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Abstract 

The Fc receptor, FcyRHa binds the Fc portion of IgG (IgG(Fc)) with low affinity and 

binds avidly to IgG immune complexes. FcyRHa is an immunologically relevant 

receptor that links humoral and cellular immunity, and in the immune response leads to 

ADCC, phagocytosis, endocytosis and clearance of immune complexes (Graziano and 

Fanger, 1987; Anderson et al, 1990; Sarmay et al., 1992; van Lent et al, 2003). In 

humans, FcyRHa is extensively distributed being present on most leukocytes including 

monocytes, macrophages, neutrophils (Looney et al., 1986; Stuart et al., 1989; Hulett 

and Hogarth, 1994; Fanger et al., 1996) and is the only Fc receptor on platelets (King et 

al., 1990). FcyRHa is an activatory receptor and contains an immunoreceptor tyrosine-

based activation motif (ITAM) in its cytoplasmic domain, involved in the initiation of 

signalling events. There is now strong evidence fi"om transgenic mouse models and 

human genetic susceptibility studies that implicate FcyRHa in a number of immune 

diseases including, rheumatoid arthritis, systemic lupus erythematosus (SLE) and 

immune thrombocytopenia purpura (ITP) (Tan Sardjono et al., 2003). FcyRHa is 

therefore a promising target for the development of therapeutics to treat these diseases. 

To-date the development of peptide-based inhibitors to Fey receptors has concentrated 

on the rational (semi-rational) design of peptide inhibitors based on regions involved in 

FcyR binding to IgG(Fc) but these have been of limited affinity (Radaev and Sun, 

2001b; Medgyesi et al., 2004; Uray et al., 2004). An alternative approach involves the 

screening of phage engineered to display random peptide sequences on their surface 

coat proteins. In the following investigation several "Ph.D." phage display peptide 

libraries (NEB) were screened on FcyRHa to identify peptide inhibitors of this receptor, 

which would serve as novel lead compounds for the development of therapeutics to treat 

immune diseases, with which FcyRHa has been associated. Based on peptide sequences 

obtained from panning these libraries on FcyRHa, the phage display disulphide-

constrained peptide library, "Ph.D.-C7C" (NEB), which contains random 7-mer 

peptides, flanked by cysteines for spontaneous disulphide-constraint formation, was 

most promising at identifying the peptide consensus sequence, CWPGWxxC (where x 

is any amino acid). 



Indeed, phage clones displaying variants of the peptide consensus sequence on their 

surface were captured on FcyRHa and were shown to bind directly to FcyRHa by 

Surface Plasmon Resonance (SPR) on BIAcore. A synthetic peptide pep-C7Cl 

(C WPGWDLNCGGGS ) corresponding to one of these peptide variants C7C1, also 

bound to FcyRHa on BIAcore, albeit with low affinity (KD -100 )iM), and bound 

relatively weakly to FcyRHa compared to the phage displayed peptide (pc-C7Cl). In 

order to optimise the affinity of this peptide for FcyRHa, a recombinant protein was 

developed based on the surface, minor coat protein (g3p) of bacteriophage Ml3, from 

the phage clone pc-C7Cl. The recombinant protein, g3p-Dl C7C1 (Hise-tagged) was 

expressed in E.Coli, extracted from the periplasm and purified by metal-affinity 

chromatography. Preliminary binding data, on BIAcore, suggested that recombinant 

g3p-Dl C7C1 bound FcyRHa more strongly than synthetic peptide (pep-C7Cl), while 

whole phage displaying peptide C7C1 (pc-C7Cl) bound most strongly to FcyRHa. 

Furthermore, the solution structure of the synthetic peptide pep-C7Cl was solved by 

NMR spectroscopy and computational methods, and revealed the presence of a "major" 

and "minor" peptide conformer of pep-C7Cl, resulting from cis-trans proline 

isomerisation about Pro of pep-C7Cl; Pro of the "major" peptide conformer being in 

the trans configuration. Another important structural feature of pep-C7Cl was the 

presence of a type H p-tum between Trp and Trp , which was stabilised by a hydrogen 

bond formed between the carbonyl of Trp^ and the H^ of Trp^. In addition, the C-

terminal tail "linker" (Gly'°-Ser'^) of peptide C7C1 was poorly defined by the NMR 

data and was highly flexible in the NMR structural ensemble of pep-C7Cl compared to 

the disulphide-constrained region of the peptide (Cys'-Cys^). 

Overall, paiming of phage display peptide libraries on FcyRHa selected for a peptide 

(C7C1), which although binds FcyRHa with low affinity when removed from the phage, 

is structurally stabilised by a disulphide-constraint and P-tum, and serves as a novel lead 

for future optimisation, with the aim of developing high affinity and specific peptide-

based inhibitors of FcyRHa. 
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N-ethyl-N' -(3 -dimethylaminopropyl)carbodiimide hydrochloride 

Ethylenediamine tetraacetic acid 

enzyme-linked immunosorbent assay 

erythropoietin (EPOR: erythropoietin receptor) 

Extracellular signal-Regulated Kinase 

Fc portion of Ig 
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GBM: 

GEM: 

GN: 

GPI: 

GPI-anchored: 

g3p: 

gp8: 

gpl20: 

GuHCl 

HAGG: 

HBS: 

HEPES: 

HIT: 

HIV-1: 

HR: 

HSA: 

HSQC: 

IC: 

IC50: 

i.d.: 

Ig: 

Ig(Fc): 

D.-1: 

IPTG: 

ITAM: 

ITM: 

ITP: 

i.v.: 

KD: 

kDa: 

LAT: 

LD50: 

glomerular basement membrane 

Glycolipid-Enriched Membrane 

glomerulonephritis 

glucose-6-phosphate isomerase 

glycosylphosphatidylinositol-anchored 

minor coat protein or gene HI protein (bacteriophage) 

major coat protein or gene protein VIH (bacteriophage) 

glycoprotein (120 kDa) 

Guanidinium Hydrochloride 

heat-aggregated immunoglobulin Gs (IgGs) 

HEPES-Buffered Saline 

N-(2-Hydroxyethyl)piperazine-N' -(2-ethanesulfonic acid) 

heparin-induced thrombocytopenia (HITT: HIT & thrombosis) 

Human Immunodeficiency Virus (Type 1) 

High-Responder allele of FcyRHa 

Human Serum Albumin 

heteronuclear multiple quantum coherence spectroscopy 

Immune complexes 

concentration required for 50% inhibition 

intra-dermal 

Immunoglobulin (eg. IgG, IgE) 

Fc fragment of Immunoglobulin (eg. IgG, IgE) 

interleukin-1 (IL-2: interleukin-2) 

isopropyl P-D-thiogalactoside 

immunoreceptor tyrosine-based activation motif 

immunoreceptor tyrosine-based inhibition motif 

Immune Thrombocytopenia Purpura 

intra-venous 

equilibrium dissociation constant 

kilo Dalton 

Linker for Activation of T cells 

lethal dose; concentration required to cause death in 50% of 

population (eg. treated animals) 
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LR: 

MAPK: 

MHC: 

MHz: 

mRNA: 

mpCD: 

MVE: 

NAG: 

NEB: 

NHS: 

NK: 

NMR: 

NOD mice: 

NOE: 

NOESY: 

NTA: 

OVA: 

PBS: 

PCR: 

PEG-8000: 

pfu: 

PH domain: 

Pff3: 

PKC: 

PLCyl: 

ppm: 

Ptdlns 3-kinase: 

PtdOH: 

PTK: 

RA: 

RbCl: 

Req: 

Low-Responder allele of FcyRHa 

Mitogen-Activated Protein Kinase 

major histocompatibility complex 

Mega-Hertz 

messenger ribonucleic acid 

methyl-P-cyclodextrin 

microvascular endothelium 

7V-acetyl-D-glucosamine 

"New England BioLabs" 

N-hydroxy succinimide 

natural killer cells 

nuclear magnetic resonance 

non-obese diabetic mice 

nuclear Overhausser effect 

nuclear Overhausser effect Spectroscopy 

nitrilotriacetic acid 

ovalbumin 

Phosphate-Buffered Saline 

Polymerase Chain Reaction 

Polyethylene Glycol-8000 

plaque-forming units 

Pleckstrin Homology domain 

Phosphatidylinositol-3,4,5-trisphosphate 

Protein Kinase C 

Phospholipase Cyl 

parts per million 

Phosphatidylinositol 3-kinase 

phosphatidic acid 

Protein Tyrosine Kinase 

Rheumatoid Arthritis 

rubidium chloride 

binding response at equilibrium 

maximum response 
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RMS: 

RMSD: 

ROESY: 

RP-HPLC: 

RU: 

SDS-PAGE: 

SHff: 

SHP: 

SLE: 

SPR: 

ssDNA: 

TBE: 

TBS: 

TBST: 

TCR: 

TH: 

TNF-a: 

TOCSY: 

VH: 

WATERGATE: 

