirm this.  

After PEGylation and purification, 20, 30 and 40 kDa PEG-B2036 also retained inhibitory 

activity against GH-stimulated Ba/F3-GHR cell growth (Figure 4.8B). As the size of the attached 

mPEG moiety increased, the bioactivity dropped accordingly, with observed IC50 values for 20, 

30 and 40 kDa PEG-B2036 of 66.2 ± 3.8 nM, 106.1 ± 7.1 nM, and 127.4 ± 3.6 nM, respectively.  
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Figure 4.8 The inhibitory activity (IC50) of unconjugated and PEG-conjugated B2036-S144C 

in Ba/F3-GHR cells. Cells were treated with increasing concentration of GHR antagonist for 20 

mins followed by 20 ng/mL GH. (A) Concentration-response curve of monomer and dimer B2036-

S144C. The IC50 values of the monomer and dimer were 10.1 ± 2.5 and 4.9 ± 1.0, respectively. (B) 

Concentration-response curve of monomer B2036-S144C and PEG-B2036 conjugates. The IC50 

values of 20 kDa, 30 kDa and 40 kDa PEG-B2036 conjugates were 66.2 ± 3.8, 106.1 ± 7.1 and 

127.4 ± 3.6 nM, respectively. Data are means ± SEM of three individual experiments. Some of the 

experiments were repeated by Julia Harms.  
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Figure 4.9 The status of dimeric B2036-S144C in cell culture media. Western blot evaluation of 

dimeric B2036-S144C following incubation with Ba/F3-GHR cells in cell culture media containing 

5% FBS. B2036-S144C dimer (100 nM) was incubated in 100μl media with 20,000 cells for 4, 24 

and 48 h. As human GH is detected by the antibody used, cells were stimulated with IL-3 instead 

of GH to mimic cell growth that occurs in the cell viability assay over 48 h. Cells culture media was 

collected at each time point and centrifuged, the supernatant was used to analyse and GH antibody 

(AF 1067, R&D system, 0.5 μg/mL) was used for Western detection. Lane 1, dimer incubated in 

cell media for 4 h; Lane 2, dimer incubated in cell media for 24 h; Lane 3, dimer incubated in cell 

media for 48 h;  Lane 4, dimer without incubation; Lane 5, monomer without incubation; Lane 6, 

cell culture media control; M, Marker. 

 

 Pharmacokinetics 

Prior to in vivo studies, the PEGylated B2036 conjugates were tested for endotoxin 

contamination. The 20 kDa, 30 kDa and 40 kDa PEG-B2036 conjugates had <1, <0.1 or <0.7 

endotoxin units (EU)/mg (0.1 EU/mL = ~ 0.01ng endotoxin per mL), respectively. Therefore, 

these conjugates were suitable for efficacy studies (IGF-I study) as the endotoxin dose was well 

below the recommended mice endotoxin dosing limit of < 6 EU/mg (Malyala and Singh, 2008).  

The circulating half-life of PEG-B2036 was determined by administration of conjugates to 

female CD-1 mice. All conjugates were administrated as a single s.c. injection of 0.2 mg 

protein/kg and serum levels were detected by GH ELISA. All three PEG-B2036 conjugates 

exhibited a biphasic curve, with an initial rapid decline followed by a slower secondary 

elimination phase (Figure 4.10). The terminal half-life of 20, 30 and 40 kDa PEG-B2036 was 

16.4, 18.6 and 58.3 h, respectively. The 40 kDa PEG-B2036 was still detectable in the serum for 

up to 96 h after injection whereas the 20 and 30 kDa conjugates had returned to baseline. The 

PK parameters generated are shown in Table 4.1. 
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Figure 4.10 Pharmacokinetic properties of 20 kDa, 30 kDa and 40 kDa PEG-B2036 after a 

single s.c. injection in CD-1 mice. Data are means ± SEM for three mice/group. Mice were dosed 

at 0.2 mg protein/kg. Serum levels of the PEGylated proteins were measured at indicated times by 

GH ELISA. These experiments were carried out independently but are presented on a single graph. 

 

 

Table 4.1 Pharmacokinetic parameters of PEG-S144C following s.c. administration in CD-1 

mice. 

1. Cmax: maximal drug concentration; 2. Tmax: time of maximal drug concentration; 3. AUC: Area under drug 

concentration versus time curve. 4. T1/2: half-life of distribution. 

 

 In vivo bioactivity 

Serum IGF-I is used as a surrogate biomarker for pegvisomant, as it inhibits the induction of 

hepatic IGF-I secretion by GH. To determine the in vivo bioactivity of PEGylated B2036-S144C, 

CD-1 mice (n = 5) were treated with 5 daily s.c. doses of 20, 30 and 40 kDa PEG-B2036. 

Treatment with 10 mg protein/kg/day of 30 kDa and 40 kDa PEG-B2036 significantly reduced 

serum IGF-I concentrations by 21.7% and 50.6%, respectively, when compared with vehicle-

treated controls (685 ±  48 (SEM) versus 875 ± 25 ng/mL; 505 ± 12 versus 1023 ± 68 ng/mL, 

respectively, a < 0.01,  b < 0.001), while treatment with the same dose of 20 kDa PEG-B2036 

did not significantly reduce IGF-I concentrations (875 ± 25 versus 791 ± 32 ng/mL) (Figure 

 

Cmax1 

(ng/mL) Tmax2 (h) 

AUC3 0-inf 

(h.ng/mL) T1/2  
4(h) 

20 kDa PEG-B2036 2082.1 6 39132 16.4 

30 kDa PEG-B2036 780.9 6 15317 18.6 

40 kDa PEG-B2036 581.4 6 29208 58.3 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mouse
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dose
https://www.sciencedirect.com/topics/medicine-and-dentistry/serum
https://www.sciencedirect.com/topics/medicine-and-dentistry/insulin-like-growth-factor-1
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4.11A). There was no significant change in bodyweight observed following treatment over the 5 

day dosing period (Figure 4.11B). 

 

      A 

 

      B 

 

Figure 4.11 Serum IGF-I concentration and bodyweight change in CD-1 mice treated with 20, 

30 and 40 kDa PEG-B2036 conjugates or control vehicle. (A) IGF-I concentrations were 

measured by mouse/rat IGF-I ELISA. (B) Bodyweight changes in female CD-1 mice over the 5-day 

dosing period. Error bars and symbols represent mean ± SEM (n = 5). a < 0.01, b < 0.001, compared 

to vehicle, one-way ANOVA, Tukey's post-hoc test.  
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4.6 Discussion  

The present study describes an efficient strategy to produce a biologically active GHR antagonist 

through introduction of a free cysteine at amino acid 144 site (S144C) and site specific 

PEGylation of the protein. We have also established an efficient strategy to conjugate the protein 

with PEG maleimide when immobilised, without the need for introducing a reducing reagent. 

Conjugation to a 40 kDa PEG resulted in a conjugate with excellent in vitro and in vivo 

bioactivity. To our knowledge, this is the first study reporting efficient in vivo bioactivity of a 

cysteine conjugated PEGylated GHR antagonist. 

Expression and purification of a GHR antagonist with a cysteine mutation 

A common issue with expression of proteins with engineered free cysteine residues is that they 

form insoluble multimers and aggregates when expressed in the cytoplasm. Refolding 

procedures may restore the structure but this is time consuming and may result in loss of activity 

(Cox et al., 2004). In our study, we found that Trx tagged B2036-S144C was highly soluble when 

induced at 30℃ and no large aggregates were observed during purification. However, B2036-

S144C was purified predominantly in dimer form, due to the presence of the unpaired cysteine. 

Adding an L-cysteine blocking buffer to the first step of purification (Ni-NTA) effectively 

reduced this. Following removal of the Trx-His6 tag with 3C protease, four additional amino 

acids remained at the N-terminus of B2036-S144C protein. These additional amino acids may 

increase the immunogenicity of the protein in vivo, and ongoing studies will need to address 

whether this is the case. However, given PEGylation can reduce immunogenicity of a protein, 

this may help to mitigate this. 

Interestingly, previous studies have reported that a covalent dimeric fusion of a GHR antagonist 

(G120R-G120R) functions as a weak agonist rather than an antagonist (Langenheim et al., 2006; 

Yang et al., 2008). In contrast, it is likely that the dimeric form of B2036-S144C reported here 

acts as a GHR antagonist, as very little reduced monomeric form was present after 4 and 24 h 

when 100 nM of the protein was cultured with cell culture media. This concentration maximally 

inhibited GH-dependent Ba/F3-GHR cell viability in earlier studies. However, given the 

presence of the monomer, further experiments would be required to confirm this, for example, a 

B2036-S144C dimer could be generated using a stable bifunctional linker which isn’t reduced 

under cell culture conditions. If B2036-S144C dimer is shown to function as a GHR antagonist 

rather than an agonist, this is likely to be due to the different conformation of the dimers. Yang 

et al., created dimeric G120R molecules through a C-terminal to N-terminal fusion. This tandem 
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linkage allowed the intact binding site 1 on each of the antagonists to interact with the receptor 

dimer, which surprisingly still activated it (Yang et al., 2008). The disulphide linkage of our 

B2036-S144C dimer is located distal to the binding sites and is expected to result in the two 

molecules being orientated “back-to-back’ (Figure 4.12). This orientation may prevent the two 

intact binding sites activating the receptor.  

 

 

Figure 4.12 Cartoon representation of dimer formation by B2036-S144C and the C-N 

terminus G120R-G120R fusion reported by Yang et al (Yang et al., 2008). 

 

Site-specific PEGylation of B2036-S144C 

Pegvisomant is PEGylated via non-specific amine PEGylation of the protein on the side-chain 

of lysines and the N-terminal residue, resulting in a heterogeneous product with 4-6 PEG 

moieties. Notably, this significantly decreases the bioactivity of the antagonist as the protein 

core, B2036, has eight lysines and several of these (F1, K38, K41, K70, and K158) are located 

in or near the binding sites which make direct contact with the GHR (de Vos et al., 1992). Site-

specific PEGylation can minimise this decrease in activity associated with PEGylation, while 

retaining pharmacokinetic benefits. The key to designing a GHR antagonist with sustained 

bioactivity is to control the site where a polymer can be conjugated, resulting in the generation 

of a homogeneous PEGylated protein with the polymer attached to a “non-essential” residue, 

thus minimising effects on bioactivity (Ko and Maynard, 2018). We therefore introduced the free 

cysteine at amino acid site 144 which is away from either of the binding sites (Walsh et al., 2003) 

(Figure 4.1A). Although site-specific PEGylation of B2036-S144C still reduced in vitro 

bioactivity when compared with the unconjugated protein (6-12 fold reduction), this is a marked 

improvement compared to amine PEGylated B2036 which resulted in 143-fold reduction in IC50 

when conjugated to 4-7 PEGs (Wang et al., 2020). 
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As mentioned above, purification of proteins with free cysteine residues can lead to the formation 

of dimers which can be challenging to resolve. Li and colleagues introduced a free cysteine at 

the N terminal of a GHR-G120R antagonist but failed to PEGylate the protein due to oxidisation 

of the sulfhydryl group during purification (Li et al., 2004). To overcome issues associated with 

oxidisation, a reducing agent can be used. For example, Cox and colleagues site-specific 

PEGylated recombinant GH with a T3C substitution by partially reducing the dimers with TCEP  

reducing agent (Cox et al., 2004). 