X-Gal: 

root mean square 

root mean square deviation 

rotating frame Overhauser effect spectroscopy 

reverse phase-high pressure liquid chromatography 

resonance units 

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 

SH2 domain-containing inositol phosphatase 

SH2 domain-containing tyrosine phosphatase 

Systemic Lupus Erythematosus 

Surface Plasmon Resonance 

single-stranded DNA 

Tris-Borate-EDTA (buffer) 

Tris-Buffered Saline 

Tris Buffered Saline + Tween20 

T-cell receptor 

T-helper cells 

Tumour necrosis factor-a 

total coherence spectroscopy 

variable domain of immunoglobulin G (IgG) 

water gradient-tailored excitation 

5-Bromo-4-chloro-3-indoyl-p-D-galactoside 
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Chapter 1 - Introduction 

LI Human Fey Receptor Ila (FcyRIIa): 

There are several classes of human Fc Receptor (FcR) including, FcaR, FcyR, FceR, 

Fc îR and FcSR, which bind to the Fc portion of immunoglobulin (Ig) classes, IgA, IgG, 

IgE, IgM and IgD, respectively. Human FcyRs have been the most extensively studied 

of these receptors and can be divided into three classes, FcyRI (CD64), FcyRH (CD32) 

and FcyRIH (CD 16), which differ in their cellular distribution and their affinity and 

specificity for the different IgG subclasses (IgGl, IgG2, IgG3 and IgG4) (Table 1.1) 

(Looney et al, 1986; Stuart et al, 1989; King et al, 1990; Warmerdam et al, 1990; 

Hulett and Hogarth, 1994; Fanger et al, 1996; Okayama et al, 2000). 

FcyRHa (CD32) is the most widely expressed human Fey receptor (FcyR) and, with the 

exception of FcyRHIb, is exclusive to primates and hence is absent in mice, which are 

the most widely used animals in disease models. FcyRHa is extensively distributed, 

being expressed on most leukocytes, including monocytes, neutrophils, basophils, 

eosinophils, as well as macrophages, dendritic cells, mast cells, Langerhans cells 

(Looney et al, 1986; Stuart et al, 1989; Hulett and Hogarth, 1994; Fanger et al, 1996) 

and platelets; FcyRHa is the only subclass of Fc receptor expressed on platelets (Table 

l.l)(Kinge?a/.,1990). 

FcyRHa binds to the Fc portion of IgG with low affinity but binds avidly to IgG immune 

complexes (ICs). FcyRHa therefore plays an important role in immune responses, in 

particular inflammation (Figure 1.1) and links humoral and cellular immunity (Hulett 

and Hogarth, 1994). The events leading to an antibody-mediated immune response and 

subsequent FcyRIIa activation involve presentation of antigen by antigen-presenting 

cells (APCs) to T helper cells (TH), and recognition by the T cell Ag receptor; this then 

induces cytokine release by the TH cells, which with antigen stimulate antigen specific 

B cells to undergo proliferation and differentiation into antibody (IgG, IgM, IgE, IgD 

and IgA) secreting plasma cells (Rang et al, 1996). 
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Table 1.1. Specificity for human IgG subclasses and cellular localisation of the 

different isoforms of human FcyRs. 

FcyR 

isoform 

FcyRI 

(CD64) 

FcyRHa 

(CD32) 

FcyRHb 

FcyRHIa 

(CD16) 

FcyRHIb 

Specificity for human IgG 

subclasses 

IgG3>IgG 1 >IgG4»>IgG2 

Fc-jTUIa-RBI: 

IgG3>IgG 1 »IgG2>IgG4 

FcyRIIa-HBl: 

IgG3>IgGl=IgG2»>IgG4 

IgG3>IgGl>IgG4>IgG2 

IgGl=IgG3»>IgG2=IgG4 

IgG 1 =IgG3»>IgG2=IgG4 

Cellular localisation 

Monocytes, Macrophages, 

Neutrophils^, Eosinophils^ 

Mast cells^ 

Dendritic cells (DC) 

Monocytes, Macrophages 

Neutrophils, Basophils, 

Eosinophils, Platelets, 

Langerhans cells, DC, 

Mast cells, 

B lymphocytes 

Monocytes, 

Macrophages 

B lymphocytes. 

Mast cells, DC 

Macrophages, Natural Killer (NK) 

cells, Monocytes (subpopulation), 

most y, 5 T cells. 

Mast cells 

Neutrophils, 

Eosinophils^ 

^ expression induced with interferon-y (IFN-y); 

Adapted from Hulett and Hogarth, 1994; van de 

Winkel and Hogarth, 1998 

weak expression 

Winkel and Capel, 1996; van de 
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APC 

antigen recognition 

differentiation 

plasma cells 

lgG(Ag)-IC 
formation 

leukocyte 
eg. neutrophil 

n antibody ** 
production: 

IgG, IgM, 
IgD, IgE, IgA 

Complement 
activation 

phagocytosis 
ADCC 

clearance ICs release of O O 
inflammatory -̂̂  ^-. 

mediators L ' \J 
eg. IL-1, TNF-a 

inflammation 

Figure 1.1. The antibody-induced immune response and events leading to FcyRHa 

activation and inflammation. APC=antigen-presenting cell, TH cell= T helper cell, 

ADCC=antibody-dependent cellular cytotoxicity, Ag=antigen, IC=immune complex, 

IL-l=interleukin-l, TNF-a=Tumour necrosis factor-a 
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The antibodies released by the plasma cells then bind antigen and become cross-linked 

thereby forming immune complexes (ICs), which activate the FcyRs and also the 

complement cascade (Figure 1.1) (Rang et al, 1996). Activation of FcyRHa on 

leukocytes, such as neutrophils, by immune complexes leads to a variety of important 

immunological events, including antibody-dependent cellular cytotoxicity (ADCC), 

phagocytosis of antibody-coated particles, endocytosis and clearance of immune 

complexes, as well as the release of inflammatory mediators such as TNF-a and IL-1 

(Figure 1.1) (Graziano and Fanger, 1987; Anderson et al, 1990; Sarmay et al, 1992; 

van Lent et al, 2003). 

The genes that encode FcyRHa, like the other FcyRs (FcyRI, FcyRH and FcyRIH) have 

been mapped and were found to be located on human chromosome 1, locus q23-24 

(Sammartino et al, 1988; Grundy et al, 1989; Peltz et al, 1989; Osman et al, 1992). 

Three genes FcyRHA, FcyRHB and FcyRHC encode the isoforms of FcyRHa, FcyRHb 

and FcyRHc, respectively (Hibbs et al, 1988; Brooks et al, 1989; Seki, 1989; Stuart et 

al, 1989; Cassel et al, 1993; van de Winkel and Capel, 1996). FcyRHa is encoded by 

three alleles, one which has a glutamine at position 27 and an arginine at position 131, 

and the other two which have either a glutamine or tryptophan at position 27 and a 

histidine at position 131 (Warmerdam et al, 1990). In particular, the difference at 

position 131, alters the binding specificity of FcyRHa, for the different IgG subclasses, 

with an arginine (FcyRHa-R131) and a histidine (FcyRHa-HBl) of FcyRHa termed the 

high and low responder (HR and LR) alleles, respectively. Both allelic protein products 

bind human IgGl and IgG3, however, FcyRHa-H131 (LR) binds strongly to human 

IgG2 but binds only weakly to mouse IgGl, while FcyRHa-R131 (HR) binds strongly to 

mouse IgGl but only weakly to human IgG2; IgG4 is poorly bound by both allelic 

protein products (Table 1.1) (Warmerdam et al, 1990; Warmerdam et al, 1991). 

Moreover, the contrast in binding, of the high (FcyRHa-R131) and low (FcyRHa-HBl) 

responder alleles of FcyRHa to the different subclasses of IgG has been implicated in a 

number of immunological disease states (Section 1.9) (Dijstelbloem et al, 2001). 

FcyRHa has two transcripts, FcyRHa 1 and FcyRHa2, which code for a transmembrane 

receptor and a soluble receptor that lacks a transmembrane domain, respectively (van de 

Winkel and Capel, 1996). In contrast, FcyRHb has three transcripts, FcyRHb 1, FcyRIIb2 
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and FcyRIIb3, in which FcyRHb 1 and FcyRIIb2 are related but differ by an insert in the 

cytoplasmic domain of FcyRHb 1 (van de Winkel and Capel, 1996). FcyRIIb2 and 

FcyRIIb3 are also related, however FcyRIIb3 has a truncated signal sequence. Based on 

mRNA studies FcyRHc has been found to share strong homology to the extracellular 

and intracellular domains of both FcyRHa and FcyRHb, however, its status as a 

genuinely expressed receptor protein is still in its infancy (van de Winkel and Capel, 

1996). Nonetheless, expression of the FcyRHc isoform has been identified on Natural 

Killer (NK) cells of certain individuals, in which four variants (FcyRHc 1-4) of FcyRHc 

were identified (Metes et al, 1998; Metes et al, 1999). 

FcyRHa is a 40 kDa glycoprotein comprised of two extracellular Ig-like domains (Dl 

and D2) (Figure 1.2) and binds with low affinity (KA «10^ -10^ M"̂ ) to IgG but binds 

avidly to IgG complexes (aggregated IgG) (Hulett and Hogarth, 1994; van de Winkel 

and Capel, 1996). FcyRHa is an activatory receptor and contains an immunoreceptor 

tyrosine-based activation motif (ITAM) within its cytoplasmic domain (Figure 1.2) (van 

den Herik-Oudijk et al, 1995a; van den Herik-Oudijk et al, 1995b). FcyRHc also 

contains an ITAM in its cytoplasmic domain and like FcyRHa is also an activatory 

receptor (Bewarder et al, 1996). In contrast, the other isoform of FcyRH, FcyRHb, 

which shares 93% homology with the extracellular domain of FcyRIIa, is an inhibitory 

receptor and contains an immunoreceptor tyrosine-based inhibition motif (ITEM) within 

its cytoplasmic tail (Figure 1.2) (Hulett and Hogarth, 1994; van den Herik-Oudijk et al, 

1995a). 

Moreover, ITAM containing FcyRHa has been demonstrated to couple to other FcyRs, 

such as FcyRHIb on human neutrophils, which does not contain an ITAM within its 

cytoplasmic tail. This coupling then leads to the initiation of a signalling cascade and 

subsequent neutrophil activation (Chuang et al, 2000; Nagarajan et al, 2000). In 

addition, several studies have now demonstrated that FcyRHa localises in lipid rafts 

upon cross-linking and that this localisation is important in the initiation of signalling 

events (Katsumata et al, 2001; Bodin et al, 2003; Kwiatkowska et al, 2003). 
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FcyRI 
(CD64) 

FcyRIIa FcyRllb FcyRllla FcyRHIb 
{CD32) (CD16) 

activation activation inhibition 
TY 

activation 

Figure 1.2. Schematic representation of the human leukocyte Fey Receptors (FcyRs), 

FcyRI (CD64), FcyRHa (CD32), FcyRHb, FcyPaHa (CD 16) and FcyRIHb, which have 

been well characterised. Each of the FcyRs isoforms differ by the number of Ig-like 

domains in the extracellular region, and the presence of ITAM (FcyRHa) motifs and 

associated ITAM-containing y2-chains (FcyRI and FcyRHIa), and ITIM (FcyRHb) 

motifs in their cytoplasmic domains. In addition, unlike FcyRHIa, which is anchored to 

the cell membrane by its transmembrane domain, FcyRHIb is 

glycosylphosphatidylinositol (GPI)-anchored. 
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1.2 Related Human Fc receptors (FcRs): 

1.2.1 Human FcyRI: 

Three genes FcyRIA, FcyRIB and FcyRIC, encode the isoforms of human FcyRIa, 

FcyRIb and FcyRIc, respectively (Ernst et al, 1992; van de Winkel and Capel, 1996). 

FcyRIa is comprised of three extracellular domains, a transmembrane domain and a 

cytoplasmic domain, while FcyRIb is coded by two transcripts, FcyRIb 1 and FcyRIb2. 

FcyRIb 1 has a stop codon within the third extracellular domain (EC3) while FcyRIb2 

lacks the third extracellular domain (EC3) and both bind to IgG with low affinity (KA 

<10^ M'') but binds avidly to IgG immune complexes (Ernst et al, 1992; Porges et al, 

1992; Hulett and Hogarth, 1994; van de Winkel and Capel, 1996). 

FcyRI is a 72-kDa glycoprotein and unlike FcyRHa, it is comprised of three extracellular 

Ig-like domains (Dl, D2 and D3) (Figure 1.2) and binds to monomeric IgG with high 

affinity (KA «10^-10^M"') (Hulett and Hogarth, 1994; van de Winkel and Capel, 1996). 

The amino terminal domains of FcyRI (Dl and D2) share -40%) homology with the two 

Ig-like domains of FcyRHa and FcyRIH (Dl and D2) and are suggested to form the low 

affinity IgG binding motif, whereas the third domain in FcyRI (D3) confers high affinity 

binding to IgG (Hulett et al, 1991; van de Winkel and Capel, 1996; Hulett and Hogarth, 

1998). In addition, the cytoplasmic domain of FcyRI differs to FcyRHa because it does 

not contain an ITAM and instead associates with the common FceR yi-chain 

homodimer, which contains the activatory ITAM-motif, to initiate signalling upon 

receptor activation (Figure 1.2) (Ernst et al, 1993; Masuda and Roos, 1993; SchoU and 

Geha, 1993; van Vugt et al, 1996). FcyRI also requires association with the y-chain for 

complete cell surface expression (van Vugt et al, 1996). 

1.2.2 Human FcyRIH: 

Two genes FcyRHIA and FcyRHIB encode the isoforms, FcyRHIa and FcyRIHb, which 

differ in their mode of anchoring to the cell membrane (Peltz et al, 1989; Qiu et al, 

1990). FcyRHIa, like other FcyRs is anchored to the cell membrane by its 

transmembrane domain while FcyRIHb is glycosylphosphatidylinositol (GPI)-anchored 

(Figure 1.2) (Edberg et al, 1989; Scallon et al, 1989; Selvaraj et al, 1989). hi addition, 

FcyRIHb exists as two polymorphic forms, FcyRHIb-NAl and FcyRHIb-NA2, which 
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differ by four and six potential N-linked glycosylation sites on their extracellular 

domains, respectively (Ory et al, 1989a; Ory et al, 1989b). FcyRIH is a 50-80 kDa 

glycoprotein and like FcyRHa, is comprised of two extracellular Ig-like domains (Dl 

and D2) (Figure 1.2), sharing -44% homology with the sequence of human FcyRHa, 

and binds to IgG with low affinity (KA «10^ -10^ M"*) but binds more avidly to IgG 

complexes (Hulett and Hogarth, 1994; van de Winkel and Capel, 1996; Sondermann et 

al, 2001). In addition, unlike FcyRHa, FcyRIH does not contain an ITAM within its 

cytoplasmic domains and like FcyRI it associates with the common FceR, ITAM-motif 

containing ya-chain homodimer, which initiates signalling upon receptor activation 

(Figure 1.2) (Ra et al, 1989; Letoumeur et al, 1991; Wirthmueller et al, 1992; Masuda 

and Roos, 1993; Masuda et al, 1993). FcyRIH also requires y-chain association for cell 

surface expression (Lanier et al, 1991). On mast cells, FcyRIH also associates with a 

beta-chain, shown to associate with the high affinity receptor for IgE, FceRI, and plays 

an important role in mediating signal transduction upon receptor activation in these cells 

(Kurosakie^a/., 1992). 

1.2.3 Human FceRs: 

FceRs bind the Fc portion of IgE and there have been two forms identified in humans, 

FceRI and FceRH, which bind to monomeric IgE with high (10"̂ -10"'*̂  M"') and low 

(<10"^ M"̂ ) affinity, respectively (Ishizaka et al, 1985; Metzger et al, 1986; Miller et 

al, 1989; Hulett and Hogarth, 1994). Interestingly, the gene that codes for FceRIa, a 

single transcript of the high affinity FceR, FceRI, has been mapped to the same region 

on chromosome 1, locus q23, as the genes, which code for the human FcyRs (FcyRI, 

FcyRH and FcyRIH) (Sammartino et al, 1988; Peltz et al, 1989; Le Coniat et al, 1990; 

Osman et al, 1992). FceRIa encodes the a-chain of FceRI, which is comprised of an 

extracellular region (180 amino acids), a transmembrane region (21 amino acids) and a 

cytoplasmic tail (31 amino acids) (Hulett and Hogarth, 1994). The sequence of the a-

chain of FceRI shares strong homology with the human FcyRs and is most closely 

related to the low affinity FcyR, FcyRIH (Hulett and Hogarth, 1994). In particular, the 

amino acid sequences of the extracellular region of the FceRI (a-chain) and FcyRs share 

homology in the 50%) range; FcyRHa and FcyRIH sharing 34%) and 41%) amino acid 

identity with FceRI, respectively (Sondermann et al, 2001). Furthermore, the 
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extracellular region of the FceRI is also structurally related to the human FcyRs, in 

particular FcyRIIa and FcyRIH, similarly containing two Ig-like domains (Dl and D2) 

and therefore belongs to the Ig superfamily (Hulett and Hogarth, 1994). 