Although addition of L-cysteine avoided dimerisation of B2036-S144C during purification, this 

still required subsequent partial reduction to expose the free cysteine. As B2036 contains four 

cysteine residues involved in two internal disulphide bonds, we found breaking the 

intermolecular disulphide bonds without over-reducing the two internal disulphide bonds 

challenging. To solve this, we developed a robust method of conjugating PEG whilst 

immobilised on the Ni-NTA column. This approach took advantage of the His-tag present in the 

Trx fusion protein (Trx-His6-B2036-S144C). This provided a unique platform for 

simultaneously PEGylating and purifying the fusion proteins without the need to introduce 

reducing agents, resulting in minimal dimer formation and increased yield (~75% conjugation 

efficiency). Combining protein purification, PEGylation and removal of unreactive mPEG into 

a single step saved time and significantly improved production. This approach has been used 

previously and there are a number of chemistries that can reversibly bind proteins to solid 

supports in order to create protein-polymer conjugates (Huang et al., 2012a; Jølck et al., 2010; 

Murata et al., 2018; Song et al., 2014a). By taking advantage of solid support immobilisation, 

we were able to successfully PEGylate B2036-S144C without disrupting the internal disulphide 

bonds.  

A long lasting GHR antagonist with improved in vivo bioactivity 

The increased effective size of PEGylated proteins slows filtration by the kidney and increases 

the half-life of biotherapeutics in the circulation (Clark et al., 1996; Knauf et al., 1988). 

Conjugation of 20, 30 and 40K mPEG to B2036 prolonged their serum half-life from 16.4 to 

58.3 h in female mice. This is consistent with studies reporting PK parameters for site-specific 

GH conjugates. For example, Cox et al. reported that the terminal half-lives of GH was increased 

from 1.2 to 9 h in male rats following conjugation to 20 kDa PEG at amino acid site T3C (Cox 

et al., 2007). Wu et al. demonstrated that the half-lives of three 20 kDa PEG-hGH conjugates 

(hGH-Y35, G131 and K145) were 11.3, 6.4, and 8.0 h, respectively. In addition, three 40 kDa 
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conjugates of these proteins had a half-life of 29.0, 7.6 and 8.6 h, respectively, in male rats (Wu 

et al., 2017), indicating that the site of attachment not only impacts on bioactivity but also 

circulation half-life. Pegvisomant has a longer half-life of 72 h in humans (Muller et al., 2004). 

However, humans metabolise proteins slower than rodents and therefore bioactive proteins 

generally have a longer circulating half-life in the human circulation when compared to rodents 

(Mordenti et al., 1991). 

While conjugation of PEG with increasing chain length is usually accompanied by loss of 

bioactivity, this is compensated for by the longer in vivo serum half-life. However, optimal chain 

length varies from protein to protein and, as described above, is also affected by the conjugation 

site (Zheng et al., 2020). The 30 kDa and 40 kDa PEG-B2036 conjugates exhibited better in vivo 

bioactivity in terms of IGF-I suppression in mice. Notably, 40 kDa PEG-B2036 was more 

effective than 30 kDa PEG-B2036 in vivo, reducing serum IGF-I by 50.6% at 10 mg/kg/day, and 

may therefore represent a good balance between PK and PD characteristics. One other study has 

reported in vivo bioactivity for a site-specific PEGylated GHR antagonist. Wu et al. reported N-

terminal mono-PEGylation of a GHR antagonist with 20 and 40 kDa PEG (Wu et al., 2013). 

Administration of the 20 kDa conjugate in rats (2 mg/kg) suppressed circulating IGF-I by 30-

43%, whereas the 40 kDa conjugate had no in vivo activity, likely due to steric interference of 

ligand binding due to the N-terminal location (Wu et al., 2013). The in vivo reduction in serum 

IGF-I we observed after 40 kDa PEG-B2036 administration was at a considerably lower dose 

compared to the higher doses required to observe comparable activity in studies with 

pegvisomant. Evans et al. found that s.c. administration of 100 mg/kg pegvisomant suppressed 

serum IGF-I by 68% in mice, and delayed tumour regrowth when combined with ionising 

radiation (Evans et al., 2016). Other studies have reported a 70-80% reduction of serum IGF-I 

levels with intraperitoneal administration of pegvisomant (250 mg/kg daily for 14 days) 

(Divisova et al., 2006), and a 57-64% reduction in serum IGF-I with 60 mg/kg pegvisomant s.c. 

administered over 30 days (Dagnaes-Hansen et al., 2004). Thus, our site-specific antagonist 

conjugate appears to have markedly improved PD properties compared with the amine 

PEGylated version; however we note that it is difficult to directly compare these studies given 

the mouse sex and strain, and route of administration differs across them.  

Conducting in vivo preclinical studies into the efficacy of GHR antagonism in cancer have been 

challenging due to the requirement of very high doses of the GHR antagonist pegvisomant in 

mice. We show that site-specific PEGylation of B2036 by targeted attachment of a 40 kDa PEG 

maleimide to a single, non-essential site in the protein, generates a GHR antagonist with 
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prolonged circulating half-life and improved in vivo bioactivity. In addition, improved 

purification and PEGylation protocols mean that this conjugate can be produced in sufficient 

amounts for routine preclinical studies. This conjugation approach also has the potential to 

generate a biotherapeutic with improved features for clinical applications. 
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Chapter 5. Generation of a mGhr antagonist for in vivo use 

5.1 Preface 

The GH/IGF-1 axis has been implicated in the progression of several types of cancers, and this 

has led to the suggestion that GHR antagonists such as pegvisomant may have application as 

anti-cancer therapeutics. However, only a few preclinical oncology studies in animals have been 

carried out. This is in part due to access to the drug, but is also due to the large amounts of this 

drug which are required for studies in rodents. The dose of pegvisomant approved for use in 

humans to normalise IGF-I levels is 10 to 30 mg (0.17-0.50 mg protein/kg) daily subcutaneous 

injections (Jen et al., 2013). However, the dose used in rodents is significantly higher (60-250 

mg protein/kg/day) (Lu et al., 2019). For example, 100 mg/kg/day pegvisomant decreased IGF-

I concentrations by 68% in mice (Evans et al., 2016).  

The binding affinity of B2036-PEG (pegvisomant) to the GHR varies across species. Based on 

the half maximal effective concentration (EC50) generated from liver GHR binding assays using 

B2036-PEG, the human, rhesus monkey, and rabbit GHR have similar binding affinities for 

B2036-PEG, whereas canine GHR has lower affinity. By comparison, B2036-PEG has very low 

affinity for the Ghr from rodents (rats and mice), with values a hundred-fold lower than that of 

the human GHR (21-106 Somavert Approval - FDA, (Pharmacia & Upjohn, 2003)). The lower 

binding affinity with the mouse Ghr most likely explains why much higher dose of pegvisomant 

was used in rodents to lowering serum IGF-I concentrations than humans.  

Although the site-specific conjugates detailed in Chapter 4 were suitable for in vivo studies, large 

amounts would still be required for xenograft studies where treatment over 4-8 weeks may be 

required. The aim of this Chapter was therefore to develop a mGhr antagonist with improved 

bioactivity against the mGhr which could be made in sufficient quantities for in vivo cancer 

studies in mice. The contents of this Chapter are split into two sections: the first section describes 

the generation of the bovine G119R antagonist (a mutated form of bovine GH), which has 

previously been shown to have activity against the mouse Ghr (Chen et al., 1990). The second 

section describes another B2036 variant (B24) which was found to have improved activity in 

mice. 
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5.2 Development of bovine G119R- Introduction 

A variety of transgenic animals have been produced to investigate the growth-promoting 

activities of GH. For example, mice transgenic for the wild-type bovine GH (bGh) gene have 

increased serum and tissue IGF-I concentrations, and increased body weight and skeletal 

robustness (Sotelo et al., 1998; Yakar and Isaksson, 2016). The discovery of a mGhr antagonist 

also initially arose from studies with transgenic mice expressing a mutated bGh gene. Studies of 

the three-dimensional structure of GH led to interest in the amino acid composition of the third 

α-helix (109-126 in bGh and 110-127 in hGH), due to its amphiphilic properties (Chen et al., 

1990, 1991a; Hara et al., 1978). However, it was noted that the three amino acids at position 117, 

119, and 122 of bGh were not ideal for amphiphilic helix formation. It was hypothesised that 

substitution of these three residues would improve the amphiphilic property of the helix, and 

potentially increase the bioactivity of bGh. However, surprisingly transgenic mice expressing a 

mutant bGh gene with amino acid substitutions of E117L, G119R and A122D were actually 

smaller and had reduced circulating IGF-I (Kopchick et al., 2014b; Yang et al., 1993). Further 

studies confirmed that glycine 119 of bGh was the key amino acid critical for the growth 

promoting activity of bGh (Chen et al., 1991b), and substitution of glycine at 119 site of bGh 

(bG119R) functioned as a mGhr inhibitor in vivo.  

The aim of the following study was to generate a mGhr antagonist for in vivo studies. Given the 

evidence that bG119R can antagonise the mGhr, this antagonist was selected for this study. 

Another consideration was prior successful preparation of the recombinant protein in 

publications. Preparation of recombinant bG119R has not been described previously; however, 

bGh has been successfully expressed and purified from E.coli (Choi et al., 1998). The 

purification process involves refolding from inclusion bodies under strong denaturing conditions 

(10 M urea, 0.1 M DTT). Purified bGh has been shown to be biologically active and binds rabbit 

Ghr in liver extracts (Choi et al., 1998). Although a mouse version of the antagonist would likely 

also function as an antagonist, the preparation of this protein had not been reported before. In 

this section, an optimised protocol for refolding bG119R protein from inclusion bodies produced 

in E. coli was developed. Purified bG119R functioned as a weak mGhr antagonist; however, in 

vitro inhibition was not effective and subsequent work with this protein, such as protein 

PEGylation, was not continued. 
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5.3 Results  

 Expression and purification of recombinant bG119R protein 

The mature bGh protein contains 191 amino acids with a molecular weight of ~22 kDa. This 

hormone is initially translated as pre-hormone with an addition 26 amino acid signal peptide at 

the N-terminal. This signal peptide is normally cleaved during secretion into the lumen of the 

endoplasmic reticulum (Lingappa et al., 1977). bG119R protein is a mutated bGh molecule 

which contains the G119R substitution. Two additional substitutions (K167A and K171R), 

equivalent to those in B2036, were added to remove PEGylation sites in binding site 1. The 

amino acid sequence of bG119R is shown in Figure 5.1. 

 

Figure 5.1 Amino acid sequence of bG119R. bG119R contains 3 mutations. A single mutation 

(G119R, red) in the bGh binding site 2 converts the hormone into an antagonist. Two additional 

mutations, K167A and K171R (blue), serve to remove two PEGylation sites. 

 

5.3.1.1 Construction of bG119R expression plasmids and solubility testing in E. coli 

The DNA sequence of bG119R was synthesised by ATUM and cloned into a modified 

expression vector pET32a.3c containing an N-terminal Trx-His6 tag and a 3C protease 

recognition site between the tag and target protein. The DNA sequence was codon-optimised for 

E. coli expression and confirmed by Sanger sequencing. The plasmid (pET32a.3c-bG119R) was 

transformed into AD494(DE3)pLysS E. coli strain to test expression and solubility.  