FceRIa is located on mast cells, basophils, eosinophils, Langerhans cells, dendritic cells 

and activated monocytes and plays a well-established role in IgE-mediated allergic 

diseases (Metzger et al, 1986; Shimizu et al, 1988; Bieber et al, 1992; Wang et al, 

1992; Gounni et al, 1994; Hulett and Hogarth, 1994; Maurer et al, 1994; Maurer et al, 

1996). On the cell surface, the a-chain of FceRI associates with a P-chain and 

disulphide-linked y-chain homodimers (yi), in which the P-chain amplifies the signal 

transduced by the ITAM-containing FceRI-yi, upon FceRI activation (Alber et al, 

1991; Letoumeur et al, 1991; Hulett and Hogarth, 1994; Wilson et al, 1995; Lin et al, 

1996; Repetto et al, 1996). In addition, in rodents the a-, P- and y-chain are required 

for complete surface expression of FceRI, while surface expression of the human FceRI 

does not depend on the presence of the P-chain (Blank et al, 1989; Miller et al, 1989). 

On mast cells and basophils FceRI is expressed as a combination of trimeric (aya) or 

tetrameric (aPyi) complexes, while on monocytes, dendritic cells, Langerhans cells and 

eosinophils FceRI is expressed as trimeric (ayi) complexes (Shimizu et al, 1988; 

Bieber et al, 1992; Wang et al, 1992; Gounni et al, 1994; Maurer et al, 1994; Maurer 

etal, 1996). 

1.3 Human Immunoglobulin G (IgG): 

Immunoglobulin class G (IgG) is the most abundant in human serum and is a 150 kDa 

glycoprotein, comprised of two identical light chains and two identical heavy chains, 

each heavy and light chain being connected by a single disulphide bond (Figure 1.3). 

Each identical light chain contains a highly variable N-terminal domain (VL) and a 

constant C-terminal domain (CL), and each identical heavy chain contains a highly 

variable N-terminal domain (VH) and three constant C-terminal domains (CHI, CH2, 

CH3), the constant domains are germline encoded and invariant in sequence. Located 

within the light and heavy chain variable domains are three regions of highest 

variability, referred to as the hypervariable or complementarity determining regions 

(CDRl, CDR2 and CDR3), which are involved in antigen binding (Figure 1.3) 

(Branden and Tooze, 1991). 

29 



N-terminus./ 

Fab 

antigen 
binding 

site 
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Figure 1.3. The basic structure of an intact IgG (antibody) comprised of two identical 

heavy (VH and CHI, CH2 and CH3) and two identical light chains (VL and CL). AS shown 

a single disulphide bond between CHI and CL connects the heavy and light chains and 

two disulphide bonds, located within the flexible hinge region that connects CHI and 

CH2, connect the identical heavy chains. Proteolytic cleavage of intact IgG, at the 

flexible hinge, separates the intact antibody into a single Fc fragment and two Fab 

fi-agments. The antigen-binding sites (CDRs) are located at the amino terminus of the 

variable domain heavy and light chains. 
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The heavy chain constant gene (CH) is comprised of different segments, C î, Cy, Ca, 

Ce, C5, which code for the functionally different classes (and Ig subclasses) of 

immunoglobulin (Ig), IgM, IgG, IgA, IgE and IgD, respectively. Much is now known 

about the genetic rearrangements that are responsible for generating the repertoire of 

different antibody specificities. The gene that codes for the heavy chain variable domain 

(VH) is comprised of three segments, these include the V segment that codes for the first 

90 residues, the D segment that codes for the CDR3 and the J segment that codes for the 

remaining residues (Figure 1.4) (Branden and Tooze, 1991). In humans there are 39 

different VH segments, 25 different D segments, and 5 different JH segments, which can 

code for the heavy chain variable domain (Nezlin, 2001). In contrast, the gene that 

codes for the light chain variable domain (VL), of which there are two isotypes, X and K, 

is comprised of only V and J segments, with 46 different V;̂  and 4 different J;̂  segment 

for the X light chain, and 35 different VK segments and 5 different JK segments for the K 

light chain (Figure 1.4) (Nezlin, 2001). Genetic recombination of the different 

segments, which code for the heavy and light chain variable domains, leads to the 

production of an extensive diversity of antibodies capable of recognising a vast array of 

antigens (Branden and Tooze, 1991; Prescott et al, 1996). 

Treatment of IgG with proteolytic enzymes such as papain, cleaves the hinge region 

(connecting CHI and CH2), leading to separation of the intact IgG molecule into two Fab 

fragments (Fabs) and a single Fc fragment (Fc) (Figure 1.3) (Branden and Tooze, 1991). 

Early x-ray crystallographic studies of antibodies were only carried out successfully 

using these cleavage products (Fabs and Fc) of IgG or hinge deleted IgG, rather than 

intact antibody, due to the flexible nature of the hinge region, which made 

crystallisation difficult. However, several whole antibodies have been recently 

crystallised, such as the mouse monoclonal antibody (IgG2a) for canine lymphoma, 

which had an intact flexible hinge region and well ordered Fc and Fabs, which could be 

visualised (Figure 1.5) (Harris et al, 1992). 
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Figure 1.4. Genes involved in the formation of immunoglobulin G (IgG) a. light 

(kappa) chain and b . heavy chain. As shown, the genes of the heavy and light (kappa) 

chain variable domains are rather complex with multiple possibilities of V, J and D 

(heavy chain only) segments forming these genes. Genetic recombination of these 

segments leads to a vast diversity of antibodies (IgGs) with different antigen 

specificities. 
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Figure 1.5. The x-ray crystal structure of an intact mouse monoclonal antibody 

(IgG2a) for canine lymphoma (PDB: IGT) (Harris et al, 1992). As shown, each light 

(green) and heavy (blue) chain domain is comprised of p-strands that form two tightly 

packed anti-parallel p-sheets, termed the Immunoglobulin (Ig)-fold and the antigen-

binding site is located at the N-terminal ends of the heavy and light chains. The heavy 

chain constant domains, CHI and CH2, are linked by a flexible hinge region, which 

made early crystallisation studies of the intact antibodies difficult. 
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As determined from the three-dimensional (3D) x-ray crystal structure of IgG, the heavy 

and light chain constant domain is comprised of 7 P-strands, with 3 and 4 p-strands 

positioned to form two tightly packed anti-parallel P-sheets (Figure 1.5) (Branden and 

Tooze, 1991) This structure has been termed the Immunoglobulin (Ig)-fold and is 

present in a number of molecules including the T-cell receptor, CD4 and MHC Class I 

(antigen-presenting protein) (Branden and Tooze, 1991). The light and heavy chain 

variable domain has an overall similar structure to the light and heavy chain constant 

domain, except the variable domain is comprised of nine P-strands (Branden and Tooze, 

1991). Located within the heavy and light chain variable domains are three loops, from 

each chain, that connect the p-strands of the heavy and light variable domains. These 

loops, three from each chain, are the complementarity determining regions (CDRl-

CDR3), which are involved in antigen recognition and binding (Figure 1.5) (Branden 

and Tooze, 1991). 

The interaction of FcyRs with the Fc portion of IgG (IgG(Fc)) has been studied 

extensively using physical studies such as ultra-centrifugation and NMR spectroscopy, 

as well as mutagenesis studies and more recently co-crystallisation of recombinant 

soluble FcRs (rsFcRs) with Ig(Fc). 

1.4 FcyR interactions with IgG(Fc): 

1.4.1 Physical studies of FcyR interactions with IgG(rc): 

There has been much speculation about the stoichiometry of FcyR binding to IgG(Fc). 

In particular, in an early study using equilibrium gel filtration, one or two molecules of 

human soluble FcyRHa, produced in baculovirus-infected insect cells, bound to the Fc 

fragment of human IgG, suggesting a potential for a 2:1 FcyRH-IgG(Fc) interaction 

(Sondermann et al, 1999a). In contrast, studies by other groups indicate that FcyR binds 

to IgG(Fc) via a 1:1 receptor-ligand stoichiometry. For example, the interaction between 

FcyRIH and the Fc fragment of IgGl (IgGl(Fc)), a 1:1 receptor-ligand stoichiometry 

was observed as determined by equilibrium sedimentation studies and equilibrium and 

non-equilibrium gel filtration experiments (Ghirlando et al, 1995; Zhang et al, 2000). 

Similarly, for the interaction between mouse FcyRII and the Fc fragment of mouse 

IgG2b, a 1:1 stoichiometry was observed, as determined by sedimentation equilibrium 
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and velocity data (Kato et al, 2000). These findings were also supported by NMR 

spectroscopy, in which binding of a single FcyRH molecule to one binding site on the 

Fc fragment of IgG caused a conformational change in a second symmetrically-related 

binding site, preventing a second FcyRH molecule from binding to this site (Kato et al, 

2000). 

1.4.2 Insight into FcyR interactions with IgG(Fc) from x-ray crystal structures: 

hi order to better understand the interactions between FcyRs and the Fc portion of IgG, 

several groups have focused much attention on solving the x-ray crystal structure of 

FcyRs and complexes between FcyRs and the Fc portion of IgG (IgG(Fc)). To-date the 

x-ray crystal structures of the extracellular domain of ligand-fi-ee FcyRHa (Maxwell et 

al, 1999; Powell et al, 1999), FcyRHb (Sondermann et al, 1999a; Sondermann et al, 

1999b), FcyRIHb (Zhang et al, 2000) and FceRI (Garman et al, 1998) have been 

solved, while the crystal structure of the high affinity Fc receptor (FcyRI) has yet to be 

elucidated. The only ligand:FcR complexes solved are FcyRIH and IgGl(Fc) (Figure 

1.8), and FceRI and IgE(Fc) (Garman et al, 2000; Sondermann et al, 2000; Radaev et 

al, 2001a), however, most recently, the complex between FcyRHa and IgG(Fc) was also 

solved (Ramsland, unpublished data). 

The x-ray crystal structure of a recombinant soluble FcyRHa (residues 1-174), derived 

from baculovirus-infected insect cells, was solved at a resolution of 2 A (Maxwell et al, 

1999; Powell et al, 1999). The receptor consists of two Ig-like (hnmunoglobulin-like) 

domains, Dl and D2, which are each comprised of eight P-strands designated A, A', B, 

C, C\ E, F, G; these strands form two anti-parallel P-sheets, which are stabilised by an 

intra-domain disulphide linkage (Figure 1.6). Although the asymmetric unit contained a 

single FcyRHa molecule, a crystallographic noncovalent dimer (Figure 1.7) was 

observed at the unique two-fold axis of the orthorhombic P2i2i2 crystals (Maxwell et 

al, 1999). Based on these observations it was proposed that on the cell surface FcyRHa 

is anchored to the membrane as a dimer, similar to that observed in the crystal structure 

(Figure 1.7), in which the receptor-binding site is positioned away from the cell 

membrane, where it is readily accessible to IgG (Maxwell et al, 1999). 
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hi addition, formation of the FcyRHa dimer on the cell surface may also place the 

ITAM-motif within the cytoplasmic domain of each receptor monomer in close 

proximity to one another, in a manner similar to the positioning of the y-chain ITAMs in 

the y2-chain homodimer (Maxwell et al, 1999). This may be important in mediating 

signal transduction, whereby FcyRHa activation and cross-linking leads to receptor 

dimerisation followed by initiation of the signalling pathway. Moreover, coupling of 

FcyRHa and FcyRHb monomers to produce heterodimers may also occur as a means to 

regulate FcyRHa-mediated signalling, with the FcyRHb containing an inhibitory ITIM-

motif in its cytoplasmic domain. Indeed mutagenesis on residues (Ser'^^) located in the 

extracellular domain of FcyRHa monomers, which are thought to make contact upon 

formation of the receptor dimer, has been shown to decrease FcyRHa-mediated 

signalling in vitro (Powell, unpublished data). 

The x-ray crystal structure of the low affinity Fc receptor, FcyRHIa, which is 

structurally homologous to FcyRHa, was solved in complex with the Fc portion of 

human IgGl (IgGl(Fc)), at 3.2 A and 3 A (Figure 1.8) (Sondermann et al, 2000; 

Radaev et al, 2001a). Similarly, the structure of the high affinity IgE receptor, FceRI, 

which shares strong homology with the FcyRs, was also solved in complex with the Fc 

portion of IgE (IgE(Fc)), at 3.5 A (Garman et al, 2000). 

In the crystal structure of the complex between FcyRIH and IgGl(Fc), the Fc fragment 

resembled a horseshoe with the CH2 domains in each heavy chain A and B, CH2-A and 

CH2-B, respectively, separated by a core of carbohydrate residues, N-linked attached to 

Asn̂ ^̂  (glycosylation) of both CH2-A and CH2-B; and the CH3 domains packed tightly 

together (Figure 1.8) (Sondermann et al, 2000; Radaev et al, 2001a). When compared 

to an uncomplexed Fc fi-agment, the Fc fragment of the FcyRIH-Fc complex was 

slightly more open, with more movement of CH2-B than CH2-A, thereby disrupting the 

symmetry of the two CH2 domains. In contrast, the positions of the CH3 domains did not 

change, upon complex formation, and remained tightly packed together (Sondermann et 

al, 2000; Radaev et al, 2001a). In addition, formation of the FcyRIH-Fc complex also 

caused the hinge angle, between domains 1 and 2 (Dl and D2) of FcyRIH, to increase 

by 10°, when compared to the crystal structure of ligand-free FcyRHI (Sondermann et 

al, 2000; Radaev et al, 2001a). 
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Figure 1.6. The x-ray crystal structure of monomeric FcyRHa solved at a resolution of 

2 A (PDB: IFCG) (Maxwell et al, 1999). The FcyRHa monomer is composed of two 

Ig-like domains, Dl (green) and D2 (blue), which are each made up of eight p-strands 

(A, A', B, C, C , E, F, G) that form two anti-parallel p-sheets. N=N-terminus, C=C-

terminus 
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Figure 1.7. Crystallographic dimer formed by FcyRHa (Maxwell et al, 1999). a. 

"side" view and b . looking "down" on top of the receptor dimer. The D2 domains 

(green) are involved in the contact between the two FcyRHa monomers, while the Dl 

domains (blue) have been proposed to anchor into the cell membrane at the N-terminals. 

In this orientation the proposed IgG receptor-binding site points away from the cell 

membrane where it is accessible by the Fc portion of IgG. N= N-terminus, D=domain 
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Furthermore, a 1:1 receptor-ligand stoichiometry was observed in the x-ray crystal 

structure of the FcyRHI-Fc complex (Figure 1.8) (Sondermann et al, 2000; Radaev et 

al, 2001a). Similarly, a 1:1 receptor-ligand stoichiometry was also observed for the 

crystal structure of the FceRI-Fc complex (Garman et al, 2000). Based on these 

observations and findings from physical studies (NMR spectroscopy, equilibrium gel 

filtration and sedimentation) it was proposed that FcR-Fc binding must generally occur 

by a 1:1 receptor-ligand stoichiometry (Sondermarm et al, 2001; Radaev et al, 2001a). 

In particular, since complex formation was seen to introduce asymmetry in the CH2 

domains (due to greater movement of the CH2-B than CH2-A) and the FcyRIH binding 

sites on the CH2 domains lie in close proximity, it was proposed that a second molecule 

of FcyRIH would be prevented from binding to IgGl(Fc), in support of a 1:1 receptor-

ligand stoichiometry (Sondermarm et al, 2000; Radaev et al, 2001a). 

Extensive mutagenesis of IgG(Fc) (Duncan et al, 1988) and FcRs (Hulett et al, 1993; 

Hulett et al, 1994; Hulett et al, 1995; Tamm et al, 1996; Gavin et al, 1998; Maxwell 

et al, 1999) have defined residues critical for the interaction between these proteins. 

These studies indicated that for FcyRs, similar areas of the different FcyRs are likely to 

be involved in FcyR:IgG(Fc) interactions (Hulett et al, 1993; Hulett et al, 1994; Hulett 

et al, 1995; Tamm et al, 1996; Maxwell et al, 1999). Crystallographic analyses have 

provided more valuable definitions of these interactions for FcyRHIa and IgG(Fc) but 

are lacking for FcyRJI:IgG(Fc) and FcyRI:IgG(Fc) (Sondermann et al, 2000; Radaev et 

a/., 2001a). 

In the crystal structure of the FcyRIH-Fc complex, the residues involved in the 

interaction between FcyRIH and the Fc portion of IgGl (IgGl(Fc)), were consistent 

with interactions identified in mutagenesis studies. The same residues from CH2-A and 

CH2-B, of the Fc fragment, bound to different surfaces on FcyRIH, predominately to 

domain 2 (D2) of this receptor (Figure 1.8) (Sondermann et al, 2000; Radaev et al, 

2001a). In particular, the residues fi-om domain 2 of FcyRIH that were involved in 

binding to human IgGl(Fc), included those of the BC loop (Trp"°-Lys-Asn-Thr-

Ala"^), FG loop (Val'^^-Gly-Ser-Lys^^^), C strand (His'^^-Lys-Val-Thr"^), C strand 

(Asp'^^-Arg-Lys-Tyr-Phe-His-His'^^), the F strand (Arg'^^), as well as those present in 

39 



p 

at 

C H 2 - A f ^ 

C H 3 - A \ ^ 

r FcyRIH 

^ [ M S lgG1-Fc 

^ ^ ^ H 3 - B 

Figure 1.8. The x-ray crystal structure of the FcyRIH and IgGl(Fc) complex resolved 

at 3.0 A (PDB: 1T89, Radaev, 2001a). As shown, the Fc fi-agment of IgGl (IgGl(Fc)) 

(f)lue) resembles a horseshoe with the CH2 domains (CH2-A and CH2-B) (green) 

separated by a core of carbohydrate residues (represented as ball and sticks) and the CH3 

domains (CH3-A and CH3-B) packed closely together. The carbohydrates are positioned 

near the tips of CH2 domains, intruding into the lower hinge, but do not directly bind to 

FcyRIH, nonetheless they play a well-established role in stabilising the conformation of 

the regions that make contact with FcyRIH. FcyRIH binds to IgGl(Fc) predominantly 

through domain 2 (D2). 
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the linker (He^^-Gly^^-Trp^^) between domains 1 and 2 of FcyRIH (Figure 1.9) 

(Sondermarm et al, 2000; Radaev et al, 2001a). 