Recombinant Trx-His6-tagged bG119R (Trx-His6-bG119R) was expressed in E.coli under 

different growth conditions. When induced with IPTG at 37℃, recombinant Trx-His6-bG119R 

accumulated as insoluble protein aggregates in inclusion bodies. Unfortunately, lowering the 

expression temperature to 18℃ only slightly increased the yield of soluble protein, but the 

overall expression level was very low (Figure 5.2). The most common solution in this instance 

is to attempt to refold the protein from inclusion bodies. 
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Figure 5.2 Expression of recombinant protein Trx-His6-bG119R in E.coli. E.coli 

AD494(DE3)pLysS cells harbouring the Trx-His6-bG119R expression vector were induced with 

IPTG at 37℃ for 4 h, or 18℃ for 18 h. Cells were lysed, and fractions were analysed by SDS-

PAGE and Coomassie blue staining. The molecular weight of the fusion protein was ~40 kDa. U: 

uninduced cells, I: induced cells, P: the pellets after lysis, S: soluble fractions after lysis M, marker. 

The two gel sections are from the same gel image with the centre lanes cropped; arrow indicates 

fusion protein Trx-His6-bG119R. 

5.3.1.2 Isolation of refolded protein from inclusion bodies by traditional urea denaturation 

method 

Trx-His6-tagged bG119R was expressed in E. coli by induction at 37℃ with 1 mM IPTG and 

cultured for 4 h. Under these conditions a large accumulation of inclusion bodies was observed 

(Figure 5.3A). Following centrifugation, the pelleted inclusion bodies were washed three times 

with 50 mM Tris-HCl pH 8.5, 5 mM EDTA, 0.5% Triton-100. Inclusion bodies were then 

isolated and solubilised in 10 mL of 50 mM Tris-HCl pH 9.5, 10 mM EDTA, 8 M urea, 4 mM 

DTT at room temperature for 1 h, followed by centrifugation (12,000×g, 15min, 4℃) and the 

supernatant retained. The purity of the entirely denatured and soluble proteins in supernatants 

was approximately 90% as estimated by SDS-PAGE analysis (Figure 5.3B). Solubilised Trx-

his6-bG119R was then refolded. This was done by adding solubilised proteins drop-wise into 

refolding buffer (50 mM Tris-HCl pH 9.5, 1 mM EDTA, 1 mM PMSF, 100 mM glycine, 1 mM 

cystamine and 5 mM cysteamine) gradually with gentle stirring at 4℃ for 24 h. The solution 

containing refolded proteins was concentrated in a stirred cell concentrator and dialysed into 10 

mM imidazole, 10% glycerol in PBS for isolation by Ni-NTA as described above. During this 

dialysis process to remove the denaturing regent and other salts, a large amount of protein 

precipitation was observed. Following centrifugation, the dialysed supernatant was subjected to 
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Ni-NTA purification. Trx-His6-bG119R was enriched in the elution fraction with a purity of 

approximately 95% (Figure 5.3C). The elution fraction was then dialysed against washing buffer 

(1 × PBS, pH 7.4 with 150 mM NaCl, 10 mM imidazole, 0.1% Triton X-100, 10% glycerol) and 

3C protease was added to remove the Trx-His6 tag. Again, precipitation formed after removing 

the Trx-His6 tag, and the protein yield was low (less than 1 mg bG119R from 1 L of cell culture).  

                   A                                          B                                        C 

                                                  

Figure 5.3 Trx-His-bG119R refolded from inclusion bodies in 8 M Urea. (A) E. coli 

AD494(DE3)pLysS were induced at 37℃ with 1 mM IPTG. Cells were lysed, and the soluble (S) 

and the pelleted (P) fractions were analysed by SDS-PAGE and Coomassie blue staining; (B) 

Inclusion bodies were solubilised by 50mM Tris-HCl (pH 9.5) containing 8 M urea after intensive 

washing. The solubilised supernatant (1 µL) was analysed by SDS-PAGE. S: solubilised bG119R 

in 8 M urea; (C) Ni-NTA purification. FT: flow-through fraction; E: Elution faction; M: Marker.  

5.3.1.3 Optimisation of a freeze-thaw method for protein solubilisation 

Solubilisation of inclusion bodies using a freeze-thaw method  

Given that the protein yield using traditional refolding conditions in urea was low, other options 

were investigated. It has been reported that using mild denaturing conditions can be helpful to 

improve the protein refolding process (Singh et al., 2015). Mild solubilisation of inclusion bodies 

can preserve the existing native secondary structure of the proteins, reducing protein aggregation 

during refolding procedure. In the present study, solubilisation of inclusion bodies by two 

different methods was compared – the traditional urea-denaturation method and a freeze-thaw 

method. 
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Figure 5.4 Schematic showing the production of soluble protein from E. coli inclusion bodies 

using the freeze-thaw method. 

 

The steps in the freeze-thaw method are illustrated in Figure 5.4. Inclusion body pellets 

containing Trx-His6-bG119R were solubilised in Tris-HCl (pH 8.0) containing different molar 

concentration of urea (0-8 M). For the traditional method, inclusion bodies were solubilised in 

buffer containing urea at room temperature for 1 h, followed by centrifugation and the 

supernatant retained. For the freeze-thaw method, solubilised protein was subjected to a single 

freeze-thaw cycle and the solubilised supernatants were retained after centrifugation. Solubilised 

supernatants were compared to those from the traditional urea-denatured method by SDS-PAGE 

analysis. As shown in Figure 5.5, recombinant Trx-His6 tagged bG119R protein was solubilised 

much more effectively using the freeze-thaw method when compared with the traditional urea 

denaturation method. In particular, using this method, as little as 2 M urea resulted in good 

solubilisation and was comparable to that obtained with 6 M urea using the traditional method. 
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                A                                                                           B 

           

Figure 5.5 SDS-PAGE analysis of the effect of urea concentration on Trx-His6-bG119R 

solubilisation from inclusion bodies. Inclusion body pellets were solubilised in 50 mM Tris-HCl 

pH 8.0 buffer containing 0-8 M urea using (A) the freeze-thaw method or (B) traditional urea-

denaturation method. U: un-induced; I: induced. 

 

5.3.1.4 pH optimisation 

To investigate whether altering pH improved protein yield, Trx-His6-bG119R inclusion bodies 

were solubilised in 50 mM Tris-HCl buffer, 2 M urea at pH 8.5, 9.5, 10.5 and 12 using both 

solubilisation methods (freeze-thaw and traditional urea denaturation), and the solubilisation 

levels were assessed by SDS-PAGE (Figure 5.6). With the freeze-thaw method, efficient 

solubilisation of the protein was observed from pH 8.5 to 12 with maximum solubilisation at pH 

10.5. In contrast, using the traditional denaturation method, efficient solubilisation of the protein 

was only observed at pH 10.5 and 12.  

These results indicate that using the freeze-thaw method in the presence of 2 M urea was 

preferable. Solubilisation of Trx-His6-bG119R under these conditions was pH-dependent with 

an optimum pH above 9.5. As the maximum pH that can be used during Ni-NTA column 

purification is 9.0, a pH of 9.5 with 2 M urea was chosen for subsequent experiments. The protein 

was then dialysed into 50 mM Tris-HCl pH 9.0 in the absence of urea, and with or without redox 

reagents for Ni-NTA purification.  
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                           A                                                               B 

 

Figure 5.6 SDS-PAGE analysis of the effect of pH on Trx-His6-bG119R solubilisation from 

inclusion bodies. Inclusion body pellets were solubilized in buffer at pH 8.5, 9.5, 10.5, and 12 

using (A) the freeze-thaw method or (B) traditional urea-denaturation method. U: un-induced; I: 

induced. 

 

5.3.1.5 Purification of refolded bG119R  

Soluble Trx-His6-bG119R proteins were obtained from mild solubilisation conditions (50 mM 

Tris-HCl pH 9.5, 2 M urea) using the freeze-thaw method. The purification procedure for 

bG119R is shown in Figure 5.7A. Formation of native disulphide bonds during protein refolding 

can be limiting in obtaining biologically active proteins (Huth et al., 1994). bG119R contains 4 

cysteine residues which are involved in two internal disulphide bonds. Thus, redox reagents, 1 

mM cystamine and 5 mM cysteamine were included in dialysis buffer to investigate the influence 

of redox reagent on protein refolding. Interestingly, there was no precipitation observed under 

both dialysis conditions (with/without cystamine and cysteamine). In addition, proteins dialysed 

without cystamine and cysteamine hardly bound to the nickel resin during Ni-NTA purification, 

while proteins dialysed in the presence of cystamine and cysteamine bound the nickel resin more 

efficiently (Figure 5.7B). This result suggests that redox reagents may be essential for in vitro 

folding of Trx-his6-bG119R proteins as incorrect formation of the disulphide bonds may lead to 

the His6-tag being masked thereby preventing it from binding the nickel resin. The elution 

fraction enriched in Trx-His6-bG119R was then dialysed against washing buffer (50mM Tris-

HCl, pH 9.0, 10 mM imidazole, 0.1% Triton X-100, 10% glycerol) and 3C protease was added 

to remove the Trx-His6 tag. No protein aggregation was observed during this process. bG119R 

was separated from the Trx-His6 tag by reverse Ni-NTA affinity chromatography (Figure 5.7C). 

In this step, the Trx-His6 tag bound to the Ni-NTA column, whereas bG119R passed through 

and was collected in the flow-through fractions. Following 3C protease cleavage, bG119R 

retained an additional 4 amino acids from the cleavage site at the N-terminus. Anion-exchange 
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chromatography (MonoQ) was next applied to further purify bG119R. Following gradient 

elution with NaCl, SDS-PAGE analysis demonstrated that the majority of bG119R was eluted 

as a monomeric form with a molecular weight of 22 kDa (Figure 5.7D). Using this approach, 

approximately 8 mg of bG119R was obtained from 1 L of cell culture. 

 

Figure 5.7 Refolding and purification of bG119R from inclusion bodies. (A) Schematic showing 

purification of bG119R; SDS-PAGE analysis of (B) Trx-His6-bG119R purification by Ni-NTA; (C) 

Trx-His6 tag removal following 3C protease cleavage and Ni-NTA purification; and (D) bG119R 

purified by anion-exchange purification (MonoQ). M: marker; T: total protein; FT: flow-through 

fraction; E: Elution fraction. 

 

 In vitro bioactivity of bG119R 

5.3.2.1 Ba/F3-mGhr cell viability 

A mouse Ba/F3-mGhr cell viability assay was performed to determine the biological activity of 

the purified bG119R. The Ba/F3-mGhr cell line is stably transfected with an expression vector 

containing the full-length mGhr cDNA and proliferates in response to mouse Gh (mGh) or 

interleukin-3. This cell line hadn’t been established at the time of the studies described in Chapter 
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3 and 4 and therefore was not used in those studies. To compare the growth-inhibitory activity 

of bG119R and B2036, Ba/F3-mGhr cells were serum-starved and treated with different 

concentrations of bG119R or B2036 for 20 min, followed by 20 ng/mL mGh for 48 h. As shown 

in Figure 5.8B, B2036 inhibited the growth of Ba/F3-mGhr cells with an IC50 value of 464.4 ± 

30.2 nM. This is substantially lower potency than that observed with human GH/GHR using the 

Ba/F3-hGHR cell line (IC50 3.4 ± 0.1 nM, described in Chapter 3). Surprisingly, bG119R did not 

inhibit mGh-dependent cell growth in this assay (Figure 5.8A). 

 

         A                         bG119R                                B                            B2036 

     
Figure 5.8 Dose-response curve in Ba/F3-mGhr cells. Inhibition of mGh-stimulated cell viability 

by bG119R (A) and B2036 (B). Cells were treated with bG119R or B2036 for 20 mins at the doses 

indicated, followed by 20 ng/mL mGh for 48 h in serum-free media. Cell viability was determined 

by addition of resazurin sodium salt. The IC50 value for bG119R was > 3200 nM, and the IC50 value 

for B2036 was 464.4 ± 30.2 nM. 