On the Fc of human IgGl, the residues which bound to FcyRIH in the co-crystal 

structure were largely those of the lower hinge region (Leu^ '̂̂ -Leu-Gly-Gly-Pro-Ser^^^) 

from both CH2-A and CH2-B (Figure 1.9), those from the FG loop (Ala^^^-Leu-Pro-Ala-

Pro-Ile^^^) of CH2-A (Figure 1.9a) and those from the BC loop (Asp^^^-Val-Ser-His-

GW^^) , C ' E loop (Asn^^^-Ser-Thr^^^) and the carbohydrate residue, A^-acetyl-D-

glucosamine (NAG)l (attached to Asn^^ )̂ of CH2-B (Figure 1.9b) (Sondermarm et al, 

2000; Radaev et al, 2001a). The main contacts were formed by van der Waals 

interactions, especially those interactions formed with the lower hinge regions, as well 

as potential hydrogen bonds (Sondermann et al, 2000; Radaev et al, 2001a). 

In particular, the lower hinge residues, Leu^̂ '̂ -Ser̂ ^̂  from the CH2-A domain interacted 

with Thr"^ Ala""* (BC loop) and Val'^^ and Lys'^^ (FG loop) of FcyRIH, with the main 

contacts occurring between Leû ^̂  and Ala'̂ "*, Thr"^ and Val̂ ^^ (Figure 1.9a) 

(Sondermarm et al, 2000). The lower hinge residues, Gly^^ -̂Gly^^^ fi-om CH2-B were 

positioned in a groove in FcyRIH, formed by the His"^ and His'^^ on one side and 

Lys''^ on the other, with additional contacts made with Tyr'̂ ^ and His'^'; in this groove 

the lower hinge region has the potential to form hydrogen bonds with the three 

histidines, His'^^ His'^' and His'^l In addition, Leu^̂ ^ from the CH2-B also made 

contacts with both His"^ and His'^^ (Figure 1.9b) (Sondermann et al, 2000). 

Furthermore, Pro^^^ from the FG loop of IgG(Fc) (CH2-A) was positioned tightly 

between the two tryptophans, Trp^^ and Trp"°, of FcyRIH, which forms a so-called 

"Proline Sandwich" (Figure 1.9a) (Sondermann et al, 2000; Radaev et al, 2001a). 

Interestingly, these tryptophan residues are conserved in all other FcyRs (and FceRI) 

and similarly Pro'̂ ^̂  is also conserved in all IgG subclasses (and IgE), thereby 

suggesting that this is a common interaction for all FcyRs (and FceRI) binding to Ig-Fc 

(Table 1.2) (Sondermann et al, 2000; Radaev et al, 2001a). Lideed, mutagenesis of 

these tryptophan residues in FcyRI decreases IgG binding, which is consistent with the 

structural data (Tan, unpublished data). 
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a. 

b. 

Figure 1.9. Residues involved in the interaction between FcyRIH (burgundy) and 

IgG(Fc) CH2 domains (blue), a. CH2-A and b . CH2-B, based on the x-ray crystal 

structure of the FcyRIH and IgG(Fc) complex, resolved at 3.0 A (PDB: 1T89, Radaev, 

2001a). 
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Other contacts made between FcyRIH and IgG(Fc) included those between the side 

chains of Asp'^^-Arg-Lys-Tyr-Phe-His'^', from the C strand of FcyRIH, and residues 

fi-om the BC (Asp^^^-Val-Ser-His-Glu^^^) and C'E (Asn^^^-Ser-Thr^^^) loops of 

IgGl(Fc) (CH2-B) (Figure 1.9b) (Sondermann et al, 2000). In addition, Arg'^^ fi-om the 

F strand of FcyRIH, forms a potential hydrogen bond with the carbohydrate residue, 

NAGl, attached to Asn̂ "̂̂  on the CH2-B domain of IgGl(Fc) (Sondermann et al, 2000). 

1.4.3 Mutagenesis studies of FcyR interactions with IgG(Fc): 

The regions involved in the interaction between FcyRHa (and related FcyRs) and 

IgG(Fc) have also been highlighted by mutagenesis studies conducted by various 

groups. In early mutagenesis studies, receptor chimeras of human FcyRII and FceRI, 

where segments of the first extracellular domains (Dl) of FcyRH and FceRI were 

swapped, indicated that the IgG binding region of FcyRH was located in the second 

extracellular domain (D2), in particular between residues Ser'̂ *̂  and Val'^^ (Hulett et al, 

1993). Subsequently, receptor chimeras of FcyRII and FceRI were once again used to 

narrow down the region of FcyRH involved in binding IgG and was localised to a region 

between Asn'̂ "̂  and Ser'^' (FG loop) (Hulett et al, 1994). Furthermore, residues within 

this region were substituted with alanine to identify specific residues critical for binding 

of this receptor to IgG, whereby substitution of Ile'^^ and Gly'̂ ^ with alanine abolished 

binding of FcyRH to IgG, while substitution of Leu'^^ and Phe'^° with alanine increased 

binding to IgG (Hulett et al, 1994). 

In another study by Hulett et al. (1995), receptor chimeras generated by swapping 

regions of the extracellular domain 2 (D2) of FcyRH with those of FceRI, indicated that 

there were additional binding sites in domain 2 involved in binding of this receptor to 

IgG, which were not previously noted, including residues between Ser -Val (BC 

loop) and Ser'^°-Thr'^^ (C'E loop) (Hulett et al, 1995). Substitution of specific residues 

within these regions, with alanine, in particular Lys"^ Pro' , Leu and Val (BC 

loop) and Phe'^^ and His'^' (C'E loop) reduced binding of this receptor to IgG 

suggesting that these residues play a crucial role in the binding of FcyRII to IgG (Hulett 

etal, 1995). 
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Table 1.2. Amino acid sequences of human FcyRs and IgG subclasses, a. Domain 2 

of human FcyRHa compared to other related FcRs b . CH2 domain of human IgG 

subclasses (and IgE); boxed regions highly conserved "Proline Sandwich" residues, 

lower hinge region and site for N-linked glycosylation (*); structural features arrows^P-

strands, tubes=a-helices. Amino acid numbering is according to Radaev, 2001a. 

a. Amino acid sequences of FcRs 

FcyRHa 

FcyRHb 
FcyRHc 

FcyRI 
FcyRllla 
FcyRHIb 

FceRI 

FcyRHa 
FcyRHb 
FcyRHc 
FcyRI 
FcyRllla 

FcyRIHb 
FceRI 

80 

HLTVLSEfl 
HLTVLSEfl 

HLTVLSEfl 
QLEIHRGft 

QLEVHIGn 
QLEVHIGn 
YLEVFSD^ 

/.V 
ILV 

ILV 

r:.L 
IJL 

i:.L 

JLL 

140 

QANHSHSGDY 
QANHSHSGDY 
QANHSHSGDY 
KTNISHNGTY 
KATLKDSGSY 
KATLKDSGSY 
NATVEDSGTY 

90 

LQTPHLEFQE 
LQTPHLEFQE 

LQTPHLEFQE 
LQVSSRVFTE 
LQAPRWVFKE 
LQAPRWVFKE 
LQASAEWME 

A A' 

150 

HCTGNIGYTL 
HCTGNIGYTL 
HCTGNIGYTL 
HCSGMVGKHR 
FCRGLVGSKN 
FCRGLVGSKN 
YCTGKVWQLD 

• 

100 110 

GETIMLRCHS /J^DKPLVKVT 
GETIVLRCHS /J^DKPLVKVT 
GETIVLRCHS fl ISDKPLVKVT 
GEPLALRCHA /J<DKLVYNVL 

EDPIHLRCHS AJ <;NTALHKVT 

EDPIHLRCHS flKNTALHKVT 
GQPLFLRCHG f^^NWDVYKVI 

B 

160 
FSSKPVTITV 
FSSKPVTITV 
YSSKPVTITV 
YTSAGISVTV 
VSSETVNITI 

VSSETVNITI 
YESEPLNITV 

120 130 

FFQNGKSQKF SRLDPTFSIP 
FFQNGKSKKF SRSDPNFSIP 
FFQNGKSKKF SRSDPNFSIP 
YYRNGKAFKF FHWNSNLTIL 
YLQNGKGRKY FHHNSDFYIP 
YLQNGKDRKY FHHNSDFHIP 
YYKDGEALKY WYENHNISIT 

C C E 

E 

b. Sequences of the C^l domain of IgG(Fc) and IgE(Fc) 

IgGl 

IgGl 

IgG3 

IgG4 

IgE 

220 
CDKTHTCPPC 

RKCCVECPPC 

CDTPPPCPRC 

SKYGPPCPSC 

HTFEDSTKKC 

IgGl 

IgGl 

IgG3 

IgG4 

IgE 

230 240 250 2 6 0 270 

PAPELLGGPS VFLFPPKPKD TLMISRTPEV TCVWDVSHE DPEVKFNWYV 

PAPPi/AG-PS VFLFPPKPKD TLMISRTPEV TCVWDVSHE DPEVQFNWYV 

PAPELLGGPS VFLFPPKPKD TLMISRTPEV TCVWDVSHE DPEVQFKWYV 

PAPEFLGGPS VFLFPPKPKD TLMISRTPEV TCVWDVSQE DPEVQFNWYV 

-ADSSIPRG/S AYLSRPSPFD - L F I R K S P T I TCLWDLAPS KGTVNLTWSR 

B 

280 

DGVEVHNAKT 

DGVEVHNAKT 

DGVEVHNAKT 

DGVEVHNAKT 

ASGKPVNHST 

290 300 310 320 

KPREEQYN3T YRVVSVLTVL HQDWLNGKEY KCKVSNKAL? 