 

5.3.2.2  Inhibition of GH signalling in the mouse melanoma cell line, B16-F10 

The ability of bG119R to block mGh-stimulated activation of STAT5 was determined in the 

mouse melanoma cell line, B16-F10, using a pSTAT5 AlphaScreen assay. B16-F10 cells highly 

express mGhr (Basu et al., 2017b). mGh increased STAT5 activation in B16-F10 cells in a 

concentration-dependent manner with maximal response at 500 ng/mL mGh (Figure 5.9). 400 

ng/mL mGh was used in subsequent experiments. 
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Figure 5.9 mGh concentration-response in B16-F10 cells measured by AlphaScreen pSTAT5 

assay. Cells were serum-starved overnight and treated with mGh at the concentrations indicated 

for 10 mins.   

 

Treatment with 100, 500 and 1000 nM bG119R for 20 min prior to mGh treatment (400 ng/mL) 

partially abrogated the activation of STAT5 in B16-F10 cells (Figure 5.10A). In contrast, B2036 

significantly inhibited STAT5 activation in B16-F10 at 100, 500 and 1000 nM, respectively 

(Figure 5.10B). These results demonstrated that recombinant bG119R was not an effective mGhr 

antagonist and did not work as well as B2036 in terms of inhibiting mGh in mouse B16-F10 

cells.  

      A                                                                              B 

     

Figure 5.10 Inhibitory activity of bG119R and B2036 in B16-F10 cells as determined by a 

pSTAT5 AlphaScreen assay. Cells were serum-starved overnight and treated with bG119R or 

B2036 at the concentrations indicated for 20 mins, followed by treatment with 400 ng/mL mGh for 

10 mins. The difference compared to GH treatment group was determined to be statistically different 

when p value below 0.05 using one-way ANOVA with post-hoc analyses (Tukey’s multiple 

comparisons test). *p<0.05. *** p<0.001 v.s. GH treatment.   
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5.4 Discussion – generation of bG119R 

This Section describes development of a protocol to refold and purify recombinant bG119R from 

inclusion bodies. Recombinant bG119R was successfully recovered from inclusion bodies using 

the freeze-thaw method and a series of purification chromatography including immobilised metal 

affinity and ion-exchange chromatography. However, purified recombinant bG119R generated 

using this protocol did not have sufficient activity to inhibit mGh function in vitro. 

The initial expression protocol used for bG119R was based on methods developed in Chapter 3 

for purification of B2036. This included fusion to the Trx-His6 tag. However, in contrast to 

B2036, the expression level of recombinant bG119R protein was very low when induced with a 

lower IPTG concentration (0.1 mM) at 18℃. This protein accumulated as inclusion bodies when 

induced at 37℃. Many studies have demonstrated that proteins expressed as inclusion bodies 

have extensive native-like secondary structures (Georgiou and Valax, 1996; Khan et al., 1998; 

Patra et al., 2000; Umetsu et al., 2004). Denaturation and refolding of proteins from inclusion 

bodies is potentially the most efficient strategy to produce proteins if the proteins can be 

successfully refolded. Initially, Trx-his6-bG119R was refolded using a high concentration of 

urea (8 M) followed by dilution in refolding buffer and subsequently dialysis to remove excess 

salts. However, the protein re-aggregated after dialysis and removal of Trx-His6 tag. Although 

8 M urea successfully solubilised bG119R and resulted in high purity (>90%), the proteins may 

have been misfolded and removal of the tag may have accelerated re-aggregation (Malhotra, 

2009). The formation of aggregates during protein refolding is attributed to unidirectional kinetic 

competition of folding and aggregation reactions. The predicted isoelectric point (pI) of bG119R 

is 7.84, which is close to the pH of the dialysis buffer (PBS, pH 7.4) and might be the reason for 

protein precipitation. A major shortcoming of this method was that it was a complex procedure 

requiring extensive optimisation at multiple steps. 

Milder solubilisation strategies using lower urea concentrations have been demonstrated to help 

retain a more native-like secondary structure and improve the recovery of bioactive protein when 

compared to using higher concentrations of urea (Singh et al., 2015). However, using mild 

conditions, such as 2 M urea, only solubilises smaller amounts of protein. Qi and colleagues 

reported a simple and low-cost way to efficiently refold proteins from inclusion bodies using 

lower urea concentrations combined with a single freeze-thaw cycle. Notably, improved 

solubilisation of Trx-His6-bG119R from inclusion bodies was observed by increasing the pH, 

indicating that an alkaline pH was essential for effective solubilisation of the protein from 
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inclusion bodies. Proteins generated using the freeze-thaw method with 2 M urea was as efficient 

as using 8 M urea with the denaturation method. The yield of bG119R protein obtained by the 

freeze-thaw method was approximately 8-fold greater than that produced by the traditional urea-

denatured method.  

The mechanism by which the freeze-thaw method improves protein solubility has been 

extensively investigated. The solubility of protein isolated from inclusion bodies is mainly 

affected by both urea concentration and pH values, indicating that hydrophobic interactions and 

ionic solvents are involved in the process of protein refolding (Patra et al., 2000). Since protein 

is unlikely to be denatured at lower concentrations of urea and mild alkaline pH, milder 

conditions (2 M urea, pH 9.5) may only disrupt the hydrophobic interactions of protein molecules 

to physically separate the molecules (De Bernardez Clark, 1998; Rinas et al., 2007). In addition, 

an alkaline pH which is not too close to the pI of the protein also plays a crucial role in avoiding 

protein aggregation. Freezing induces several additional stresses that are capable of denaturing 

proteins, including the cold temperature, formation of ice crystals, salt concentration in the buffer 

due to the insolubility of some salts, and changes in pH (Cao et al., 2003). However, the main 

contributing factor to improved solubilisation by the freeze-thaw method is attributed to the 

stress caused by cold temperature and ice crystal formation during the freezing process. In 

addition, slow freezing (e.g. at a freezing rate of 1℃/min) and fast thaw (e.g. at a thaw rate of 

>10 ℃/min) can result in improved recovery (Cao et al., 2003). 

In vitro bioactivity assays demonstrated that purified bG119R had weak inhibitory activity 

against mGh-dependent phosphorylation of STAT5, and did not inhibit the mGh-dependent 

growth of Ba/F3-mGhr cells, suggesting that refolded bG119R protein had limited capacity to 

inhibit the mGhr. The refolding process may have resulted in the loss of antagonist activity. 

Moreover, as described in Chapter 3, the growth inhibitory effect of G120Rv was less 

pronounced than B2036 (10-fold less in terms of IC50 values) in the Ba/F3-hGHR cell viability 

assay, which is likely due to the lack of mutations at binding site 1 which improves affinity for 

the receptor. Similarly, bG119R only has one mutation at binding site 2 (G119R) of bGh, with 

two additional mutations (K167A and K171R) included at binding site 1 to remove PEGylation 

sites. A bG119R variant with these two additional amino acid substitutions has not been reported 

before, therefore it is possible that these two substitutions impacted on the bioactivity of the 

antagonist. Unfortunately, a bG119R variant without the K167A and K171R substitutions was 

not generated in this study. It would be worth testing this as well as a mouse version of the 

antagonist. However, ongoing studies should include modelling to predict the binding affinity 
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for mutated bGh or mGh variants with the mGhr to determine suitable amino acid substitutions 

at both binding sites. 

5.5 Development of B24, a B2036 variant - Introduction 

A comprehensive understanding of the role of contact residues involved in ligand-receptor 

association and dissociation is the basis for molecular recognition processes and this played a 

key role in the rationalised design of GHR antagonists. High-resolution co-crystal structural 

analysis has shown that one molecule of GH binds to the complex consisting of two GHR 

molecules. GH is a monomeric polypeptide ligand comprising of four amphipathic alpha-helices 

in its native conformation and two asymmetrically placed binding sites in sequential order. Site 

1 is a high-affinity binding site while site 2 is a lower affinity binding site (Cunningham et al., 

1991). Binding leads to a rotational change in the receptor transmembrane domain. 

Although a single mutation (G120K or G120R) in GH binding site 2 is sufficient to convert GH 

from an agonist into an antagonist (Chen et al., 1994), GH mutants with combined enhanced 

binding affinity at site 1 with the G120K or G120R mutation in site 2, are better antagonists of 

GHR signalling, compared with the site 2 mutation alone. Monovalent phage display was found 

to be an effective tool for selecting variants of hGH with high-affinity binding to the extracellular 

domain of the receptor (GHBP) (Bass et al., 1990; Lowman and Wells, 1993). Lowman and 

colleagues established five different libraries of mutated hGH genes and used phage display 

technology to display these mutated proteins in order to test the binding affinity to immobilised 

GHBP. After 3-7 rounds of selection, three independent libraries were isolated which contained 

proteins with four mutations that exhibited 3-6 fold stronger binding affinity than wild-type hGH. 

By combining affinity enhanced mutants from these independent libraries, they created an hGH 

variant with 15 substitutions (F10A, M14W, H18D, H21N, R167N, D171S, E174S, F176Y, 

I179Y, K41I, Y42H, L45W, Q46W, F54P and R64K) that bound to the GHBP with 380-fold 

higher affinity than wild-type hGH (Lowman and Wells, 1993). Additional improvements in site 

1 affinity might have been able to be obtained by mutating more residues per library. However, 

due to limits associated in creating the library, such as DNA transfection efficiency, combining 

mutations at more than four codons at once was not possible. But mutations at protein interfaces 

usually act cumulatively (Skinner and Terwilliger, 1996; Wells, 1990). 

Two sets of hGH substitutions in binding site 1 were reported by Cunningham and colleagues to 

increase binding affinities (Cunningham et al., 2000). The substitution groups were “H18D, 

H21N, R167N, K168A, D171S, K172R, E174S, I179T” and “H18A, Q22A, F25A, D26A, 
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Q29A, E65A, K168A, E174A”. In the presence of the additional G120K modification, 

recombinant proteins with either set of amino acid substitutions functioned as GHR antagonists. 

The first variant was B2036 and the latter was called B2024. As B2036 does not strongly inhibit 

mGhr mediated signalling in mice, it was considered desirable to develop an improved antagonist 

that would have utility in rodent models. It has been reported that PEGylated B2024 had 

improved activity in vivo compared to B2036-PEG, in terms of a more significant reduction in 

serum IGF-I in mice (Cunningham et al., 1998). This suggested that this antagonist may function 

as a better blocker of the mGhr. To investigate whether this was the case, a variant of B2024, 

B24, was generated. The following Section describes protein expression and purification of B24 

using protocols optimised for B2036 in Chapter 3. Purified B24 and its PEGylated version (B24-

PEG) were found to effectively inhibit mGh function in vitro and in vivo. 

5.6 Results 

 Expression and purification of recombinant protein B24 

B2024 contains the G120K mutation on binding site 2 which confers GHR antagonist activity, 

and eight additional mutations (H18A, Q22A, F25A, D26A, Q29A, E65A, K168A, E174A) on 

binding site 1. B24 is a variant of B2024 in which lysine at amino acid sites 120 and 172 were 

replaced by arginine (Figure 5.11). This removes two potential PEGylation sites in B2024. 
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Figure 5.11 Amino acid sequence of B24. B24 contains 10 mutations (pink) and 7 lysine residues 

(blue). A single mutation in GH binding site 2 at amino acid position 120 converts the hormone into 

an antagonist. B24 has 9 additional mutations at binding site 1 which serve to increase the affinity 

of binding site 1 with GHBP. The seven lysine residues and N-terminal amine may be conjugated 

with mPEG.  

5.6.1.1 Construction of expression plasmids and solubility testing 

The DNA sequence was codon-optimised for E. coli expression and synthesised by ATUM. 

Inserts were cloned into a modified expression vector pET32a.3c containing an N-terminal Trx-

His6 tag and a 3C protease recognition site and the sequence was confirmed by gene sequencing. 

The plasmids (pET32a.3c-B24) were transformed into AD494(DE3)pLysS E. coli strain to 

identify expression and solubility. 

Expression of recombinant Trx-His6-B24 was driven by the T7 promoter, which was induced 

by the addition of IPTG (0.1 mM). The expression level and solubility varied according to the 

temperature. As shown in Figure 5.12, at 30℃ and 37℃ with 0.1 mM IPTG induction, the 

majority of recombinant Trx-His6 tagged B24 (~40 kDa) was expressed as soluble protein; 

lowering the temperature to 18℃ did not improve the expression level. However, interestingly, 

after Ni-NTA purification, the B24 proteins that had been induced at 37℃ aggregated when 

dialysed in PBS buffer. Therefore, proteins were expressed at 30℃ in subsequent experiments. 
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Figure 5.12 Optimisation of recombinant Trx-His6-B24 expression. E.coli AD494(DE3)pLysS 

cells harbouring expression vector of Trx-His6-B24 were induced with 0.1 mM IPTG at 30℃ and 

37℃ for 4 h, or 18℃ for 18 h respectively. Cells were lysed, and fractions were analysed by SDS-

PAGE and Coomassie blue staining. 30℃ was used for subsequent experiments. U: uninduced 

cells, I: induced cells, P: pellets after lysis, S: soluble fractions after lysis, M, marker; arrow indicates 

target fusion protein Trx-His6-B24. 

5.6.1.2 Purification of recombinant protein B24 

Recombinant Trx-His6-B24 protein was purified by a series of chromatography steps (Figure 

5.13A). Cell lysates were initially applied to a Ni-NTA affinity chromatography and the bound 

fusion protein was eluted with 200 mM imidazole after the washing step. The fusion proteins 

were enriched in the elution fraction and reached purity of approximately 95% (Figure 5.13B). 

The eluted fraction was dialysed against washing buffer (1 × PBS, pH 7.4 with 150 mM NaCl, 

10 mM imidazole, 0.1% Triton X-100, 10% glycerol) and 3C protease was added to remove the 

Trx-His6 tag. B24 proteins were separated from Trx-His6 tag by reverse Ni-NTA affinity 

chromatography. Following 3C protease cleavage, recombinant B24 also retained an additional 

4 amino acids (GPGS) at the N-terminus from the cleavage site. Anion-exchange 

chromatography (MonoQ) was applied to further purify B24. Following gradient elution with 

NaCl (0-300 mM) in 50 mM Tris-HCl, the majority of B24 was eluted as a monomeric form in 

the earlier higher peak with a molecular weight of 22 kDa and approximately 95% purity (Figure 

5.13B), with the later smaller peak representing dimer B24 (Figure 5.13C). Only approximately 

14% of B24 formed a dimer in the present study. This elution pattern was similar to that observed 

for B2036 purification described in Chapter 3. Using this approach, approximately 50 mg of 

purified B24 was obtained from 1 L of cell culture.  
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Figure 5.13 Purification of recombinant B24. E. coli cells expressing recombinant protein were 

lysed, and the supernatant containing recombinant protein Trx-His6-B24 was purified by Ni-NTA, 

and 3C protease cleavage and anion-exchange chromatography (MonoQ). (A) Schematic of B24 

protein purification. (B) Elution fractions at each step were analysed by 10% SDS-PAGE. An arrow 

indicates B24. M: marker; 3C: 3C protease cleavage, MQ: MonoQ. (C) Anion-exchange 

chromatography elution profile. The earlier higher peak represents monomer B24 and the later 

lower peak represented dimer B24. 
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 In vitro bioactivity of B24 

5.6.2.1 B24 inhibited hGH- and mGh-dependent cell viability 

In vitro bioactivity of B24 was determined in the Ba/F3-hGHR and Ba/F3-mGhr viability assay. 

As all cell viability experiments in this Chapter were conducted in serum-free conditions, the 

IC50 value reported here for B2036 was different to that reported in Chapter 3. As shown in 

Figure 5.14, both B24 and B2036 inhibited the proliferation of Ba/F3-hGHR cells in a similar 

concentration-dependent pattern with IC50 values of 16.7 ± 3.1 and 22.0 ± 4.4 nM, respectively. 

In contrast, B24 was a much more potent inhibitor of GH-dependent cell viability in the Ba/F3-

mGhr assay, compared with B2036. B24 was a significantly more potent antagonist of GH-

dependent viability in the Ba/F3-mGhr cell viability assay compared to B2036 (IC50-B24 71.6 ± 

13.8 v.s. IC50-B2036 464.4 ± 30.2 nM; p <0.001). B24 exhibited a 6.5-fold better inhibitory effect 

than B2036 in terms of IC50 values. These results indicate that the inhibitory activity of B24 

against the mGhr was significantly stronger than B2036, even though both had similar activity 

against the hGHR. 

   A                                                                               B 

   

Figure 5.14 Dose-response curve in Ba/F3-hGHR and Ba/F3-mGhr cells. Cells were treated 

with purified B24 and B2036 for 20 mins at the doses indicated, followed by 20 ng/mL hGH or mGh 

for 48 h in serum-free media. Cell viability was determined by addition of resazurin sodium salt. (A) 

Inhibition of hGH-stimulated Ba/F3-hGHR cell viability by B24 and B2036. The IC50 values of B24 

and B2036 were 16.7 ± 3.1 and 22.0 ± 4.4 nM, respectively. (B) Inhibition of mGh-stimulated Ba/F3-

mGhr cell viability by B24 and B2036. The IC50 values of B24 and B2036 were 71.6 ± 13.8 and 

464.4 ± 30.2 nM, respectively. Error bars and symbols represent mean ± SEM of three individual 

experiments. 
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5.6.2.2 B24 inhibited GH-dependent STAT5 phosphorylation in human and mouse cell lines 

The ability of B24 to block human or mouse GH-stimulated signal transduction was determined 

in five cell lines (LNCaP, MCF7, T47D, SK-BR3 and B16-F10) using an AlphaScreen assay 

which measures activation of STAT5A and STAT5B by phosphorylation (pSTAT5). As 

described in Chapter 3, the human prostate cancer LNCaP cell line expresses high levels of 

hGHR mRNA and very low levels of PRLR mRNA , whereas human breast cancer cell lines 

MCF7, SKBR3, and T47D express both GHR and PRLR mRNA (Arumugam et al., 2019; Liu et 

al., 2016; Yamauchi et al., 2000). B16-F10 is a mouse melanoma cell line which highly expresses 

mGhr (Basu et al., 2017b). 

Mouse B16-F10 melanoma cells were serum-starved then treated with 20, 100 and 1000 nM of 

B24 or B2036 for 20 min prior to 400 ng/mL mGh treatment. As shown in Figure 5.15, B24 and 

B2036 both significantly abrogated mGh activation of STAT5. At the lowest concentration (20 

nM), B24 reduced mGh-stimulated phosphorylation STAT5 by ~80%, whereas B2036 reduced 

the signal of phosphorylation STAT5 by ~55%.  

 

Figure 5.15 Comparison of inhibitory activity of mGh-stimulated phosphorylation STAT5 by 

B24 and B2036 in the mouse melanoma cell line, B16-F10. Cells were serum-starved overnight 

and treated with 20, 100 and 1000 nM of B24 or B2036 for 20 mins, followed by treatment with mGh 

at 400 ng/mL for 10 mins. The difference compared to mGh treatment group was determined to be 

statistically different when p value below 0.05 using one-way ANOVA with post-hoc analyses 

(Tukey’s multiple comparisons test).   *** p<0.001 v.s. mGh treatment. Bars show the average ± 

SEM of at least 3 independent experiments.   
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Next, inhibitory activity was assessed in the human cancer cell lines, LNCaP, T47D, MCF7 and 

SKBR3. Cells were serum-starved then treated with 500 ng/mL hGH for 10 min following 20 

min incubation with B24. GH treatment increased STAT5 activation in all cell lines (Figure 

5.16). In LNCaP cells, treatment with 1000 nM B24 for 20 min prior to hGH completely 

abrogated GH stimulated activation of STAT5 (Figure 5.16A). In contrast, treatment with 1000 

nM B24 only partially inhibited the GH activation of STAT5 in MCF7 cells (approximate 19%; 

*p<0.05) (Figure 5.16B). B24 did not significantly inhibit the phosphorylation of STAT5 in the 

SKBR3 and T47D cell lines (Figure 5.16C & D).  

        A                                                                         B 

       
 

          C                                                                         D 

       
 

Figure 5.16 Inhibition of hGH-stimulated phosphorylation of STAT5 by B24 in human cancer 

cell lines. Cells were serum-starved overnight and treated with 20, 100 and 1000 nM of B24 for 20 

mins followed by hGH at 500 ng/mL for 10 mins. Phosphorylated STAT5 was measured with an 

AlphaScreen assay. The difference compared to GH treatment group was determined to be 

statistically different when p value below 0.05 using one-way ANOVA with post-hoc analyses 

(Tukey’s multiple comparisons test). *p<0.05, *** p<0.001 v.s. GH treatment. Graphs show average 

± SEM of at least 3 independent experiments.   
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 Amine PEGylation and purification of B24  

To extend the in vivo serum half-life and generate a long-acting antagonist, purified B24 proteins 

were conjugated to amine-reactive 5 kDa PEG. As described in Chapter 3, methoxy PEG 

succinimidyl propionate is an amine-reactive N-hydroxylsuccinimide (NHS) PEG product with 

a stable non-degradable linker between the PEG polymeric chain and the NHS ester. B24 

contains 8 primary amines (7 lysine residues and the N-terminus) that can theoretically react 

with the NHS ester. 

PEGylation conditions were optimised for different protein to PEG ratios. Initially purified B24 

protein was conjugated with different molar equivalents of 5 kDa PEG and the conjugation was 

assessed by SDS-PAGE (Figure 5.17). As the ratio of PEG to protein increased, the protein 

systematically increased in molecular weight, indicating conjugation of PEG to the protein. For 

example, a protein:PEG ratio of 1:60 at pH 8.0 resulted in a series of conjugates with effective 

molecular weights of 65-105 kDa. This is predicted to be equivalent to incorporation of 4-7 PEG 

moieties and was used in subsequent experiments. 

 

Figure 5.17 B24 incubated with different equivalents of PEG. Purified protein B24 was 

conjugated with 10, 20, 40 and 60 molar equivalents of 5 kDa PEG for 2 h at room temperature, 

and the conjugation were assessed by SDS-PAGE using a 4-12% precast gel and NuPAGE MOPS 

running buffer. A ratio of 1:60 was used in subsequent experiments. M, marker; arrow indicates 

unconjugated B24. 

 

Purification of PEGylated B24 by anion-exchange 

PEGylated B24 was further purified on anion-exchange chromatography column to remove the 

unconjugated PEG. As shown in Figure 5.18A, a single elution peak was observed for B24-PEG, 

which corresponds to multiple 5 kDa PEG conjugates. Elution fractions were assessed by SDS-
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PAGE which confirmed the purity of the conjugates and absence of the unconjugated protein 

(Figure 5.18B). PEGylation of B24 with mPEG5000 had a similar banding pattern to B2036-

PEG and B20-PEG, as shown by SDS-PAGE (Figure 5.18C).  