KPREEQFN3T FRVVSVLTVV HQDWLNGKEY KCKVSNKGL? 

KPREEQYN3T FRVVSVLTVL HQDWLNGKEY KCKVSNKAL? 

KPREEQFN3T YRVVSVLTVL HQDWLNGKEY KCKVSNKGL? 

RKEEKQRISI3T LTVTSTLPVG TRDWIEGETY QCRVTHPHLg^ 

330 

APIEKTISKA 

APIEKTISKT 

APIEKTISKT 

SSIEKTISKA 

RALMRSTTKT 
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hi contrast, specific residues located in the C'C loop of FcyRH, including Asn'^^, Gly'^'' 

and Lys'^^ were also individually mutated to alanine but did not affect binding of 

FcyRH to IgG (Hulett et al, 1995). Li support of this study, alanine scanning of specific 

residues of FcyRHa, including, Lys"^ Pro"^ and Leu"^ (BC loop), Ile'^^ and Gly'^^ 
1 'K1 

(FG loop), and His (C'E loop) have also been demonstrated to reduce human IgG2 

binding to FcyRHa (Maxwell et al, 1999). 

Mutagenesis studies of FcyRIHb have also been carried out to similarly identify the 

regions within this receptor that are important for IgG binding. In one such study the 

C'C loop within FcyRIHb was highlighted as the region of importance for binding of 

this receptor to IgG, whereby individual alanine substitutions of Gln'"̂ "̂ , Asn'^^, Lys'^^, 

Arg'"̂ ,̂ Lys'"̂ ^ and Tyr'^^ decreased IgG binding of this receptor (Hibbs et al, 1994). In 

addition, Trp"° from within the BC loop was also found to play a key role in receptor 

binding with diminished IgG binding of FcyRIHb upon mutation of this residue with 

alanine (Hibbs et al, 1994). Furthermore, in similar studies on the binding site of 

FcyRHb, where receptor chimeras were generated by swapping the putative binding 

regions of this receptor with those from FceRI, IgG binding was almost completely lost 

upon exchange of Gly'^^-Asn'^^ (FG loop) with FceRI and was reduced upon 

individually swapping Leu'^'-Asn'^^ (C'C loop) and Ser'^^-Leu'^'' (F strand) with FceRI 

(Tamm et al, 1996). In addition, mutagenesis of individual residues in these regions, 

within FcyRHIb, identified specific residues involved in binding of this receptor to IgG, 

including Lys'^^ and Val'^° (FG loop), Arg'^^ (F strand), and Leu'^' and Gln'^^ (CC 

loop), which when mutated reduced the IgG binding capacity of FcyRIHb (Tamm et al, 

1996). 

In more recent mutagenesis studies on FcyRI, receptor chimeras of this receptor, in 

which putative binding regions were swapped with FceRI, indicated that similar regions 

within this receptor were found to be involved in binding to IgG, with exchange of the 

FG loop resulting in complete loss of IgG binding and exchange of the BC loop 

resulting in a decrease in IgG binding (Tan, unpublished data). Alanine scanning of 

specific residues within these regions also highlighted residues Gly and Tyr (FG 

loop), and additionally Trp^'' and Trp"°, as critical for binding of this receptor to IgG, 

with high affinity IgG binding of this receptor being abolished upon substitution of 
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Trp^^ and Trp"° with alanine (Tan, unpublished data). Moreover, Gly'^^ Trp^^ and 

Trp"° are conserved in all FcyRs, therefore suggesting that these residues share a 

common role in the binding of FcyRs to IgG (Tan, unpublished data). 

Furthermore, mutagenesis studies have emphasised the importance of the lower hinge 

region (Leu -Leu-Gly-Gly ) from the Fc portion of human and mouse IgG, in 

binding to FcyRs (FcyRI and FcyRII), in particular Leu and residues. Leu and 

Gly^̂ ,̂ which are involved in binding to FcyRI and FcyRH, respectively (Duncan et al, 

1988; Lund et a/., 1991). In a more recent study, substitution of the Leû "̂̂  and Leu^^^ 

within IgGl(Fc), with alanines, abolished the binding of human IgGl(Fc) to FcyRIIa, 

which was consistent with findings from other studies (Wines et al, 2000). In a more 

extensive mutagenesis study, independent mutation of Glu , Leu , Leu , Gly , 

Pro^^ ,̂ and Pro^^^ and deletion of Gly^̂ ^ from IgGl, reduced considerably the binding of 

these mutants to FcyRI, FcyRHa, FcyRHb and FcyRHIa (Shields et al, 2001). These 

findings not only emphasised the importance of the lower hinge region but also the 

Prô ^̂  from the FG loop of IgGl, which is conserved in all subclasses of IgG (and IgE) 

(Table 1.2). 

1.4.4 The importance of glycosylation on FcyR binding to IgG(Fc): 

Glycosylation of IgG(Fc) has a major role in FcR binding generally. Indeed, it has been 

known for some time that altering glycosylation of IgG(Fc) adversely affects FcyR 

binding (Walker et al, 1989; Lund et al, 1990). Aglycosylation of human IgGl and 

IgG3 monoclonal antibodies has been demonstrated to reduce the ability of these 

antibodies to inhibit FcyRI and/or FcyRH binding of glycosylated forms of these 

antibodies and subsequent rosette formation of U937 cells, expressing FcyRI and 

FcyRH, and Daudi and K562 cells, expressing FcyRH (Walker et al, 1989). Similarly, 

aglycosylation of the Fc fi-agment from trypsin treated IgG3, has also been 

demonstrated to reduce recognition by human FcyRI, on U937 cells, when compared to 

recognition of glycosylated trypsin Fc fragment by these cells (Lund et al, 1990). 

Moreover, aglycosylation of IgG3 has also been shown to abolish binding of IgG3 to 

FcyRIH, expressed on human natural killer (NK) cells, therefore failing to trigger 

cellular lysis (Lund et al, 1990). 
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Furthermore, the role of glycosylation in stabilising the conformation of the Fc 

fi-agment, for binding to FcyRs, is well established and has been emphasised in 

numerous studies (Walker et al, 1989; Lund et al, 1990; Jefferis et al, 1995; Lund et 

al, 1995; Sondermann et al, 2000; Mimura et al, 2001; Radaev et al, 2001a; Radaev 

and Sun, 2001b). Indeed, removal of the carbohydrate attached to Asn^^^ of the CH2 

domain of IgG3, was found to cause a small structural change in the region close to 

His^^^ as determined by NMR spectroscopy, which is particularly close to the lower 

hinge region (Leu^ '̂'-Leu-Gly-Gly^^^) of IgG, the proposed site for FcyR binding (Lund 

et al, 1990). hi addition, replacement of the Asp^^^ fi-om the CH2 domain of human 

IgG3, which is involved in making contact with the primary carbohydrate residue, Â -

acetyl-D-glucosamine (NAG)l, attached to Asn^^ ,̂ has also been found to cause a loss 

of human FcyRI and FcyRII recognition (Jefferis et al, 1995; Lund et al, 1995). In 

contrast, replacement of other residues (Lyŝ "*̂ , Asp̂ "*̂  and Glu^^^), which interact with 

sugar residues, NAG and Gal (galactose) located on the outer arm of the carbohydrate 

moiety, did not affect recognition of IgG3 by FcyRI and FcyRII, thus highlighting the 

importance of glycosylation in the region near Asp^^^ of the CH2 domain of IgG3 for 

FcyR recognition of IgG3 (Jefferis et al, 1995; Lund et al, 1995). 