Endotoxins are lipopolysaccharides and are an important structural component of the outer 

membrane of gram-negative bacteria, such as E.coli (Müller-Loennies et al., 2003). Endotoxins 

can cause strong biological reactions when they enter the bloodstream, thus, it is important to 

strictly control the level of endotoxin in recombinant protein preparations. The endotoxin level 

of the purified B24-PEG products was determined with Pierce LAL chromogenic endotoxin 

quantitation kit and was found to be 0.79 EU /mg. This value was much lower than the 

recommended endotoxin dosing limit for mice of ≤ 6 EU/mg (Malyala and Singh, 2008). 

 

 

Figure 5.18 Anion-exchange purification of B24-PEG. Proteins were incubated with 60:1 molar 

equivalent of 5 kDa PEG and the reactions purified using anion-exchange chromatography (Mono 

Q 5/50 GL column) and analysed by SDS-PAGE. (A) Anion-exchange chromatography elution 

profile. The elution peak contains B24-PEG. (B) The elution fractions were subject to 4-12% SDS-

PAGE and were assessed by Coomassie blue staining. An arrow indicates the unconjugated B24. 

(C) PEGylated B24, B2036 and B20 were assessed by SDS-PAGE (4-12%). mAU, milli-absorbance 

units. M, marker. 
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 In vitro bioactivity of B24-PEG 

Biological activity of the B24-PEG antagonist was compared with amine PEGylated B2036 

(described in Chapter 3) using the Ba/F3-hGHR and Ba/F3-mGhr cell viability assays. In 

concentration-response studies, both B2036-PEG and B24-PEG inhibited Ba/F3-hGHR cell 

proliferation in a concentration-dependent manner with IC50 values of 212.8 ± 16.6 and 173.4 ± 

22.3 nM, respectively. In contrast, only B24-PEG had inhibitory activity against mGh-dependent 

Ba/F3-mGhr cell viability with an estimated IC50 value of 2258.0 ± 192.9 nM. B2036-PEG did 

not reduce cell viability even at the highest concentration (3200 nM) (Figure 5.19). Thus, 

following PEGylation, both B24 and B2036 had much lower activity than unconjugated forms; 

however, B24-PEG exhibited better activity against mGhr compared with B2036-PEG, and may 

therefore have improved activity in rodents. 

  A                                                                             B 

 

Figure 5.19 Concentration-response curve in Ba/F3-hGHR and Ba/F3-mGhr cells. Cells were 

treated with purified B24-PEG or B2036-PEG for 20 mins at the doses indicated, followed by 20 

ng/mL hGH or mGh, respectively, for 48 h in serum-free media. Cell viability was determined by 

addition of resazurin sodium salt. (A) Concentration-response curve in Ba/F3-hGHR cells. The IC50 

values of B2036-PEG and B24-PEG were 212.8 ± 16.6 and 173.4 ± 22.3 nM, respectively. (B) 

Concentration-response curve in Ba/F3-mGhr cells. The IC50 value of B24-PEG was estimated to 

be 2258.0 ± 192.9 nM, and the IC50 value of B2036-PEG could not be determined. Error bars and 

symbols represent mean ± SEM of three individual experiments. 

 

 In vivo bioactivity of B24-PEG 

In vivo bioactivity of B24-PEG was determined by measuring serum IGF-I in CD-1 female mice 

(n = 5) treated with 5 daily s.c. doses of 10 mg protein/kg/day B24-PEG. Treatment significantly 

reduced serum IGF-I level by 55.7%, when compared with vehicle-treated controls (453 ± 31 

(SEM) versus 1023 ± 68 ng/mL, p <0.001) (Figure 5.20A). No significant bodyweight loss was 

observed following treatment over the 5 day dosing period (Figure 5.20B). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/insulin-like-growth-factor-1
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mouse
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dose
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     A                                                                B 

 

Figure 5.20 Serum IGF-I concentration and bodyweight following treatment with B24-PEG. 

(A) Mice were treated with s.c. administration of 10 mg/kg/day B24-PEG for 5 days (a < 0.001, one-

way ANOVA, Tukey's post-hoc test). Bar represents mean. (B) Bodyweight changes over the 5-day 

dosing period. Error bars and symbols represent mean ± SEM (n = 5). 

5.7 Discussion – generation of B24 

This Section describes an effective approach to produce a long-acting biologically active GHR 

antagonist - PEG-B24 which is suitable for in vivo studies in mice. Following fusion with the N-

terminal Trx-His6 tag, recombinant B24 protein was highly soluble in E.coli. Although the in 

vitro bioactivity of B24-PEG dropped significantly following amine PEGylation, this conjugate 

performed as an effective mGhr antagonist and was able to reduce serum IGF-I concentrations 

in mice. 

The protein sequence of B2024 which was originally reported in patent US136563 had 10 

potential sites for amine PEGylation. As discussed in Chapter 3, conjugation of B2036 to an 

average of 4-6 PEGs resulted in less than 1% of the in vitro bioactivity of the unconjugated 

protein, and we hypothesised that amine-PEGylated B2024 would be similarly affected by 

PEGylation. B2024 was therefore modified in a similar way to B20 (Chapter 3) by replacing two 

lysine residues (G120R in site 2 and K172R in site 1), to avoid PEGylation at these two residues 

while maintaining 8 potential PEGylated sites. The resulting variant, B24, had a similar banding 

pattern to B2036 following conjugation to 5 kDa mPEG, as shown by SDS-PAGE.  

An in vitro cell viability assay demonstrated that B24 and B2036 had comparable inhibitory 

activity against hGH-stimulated cell growth in Ba/F3-hGHR cells, whereas the inhibitory 

activity of B24 against mGh was significantly greater than that of B2036 in terms of IC50 values 

(71.6 ± 13.8 v.s. 464.4 ± 30.2 nM, P<0.001) in Ba/F3-mGhr cells, suggesting the different 

mutations found in B24 at binding site 1 may result in better binding affinity for the mGhr. 
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Notably, the Ba/F3-hGHR cell viability experiments were conducted in the presence of 5% FBS 

in Chapter 3 and 4. However, serum free conditions were used in the Ba/F3-mGhr assay as FBS 

contains bovine Gh which can bind the mGhr and would interfere with the assay. In order to 

compare the inhibitory effects of B24 or B2036 in Ba/F3 cells with overexpression of both mGhr 

and hGHR, the cell viability experiments in this Chapter were all conducted in serum-free 

conditions. Bovine Gh does not bind to hGHR, and will therefore not affect cell viability when 

using Ba/F3-hGHR in 5% FBS media. Therefore, the IC50 value of B2036 here was different 

with that reported in Chapter 3.  

GH has endocrine, autocrine and paracrine effects, and both systemic and tumour-derived GH 

contribute to cancer progression (Harvey et al., 2015; Perry et al., 2006, 2017b). Thus, it is 

important to take this into account when investigating GHR antagonism in mouse xenograft 

models where tumours are derived from human cancer cell lines and cells of murine origin in the 

tumour microenvironment. Although mGh does not interact with the human GHR directly, mGh 

is the key regulator of mouse Igf-I concentrations in the circulation which can impact directly on 

human IGF-IR found on the cancer cells, and on cells in the mouse microenvironment (Perry et 

al., 2013). The endocrine system is not the only secretion pathway for GH, GH also effects on 

tumour progression through autocrine/paracrine effects on neighbouring cells within the tumour 

microenvironment (Lu et al., 2019). Studies from in vivo xenograft assays across a variety of 

cancer models demonstrate that GHR antagonism might be effective in inhibiting tumour growth, 

and this effect may be due to inhibition of GH and/or IGF-I. Therefore, it is important to supress 

systemic IGF-I in cancer xenograft models, as IGF-I exhibits cross-species activity and can act 

on both human cancer cells and the mouse microenvironment. This more closely mimics the 

anti-tumour effect of GHR antagonism in a human clinical setting. 

Pegvisomant has been reported to effectively decrease circulating IGF-I and reduce tumour 

growth in a range of cancer xenograft studies, including colorectal, breast, and meningeal 

tumours (Dagnaes-Hansen et al., 2004; Divisova et al., 2006; Friend et al., 1999). However, due 

to poor efficacy against the mGhr, the dose of pegvisomant used in these xenograft studies (60-

250 mg/kg/day) was several hundred-fold higher than the dose used clinically in humans (Lu et 

al., 2019). For instance, Divisova et al. reported a 70-80% reduction of serum IGF-I levels with 

daily intraperitoneal administration of pegvisomant (250 mg/kg) for 14 days (Divisova et al., 

2006). Dagnaes-Hansen et al. observed a 57-64% reduction in serum IGF-I with s.c. 

administration of pegvisomant at 60 mg/kg every second day over 30 days (Dagnaes-Hansen et 

al., 2004). In an earlier study from our lab, administration of pegvisomant at 20 mg/kg/day for 5 
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days reduced serum IGF-I concentration by 23.0% in mice (Evans et al., 2016). However, it is 

worth noting that the strain and age of the mice used in these studies differs which makes it 

difficult to compare activity. 

Given the large amounts of pegvisomant used in these studies, it was considered to be too costly 

and time-consuming to produce the amounts of this drug that would be required for in vivo 

studies. In the present study, a B2036 variant, B24, that was based on a previously described 

GHR antagonist - B2024 (Cunningham et al., 1998), was shown to have better inhibitory activity 

against the mGhr in vitro. In addition, amine PEGylated B24 significantly reduced serum IGF-I 

concentrations by 56% in mice at 10 mg/kg/day. This is similar to the reduction in IGF-I that 

was observed with the 40 kDa PEG site-specific conjugate described in Chapter 4. The results 

described in this Section suggests that B24-PEG is likely to be more efficient than pegvisomant 

in rodents and will be a more suitable GHR antagonist for cancer xenograft studies. 

Unfortunately it was not possible to test both pegvisomant and the B24-PEG conjugate side by 

side, due to lack of access to pegvisomant. Given the advantages of site-specific PEGylation and 

the similar protein structure of B2036 and B24, site-specific PEGylation of B24 is likely to have 

improved in vivo bioactivity resulting in a lower dose in rodents than amine PEGylated B24. 

Future studies will investigate site-specific PEGylation of B24, and subsequently, the use of 

these conjugates to investigate GH antagonism in cancer xenograft models. 
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Chapter 6. Discussion 

There is increasing interest in antagonising GHR signalling for therapeutic purposes as GHR 

inhibition may be effective in treating tumours that are GH and/or IGF-I dependent. In this thesis, 

a series of the GHR antagonists were generated and different strategies were used to PEGylate 

the target protein in order to achieve better PK and PD behaviour in vivo. In this Chapter, I will 

discuss the protein expression and purification system, the in vitro and in vivo behaviour of these 

antagonists, and the PEGylation strategies. 

6.1 Expression and purification of the GHR antagonists from E.coli 

Recombinant proteins have been widely used in biological and biomedical science. However, 

expression and purification can be challenging, because every protein is different and expression 

strategies and purification protocols need to be tailored for individual proteins and their intended 

use. Many strategies have been reported to improve protein solubility and expression level, for 

example, fusion to an oligo-histidine tag, using T7 RNA polymerase-based expression vectors, 

and inducing protein expression at lower temperatures and/or using low concentrations of IPTG 

(Gräslund et al., 2008; Rosano and Ceccarelli, 2014).  

Creating a fusion protein using different tags is one option to increase protein solubility in the 

cytoplasm. In the present study, using an N-terminal Trx fusion partner was found to increase 

the solubility of a series of GHR antagonists when the proteins were expressed at lower 

temperatures. This is consistent with a previous report that used a Trx tag to increase solubility 

of hGH (Nguyen et al., 2014). Including a His6 tag also simplified the purification procedure by 

taking advantage of immobilised metal affinity chromatography. B2036, B20 and G120Rv were 

fused with a dual Trx-His6 tag and were mostly expressed as soluble protein in the cytoplasm 

when expression was induced at 18℃. Interestingly, introducing a cysteine residue into B2036 

at amino acid 144 site (B2036-S144C) (Chapter 4) increased the solubility at 30℃. Recombinant 

Trx-His6-B24 was also highly soluble when induced at either 30℃ or 37℃. However, after Ni-

NTA purification, B24 proteins induced at 37℃ aggregated when dialysed into PBS buffer pH 

7.4. Therefore, 30℃ was used in subsequent studies. In contrast to the recombinant human GHR 

antagonists, Trx-His6-tagged bG119R was insoluble, thus, bG119R protein was refolded from 

inclusion bodies using a freeze-thaw method.  

There are many alternative fusion partner candidates that can be used to improve protein 

solubility. Nguyen and colleagues fused GH with seven different types of protein tag and 
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assessed the solubility of the fusion proteins in E. coli (Nguyen et al., 2014). These tags were 

Trx, His6, GST, maltosebinding protein (MBP), N-utilization substance protein A (NusA), 

protein disulphide bond isomerase (PDI), and the b’a’ domain of PDI (PDIb’a’). When expressed 

at 18℃, all of the fusion proteins, except for the His6 tag fusion, exhibited more than 90% 

solubility, and fusion with the Trx tag resulted in the highest yield with ~37 mg of purified hGH 

obtained from 0.5 L culture. However, when expressed at 37℃, only fusion proteins containing 

the MBP or PDI tag were soluble (up to 70%). It was unclear why solubility issues with were 

encountered with bG119R, but fusion with other partners, such as MBP and PDI, may improve 

the poor solubility of the bG119R fusion protein and could be considered in future studies. 

hGH and the GHR antagonists are 22 kDa proteins consisting of 191 amino acids with two 

intramolecular disulphide bonds between Cys53-Cys165 and Cys182-Cys189
 (Kopchick, 2003). The 

crystal structure of hGH revealed that this hormone is an antiparallel four-helix bundle molecule 

organised in an up-up-down-down manner (de Vos et al., 1992). Both disulphide bridges are 

well conserved across species and important for protein folding and stability, but early studies 

suggested that they might not be important for biological activity of hGH (Connors et al., 1973). 

Conversely, other studies have suggested that the integrity of the disulphide bond between Cys53 

and Cys165
 is essential for biological potency of hGH and is required for activation of the 

JAK/STAT pathway, whereas the disulphide bond between Cys182 and Cys189 may only modestly 

impact on the biological activity of hGH.  But removal of the Cys182-Cys189 disulphide bridge 

does decrease protein stability and binding affinity for the GHR (Junnila and Kopchick, 2013; 

Junnila et al., 2013).  

Several studies attempting to produce hGH or hGH-G120R in E. coli found that dimers formed 

during the protein expression and purification process (Menezes et al., 2017; Nguyen et al., 2014; 

Patra et al., 2000). It was therefore necessary to optimise the protein expression and purification 

protocol to minimise the disruption of the intramolecular disulphide bridges to avoid the 

formation of dimers. In the present study, approximately 67% of the B2036 protein formed 

dimers when refolded from inclusion bodies using the refolding protocol established here, 

whereas a much smaller amount of dimer B2036 (approximately 18%) was observed when 

proteins were purified from the soluble fraction using the optimised protocol described in 

Chapter 3. Fortunately, the dimer fraction was able to be separated from the monomer fraction 

by anion exchange chromatography. To conclude, this thesis reports establishment of an 

optimised protocol to effectively produce bioactive GHR antagonists with high yield and purity 

from the soluble fraction of E.coli. 
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6.2 Activity of GHR antagonists against GH signalling in human cancer cells 

Upon binding GH, the GHR undergoes dimerisation and activates downstream signalling 

intermediates such as JAK2 and STAT5. In the present study, an AlphaScreen assay was utilised 

to measure phosphorylated STAT5 in human and mouse cell lines. AlphaScreen is a versatile 

assay technology that has been widely employed in cell signalling research, drug discovery and 

biomarker quantification. This technology is an example of a bead-based proximity assay. The 

inhibitory activity of the GHR antagonists against GH-induced downstream signalling 

(JAK/STAT5) was measured by determining the phosphorylation of endogenous STAT5A and 

STAT5B in cellular lysates using the AlphaScreen assay. Unlike Western blotting or 

conventional ELISA, this assay is a homogeneous assay, in that no sample washing steps are 

required, which allows for minimal handling and short assay times.  

In humans, GH can bind and activate both the GHR and PRLR. Activity of the antagonists was 

therefore investigated in cancer cell lines with different expression levels of these receptors. 

B2036, B20, G120Rv, and B24 were found to strongly inhibit GH-dependent phosphorylation 

of STAT5 in the LNCaP cell line that expresses high levels of the GHR. In contrast, incomplete 

inhibition of GH-dependent phosphorylation of STAT5 was observed in some cancer cell lines 

which express both the GHR and PRLR. For example, in MCF7 cells, B2036 and B20 did not 

significantly inhibited STAT5 activation stimulated by GH, while B24 weakly inhibited 

activation of p-STAT5. Interestingly, G120Rv inhibited GH-induced activation of STAT5 more 

effectively than the other antagonists in MCF7 cells. This may be due to inhibitory activity of 

G120Rv against the PRLR in this cell line as the G120R antagonist has previously been 

demonstrated to inhibit both the GHR and PRLR (Chen et al., 1994), whereas B2036 is specific 

for the GHR, and does not bind to the PRLR. Although the conventional structure of the GHR 

and PRLR are GHR-GHR and PRLR-PRLR homodimers, GHR-PRLR heteromeric complexes 

have also been reported. For example, T47D cells that endogenously express both the GHR and 

PRLR have been shown to contain GHR/PRLR heteromultimers. In addition, the  GHR 

antagonists, B2036 and G120R, do not inhibit GH-induced phosphorylation of STAT5 in this 

cell line (Liu et al., 2016; Xu et al., 2011). Consistent with this, none of our GHR antagonists, 

B2036, B20, G120Rv, or B24, inhibited GH-induced STAT5 activation in T47D cells. It would 

have been useful to have included a specific PRLR inhibitor, such as PRL-G129R (Goffin et al., 

2003), or to have investigated siRNA-mediated knockdown of the PRLR, to compare inhibitory 

effects on GH activation of the PRLR or GHR/PRLR heteromultimers in the cancer cell lines. 

This can be problematic using cancer cell lines due to the heterogeneity in expression levels of 
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the receptors and also other factors which may impact on a particular signalling pathway. 

Currently, our lab is establishing a Ba/F3 cell line stably transfected the PRLR which will allow 

a more accurate assessment of PRLR inhibition by the antagonists. 

Given the inhibitory results observed in some cancer cell lines, it will be particularly interesting 

to investigate the effects of these antagonists in cancer xenografts. Only a limited numbers of 

cancer xenografts studies in breast, colorectal and endometrial cancer, have investigated the 

effect of GH signalling inhibition on in vivo tumour development (Arumugam et al., 2019; 

Dagnaes-Hansen et al., 2004; Divisova et al., 2006; Evans et al., 2016; Kong et al., 2016; 

McCutcheon et al., 2001). The mechanism of GH-inhibition driven tumour regression in vivo is 

still uncertain, and inhibition of mouse derived IGF-I may also contribute. There is a need to 

identify additional GH-responsive tumour xenograft models. Generation of the bioactive GHR 

antagonists described in this thesis will facilitate investigation into the mechanism by which GH 

inhibition leads to tumour regression in some cancer models. 

6.3 Improving the in vivo bioactivity of the antagonists in rodents 

Cancer xenograft models are necessary to investigate the efficacy of GH antagonism in cancer 

development. However, pegvisomant is a poor antagonist of the mGhr, and therefore very high 

doses (60-250 mg/kg/day) are required for cancer xenograft studies (Dagnaes-Hansen et al., 

2004; Divisova et al., 2006; Evans et al., 2016; Friend et al., 1999; Lu et al., 2019; Perry et al., 

2006). Although mGh does not interact with the human GHR directly, mGh is the key regulator 

of mouse IGF-I in the circulation, which can directly impact on the growth of human xenografts 

as IGF-I exhibits cross-species activity. Furthermore, mouse IGF-I can also impact on the mouse 

tumour microenvironment cells (Perry et al., 2013). Thus, in the context of GHR inhibition in 

cancer xenograft models, it is important that systemic IGF-I is suppressed, to closely mimic the 

anti-tumour effect of GHR antagonism in a human clinical setting. However, due to low efficacy 

against the mGhr, suppression of hepatic IGF-I secretion requires very high doses of 

pegvisomant. This drug is therefore not suitable for routine preclinical studies, as it would be too 

difficult to make the amounts required in a research lab setting. Consequently, there is a need to 

develop GHR antagonists with improved activity against the mGhr which can be used in animal 

studies. 

An initial attempt to improve bioactivity of the PEGylated antagonist involved modification of 

the G120K mutation in B2036 to G120R (Chapter 3). This improved the in vitro bioactivity of 

the antagonist (B20-PEG), most likely as it prevents the protein from being PEGylated at amino 
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acid 120 which is in one of the GHR binding sites. It was hypothesised that B20-PEG might have 

better in vivo bioactivity compared to B2036-PEG. However, a pilot in vivo study was conducted 

with B20-PEG and there was no suppression of serum IGF-I when the antagonist was used at 10 

mg protein/kg/day for 5 days. As a result, in vivo studies with this conjugate were discontinued 

before a comparison between B20-PEG and B2036-PEG could be made. Alternative approaches 

to improve bioactivity were therefore investigated.  

In Chapter 4, site-specific PEGylation of B2036 at site S114C was investigated and this approach 

was found to be much better for improving bioactivity of the antagonist while maintaining in 

vivo PK characteristics. B2036-S144C was site-specifically attached with 20, 30, or 40 kDa PEG. 

Administration of the 30 and 40 kDa PEG-B2036 conjugates (10 mg/kg/day for 5 days) 

effectively reduced serum IGF-I, with the reduction resulting from administration of the 40 kDa 

PEG-B2036 (50.6%) comparable to pegvisomant administered at 60-100 mg protein/kg 

(Dagnaes-Hansen et al., 2004; Evans et al., 2016). One other study has reported effective 

bioactivity of a 20 kDa mono-PEGylated GHR antagonist through conjugation to the N-terminus 

of an antagonist supplied by Pfizer; however, conjugation to a 40 kDa PEG abrogated activity 

of the antagonist potentially as it shields the GHR-binding sites which are near the N-terminus 

(Wu et al., 2013). This study thesis described the first example of a site-specific PEGylated GHR 

antagonist conjugated through an engineered cysteine residue. In contrast to Wu et al. attachment 

of 40 kDa PEG improved the in vivo bioactivity suggesting that placing the PEGylation site distal 

to the GHR binding sites improves activity following PEGylation. In addition, optimisation of 

the PEGylation and purification process also meant that the conjugate could be purified in large 

quantities. Thus, site-specific PEGylation of B2036 should be a suitable approach for generating 

enough of the antagonist for rodent studies. Given the improved performance, a PEG-B2036 site-

specifc conjugate might also be suitable for clinical development; however, addition of a smaller 

PEG may be just as beneficial, as the half-life of therapeutic proteins in humans is longer than 

in rodents (Mordenti et al., 1991). 

Administration of the 20 kDa site-specific S144C PEG-B2036 conjugate (10 mg/kg/day for 5 

days) did not significantly reduce serum IGF-I concentration in mice. Interestingly, Cox and 

colleagues reported that a 20 kDa PEG GH conjugate (attached at residue T3C) had an 8-fold 

longer half-life than GH, and significantly increased body weight and tibial epiphysis growth in 

rats (Cox et al., 2007). However, unlike long-acting GH agonists, an antagonist would need to 

compete with endocrine GH, which may require higher dosing, thus, the PEGylation model used 

for GH may not be as relevant to GHR antagonists. 
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An attempt was also made to make the bovine Ghr antagonist, bG119R, as it had been reported 

to function as a mGhr antagonist (Kopchick et al., 2014b) and purification protocols for bovine 

Gh were available (Choi et al., 1998). However, this was not successful, most likely due to 

refolding issues associated with the insoluble protein. Subsequently, investigation into B24, 

another GHR antagonist, demonstrated that this antagonist inhibited mGhr function more 

effectively than B2036 in vitro, even though it had similar activity against the hGHR (Chapter 

5). Following amine PEGylation, B24-PEG administered at 10 mg protein/kg/day for 5 days 

significantly reduced serum IGF-I level by 56.0% in mice. This reduction in IGF-I was similar 

to site-specific 40 kDa B2036-PEG. As investigation into B24 was still at an early stage, site-

specific PEGylation was not attempted. However, given the advantage of this approach over 

amine PEGylation, in terms of improved in vivo bioactivity, site-specific PEGylation of B24 

would be expected achieve better bioactivity in rodents, and would be the logical next step in the 

project. 

6.4 PEGylation strategy for the GHR antagonists 

Conjugation of small molecules to PEG has emerged in recent years as an effective strategy to 

improve the PK profiles and reduce immunogenicity of a variety of potential therapeutic 

proteins, resulting in exploration of new treatment options for a variety of diseases (Szijj et al., 

2018). There are many approaches which allow conjugation of a protein core to a PEG chain. In 

this thesis, two methods were used to modify B2036: non-specific amine PEGylation and site-

specific cysteine PEGylation. 

6.4.1 Non-specific and site-specific PEGylation methods 

Non-specific PEGylation at lysines is usually the first approach attempted as it is the simplest 

approach. As described in Chapter 3, PEGylation of B2036, B20 and G120Rv with amine-

reactive 5 kDa NHS-PEG yielded a heterogeneous mixture of conjugates containing four to 

seven PEG moieties. Although substitution of lysine to arginine at amino acid residue 120 in 

B2036 (B20) improved the in vitro activity of B20-PEG, and B20-PEG was demonstrated to 

have a prolonged circulating half-life in mice, the bioactivity of B20-PEG was still not 

satisfactory. However, site-specific PEGylation with PEG maleimide at amino acid site S144C 

of B2036 resulted in good bioactivity, with a conjugation efficiency of 60-80%. This was 

considered acceptable, but other approaches could be considered to improve the conjugation 

efficiency further.  
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For example, incorporation of non-native amino acids into proteins provides another option for 

site-specific polymer attachment (Wright et al., 2019). These non-native amino acids contain a 

polymer initiator which is used as a stable link between the protein and PEG polymer (Peeler et 

al., 2010). Alternatively, non-native amino acids containing azide or alkyne functional groups 

that are compatible with copper-catalysed “click” cycloaddition can be used (Lee et al., 2016). 

Cho and colleagues attempted to incorporate a non-native amino acid p-acetylphenylalanine 

(pAcF) into hGH to allow site-specific conjugation with PEG-Oxyamine, and the conjugation 

efficiency ranged from 80-97% depending on the site of attachment. However, the expression 

level of pAcF modified hGH in E. coli  ranged from 20-70% of wild type GH, depending on the 

incorporation site (Cho et al., 2011). Furthermore, addition of a non-native amino acid can 

impact on protein stability and bioactivity. 

Although conjugation with a larger mPEG chain is usually accompanied by loss of bioactivity, 

the longer serum half-life compensates for this in vivo. There is always a balance between PK 

and PD, as described in the Introduction. In the present study, 40 kDa PEG-B2036 achieved this 

favourable balance. Other approaches may also be worth attempting to improve the overall PK-

PD profile. For instance, introduction of multiple PEGs at more than one defined site may more 

effectively prevent immunogenic recognition of the protein compared with mono-site 

PEGylation. In addition, as bioactivity is inversely correlated with the size of the attached PEG 

chains, introduction of multiple shorter PEG chains, instead of a single larger chain, may improve 

the bioactivity of the conjugates (Cohen et al., 2007; Hershfield et al., 1991; Wu et al., 2017). 

Wu and colleagues investigated controlled attachment of multiple PEG chains at different 

defined sites on hGH, and demonstrated that combined PEGylation at certain amino acid sites 

(e.g. Y35, G131 and K145) reduced immunogenicity and improved the PK profile when 

compared with mono site PEGylation, while retaining bioactivity (Wu et al., 2017). Another 

study found that branched PEGs may result in the slow release of one of the two PEG lysine 

linked chains, by cleavage of the carbamate linkage between polymer chains and the branching 

unit, thus helping its clearance from the body (Guiotto et al., 2004). It would be interesting to 

determine whether bi-PEGylation or attachment of branched chain PEGs improved the PK-PD 

profile of the antagonists further. 

6.4.2 Separation and characterisation of PEGylated GHR antagonists 

Separation of conjugated proteins from unconjugated form can be challenging. PEG itself is a 

neutral and hydrophilic polymer. Apart from molecular weight, differences in the 
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physicochemical properties between unconjugated and conjugated protein tend to be small. 

Usual protein properties, such as electrostatic charge and molecular weight, become the basis of 

the separation techniques, particularly ion-exchange and size exclusion chromatography. The 

major effect of PEGylation on ion-exchange separation is to shield the electrostatic charges on 

the protein surface to reduce the ionic strength of PEGylated protein (Fee and Van Alstine, 2011; 

Pabst et al., 2007). Thus, ion exchange can be used to separate different PEGylated forms based 

on the extent PEGylation. In the present study, the conjugation yield for non-specific amine 

PEGylation of B20 and B24 was almost 100% when NHS-PEG was used in excess. This 

approach has distinct advantages in terms of purification, as all the protein is conjugated and 

unreactive NHS-PEG can be easily purified from the PEGylated protein by ion exchange.  Free 

PEG (no charge) does not bind to a MonoQ column, whereas B20-PEG or B24-PEG conjugates 

(negative charge) bound to the column. However, separation of PEGylated species differing by 

one PEG chain (5 kDa) is challenging and not achievable by size exclusion, as the relative size 

difference between variants with PEGylation of N and (N+1) moieties reduces as N increases 

(Fee and Van Alstine, 2011). To overcome this, Clark and colleagues adapted a series of 

chromatographic methods, including SP-Sepharose high performance chromatography and 

HPLC, to separate amine PEGylated GH-PEG derivatives. This resulted in a series of purified 

GH conjugates, GH-(PEG)2, GH-(PEG)5, and GH-(PEG)7, with purity of approximately 85% 

(Clark et al., 1996). However, the purified GH-PEG derivatives were modified at different amino 

acid sites due to the random nature of amine PEGylation. Unfortunately, this method was 

therefore not suitable for the large-scale production of a comparable PEGylated GHR antagonist 

in the amounts required.  

Site-specific PEGylation generated an antagonist which had improved bioactivity. To enable 

production a modified purification approach was developed in Chapter 4. This avoided the 

formation of dimers at the engineered cysteine residue (Cys144) and involved reversible binding 

of Trx-his6 tagged B2036-S144C to a solid support (nickel resin) followed by reaction with 

mPEG maleimide on the column. This site-specific PEGylation method combined protein 

purification, PEGylation and removal of unreactive mPEG into one step, which saved time and 

significantly improved productivity. In addition, unreactive mPEG was enriched in the flow-

through fractions and could be re-used. With advances in the development of polymer synthesis 

technology, newer polymers, such as self-hydrolysing maleimides which are more stable (Kalia 

et al., 2017; Lyon et al., 2014; Ponte et al., 2016; Tobaldi et al., 2017; Wu et al., 2018), may also 
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be considered in subsequent studies. These tend to be more expensive so the potential to re-use 

unconjugated reagent would be very beneficial.  

Under the conjugation conditions established in Chapter 4, the efficiency of protein PEGylation 

using maleimide mPEG was polymer size-dependent and ranged from 60-80%. Although 100% 

conjugation efficiency was not achieved, this was still higher than other studies using similar 

solid-phase PEGylation approaches (40-50%) (Huang et al., 2012b; Song et al., 2014b), and 

these studies reported the requirement for further purification steps (ion exchange) to separate 

the conjugated and unconjugated protein. Cox and colleagues adapted anion-exchange 

chromatography (Q-Sepharose column) to separate 20 kDa PEG-GH-T3C from a reaction 

mixture (Cox et al., 2007). Wu and colleagues reported purification of PEGylated hGH by cation-

exchange chromatography (MonoS) (Wu et al., 2017). In Chapter 4, PEGylated Trx-His6-B2036 

was separated from unconjugated proteins by anion-exchange chromatography (MonoQ) prior 

to removal of the Trx-his6 tag, but this did not completely remove all the native protein (B2036-

S144C) and there was an operational trade-off between purity and yield. The purity of PEG-

B2036 was approximately 90%-95% after anion-exchange and removal of the Trx-His tag, and 

this conjugate was used for the in vivo studies. PEGylated protein can be further purified by size-

exclusion chromatography to achieve higher purity.  

6.5 Summary of key findings 

Taken together, the work described in this thesis reports an effective strategy to produce 

biologically active PEGylated GHR antagonists. Using optimised expression and purification 

protocols, a series of GHR antagonists were produced in E. coli which effectively inhibited GH 

function in vitro. Following non-specific amine PEGylation, in vitro bioactivity of PEGylated 

B2036 was significantly improved by modification of a single amino acid (G120K residue to 

G120R), compared with B2036-PEG. Furthermore, site-specific PEGylation of B2036 at an 

introduced cysteine residue at 144 site dramatically decreased the loss of bioactivity associated 

with PEGylation compared with amine PEGylation at multiple sites, while retaining PK benefits. 

Conjugation of a 40 kDa PEG to B2036 resulted in a conjugate with excellent in vitro and in 

vivo bioactivity, demonstrating that site-specific PEGylation improved the therapeutic 

bioactivity of B2036. This is the first study reporting improved in vivo bioactivity of a GHR 

antagonist using site-specific conjugation at an introduced cysteine. This study also characterised 

an additional GH variant, B24, which had significantly improved activity against the mGhr in 

vitro and improved bioactivity in vivo. PEGylated B24 effectively reduced serum IGF-I 
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concentrations in mice, suggesting this antagonist might be a more effective long-acting mGhr 

antagonist. Future studies will involve investigation of site-specific attachment of PEG to this 

antagonist to further improve its bioactivity in vivo and will investigate efficacy in xenograft 

studies.  In conclusion, the studies described in this thesis successfully demonstrated a strategy 

to generate long-acting bioactive GHR antagonists for in vivo use. The application of these 

antagonists in cancer, and other diseases associated with excess GH, will be of significant 

interest. 
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