In a more recent study, deglycosylation of whole IgGl resulted in a 15- to 20-fold 

reduction in IgGl binding to FcyRIH, while deglycosylation of the Fc fragment of IgGl 

completely abolished binding to FcyRIH (Radaev and Sun, 2001b). Similarly, in a study 

by Mimura et al (2001), deglycosylation of IgG(Fc) caused a complete loss of binding 

to soluble FcyRHb (sFcyRHb) and glycoforms of IgG(Fc), in which oligosaccharides 

from the attached carbohydrate were truncated, bound to sFcyRHb with reduced affinity 

(Mimura et al, 2001). These findings suggested that deglycosylation causes 

destabilisation of the CH2 domains, bringing the CH2 domains closer together, which in 

this conformation is unfavourable to sFcyRHb binding (Mimura et al, 2001). 

Recent structural studies have shed light on the atomic basis for this dependence on 

glycosylation. The carbohydrate residues within the core of the Fc fragment, between 

the CH2 domains (CH2-A and CH2-B), make contact with only a single residue within 

FcyRIH (Arg'^^), in the FcyRHI-Fc complex, however, since they influence the distance 

between the CH2 domains, which make direct contact with FcyRIH, they are thought to 
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play a more indirect role in the binding of IgG(Fc) to FcyRIH (Sondermann et al, 2000; 

Radaev et al, 2001a; Radaev and Sun, 2001b). The carbohydrate core within the Fc 

fragment is presumed to stabilise the conformation of the Fc region and orientate the 

two major binding sites, on the tip of the CH2 domains, in a favourable position for 

binding to domain 2 (D2) of FcyRIH (Figure 1.8) (Sondermann et al, 2000; Radaev et 

al, 2001a; Radaev and Sun, 2001b). 

Moreover, the x-ray crystal structure of wild-type human IgG(Fc) was recently 

compared to glycoforms of human IgG(Fc), in which oligosaccharides from the 

carbohydrate were truncated. The IgG(Fc) glycoforms exhibited abrupt alterations in the 

conformation of IgG(Fc), in particular in the region attached to the carbohydrate, and 

also caused the CH2 domains of IgG(Fc) to remain closed, with each of these features 

being unfavourable for FcyR binding (Krapp et al, 2003). 

1.5 FcyRIIa-mediated signal transduction following IgG-Fc binding: 

1.5.1 Mediators of FcyRHa-activated signalling in different cell types: 

Binding of IgG immune complexes (IC) or anti-receptor antibody to FcyRIIa, results in 

receptor cross-linking and initiation of signal transduction. Here FcyRHa translocates to 

membrane domains (lipid rafts), which play an integral role in coupling receptor 

activation to the initiation of the signalling cascade, by bringing receptor complexes into 

close proximity with signalling proteins, with which they interact (Brown and London, 

2000; Langlet et al, 2000). One of the earliest measurable events in the signalling 

pathway is the phosphorylation of tyrosine residues in the immunoreceptor tyrosine-

based activation motif (ITAM), in the FcyRHa cytoplasmic domain, by Src-related 

protein tyrosine kinases (Src-PTKs). 

In human FcyRIIa, the ITAM motif consists of two YxxL sequences (x being any amino 

acid) sequences separated by 12 amino acids, rather than the typical 7 amino acids 

found in the ITAMs of the common FcR y-chain and other similar signalling dimers 

such as CD3-(;, DAP 12 and CD3-y (and ITAM-containing FceRI p-chain) (Cambier et 

al, 1994; Osman et al, 1996; Lanier et al, 1998). Both tyrosines of the FcyRHa ITAM 

are required for complete phagocytosis, since it was found that substitution of either of 

these tyrosines with phenylalanine inhibited phagocytosis (Mitchell et al, 1994; van 
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den Herik-Oudijk et al, 1995a). An additional tyrosine residue, located outside the 

ITAM (6 residues, N-terminal to ITAM) is also essential for association with protein 

tyrosine kinases and phosphorylation since substitution of this tyrosine together with 

either one of the tyrosines located within the ITAM motif, with phenylalanine, almost 

completely abolished tyrosine phosphorylation and phagocytosis (Mitchell et al, 1994; 

Bewarder e? a/., 1996). 

In human monocytes, the Src-protein tyrosine kinases (PTKs), Lyn and Hck 

phosphorylate the FcyRHa ITAM (Figure 1.10); while in human neutrophils it is Lyn 

and/or Hck, which phosphorylate the FcyRHa ITAM (Ibarrola et al, 1997). In addition, 

Hamada et al (1993) have found that in human neutrophils the Src-PTK, Fgr associates 

with the FcyRHa ITAM and rapidly activates this receptor, upon cross-linking of 

receptor (Hamada e? a/., 1993). 

Once phosphorylated, the tyrosines of the ITAM of FcyRH recruit and associate with 

the SH2 (Src homology 2) domain-containing protein, Syk kinase (72 kDa) (Figure 

1.10), which is comprised of two N-terminal SH2 domains and a C-terminal catalytic 

domain (Kiener et al, 1993; Strzelecka et al, 1997; Cooney et al, 2001). Association 

of Syk kinase with the ITAM of FcyRIIa leads to the recruitment of SH2 domain-

containing enzymes such as phospholipase Cyl (PLCyl) and Ptdlns 3-kinase 

(Phosphatidylinositol 3-kinase) (Figure 1.10) (Liao et al, 1992; Ninomiya et al, 1994; 

Tridandapani et al, 2000; Cooney et al, 2001). In the human monocytes (THP-1 and 

U937), PLC-yl franslocates to the plasma membrane where it is rapidly tyrosine 

phosphorylated by Src-PTKs and is then activated to hydrolyse phosphatidylinositol-

4,5-bisphosphate (PtdlQS-4,5-P2) to produce second messengers, inositol-1,4,5-

trisphosphate (Ins-1,4,5-^3) and diacylglycerol (DAG), which are involved in 

downsfream signalling events (Figure 1.10). Ins-1,4,5-^3 elicits the release of calcium 

from intracellular stores and DAG activates protein kinase C (PKC), which intum 

activates the nuclear factor NFKB and thus gene transcription induced by NFKB (Figure 

1.10) (Liao et al, 1992; Scholl et al, 1992; Tridandapani et al, 2000). 
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Figure 1.10. Signalling events following FcyRIIa activation in human monocytes. 

Upon binding of cross-linked IgG (immune complexes), the Src-PTK, Lyn kinase is 

recruited to tyrosines in the FcyRHa ITAM (1), which it phosphorylates (2) and then 

undocks for subsequent Syk kinase recruitment (3). Syk then docks to the 

phosphorylated tyrosines of the receptor ITAM and phosphorylates Ptdlns 3-kinase 

(PI3K), which phosphorylates PIP2 and thus generates PIP3, a lipid second messenger. 

PIP3 then associates with PH (Pleckstrin homology) domain-containing enzymes (Akt, 

Vav, PLCy) and activates them, leading to a cascade of downsfream signalling events, 

including calcium mobilisation and NF-KB gene transcription. 
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hi human neutrophils, both Syk kinase and Ptdlns 3-kinase are recruited to the plasma 

membrane and associate with phosphotyrosines of the ITAM of FcyRHa (Ibarrola et al, 

1997; Cooney et al, 2001). Ptdlns 3-kinase, which is comprised of an 85 kDa 

regulatory subunit (p85), containing two SH2 domains, and a 110 kDa catalytic subunit 

(pl 10), is recruited to the plasma membrane where it associates with the phosphorylated 

tyrosines of the ITAM motif of FcyRHa, via the SH2 domains of the p85 subunit, 

bringing Ptdlns 3-kinase into close proximity to its lipid substrates (Ibarrola et al, 1997; 

Vossebeld et al, 1997; Chuang et al, 2000; Cooney et al, 2001). 

Ptdlns 3-kinase phosphorylates the lipid substrates, phosphatidylinositol (Ptdlns), 

phosphatidylinositol-4-phosphate (PtdIns-4-/') and PtdIns-4,5-P2, to generate PtdIns-3-

P, PtdIns-3,4-P2 and phosphatidylinositol 3,4,5-trisphosphate (PtdIns-3,4,5-/*3), 

respectively (Vossebeld et al, 1997). PtdIns-3,4,5-/'3 (PIP3) is a lipid second messenger 

and can associate with PH (Pleckstrin homology) domain-containing enzymes and 

activate them (Cooney et al, 2001). Several PH domain-containing enzymes have now 

been established to associate with PtdIns-3,4,5-/'3, including the Tec family PTKs, 

involved in intracellular calcium mobilisation (Scharenberg et al, 1998); Vav, the 

guanine nucleotide exchange factor for the Rho family GTPase, Rac-1 (Crespo et al, 

1997; Han et al, 1998); Akt, a serine/threonine kinase involved in cell survival and 

NFKB-induced gene transcription (Aman et al, 1998; Jacob et al, 1999) and 

phospholipase Cy, PLCy (Cooney et al, 2001). 

Furthermore, on human monocytes (THP-1), cross-linking of FcyRs and ITAM 

phosphorylation, which leads to the recruitment of Ptdlns 3-kinase, has also been found 

to initiate the ERK kinase (MEK) and mitogen-activated protein kinase (MAPK) or 

exfracellular signal-regulated kinase (ERK) signalling pathway, resulting in downstream 

NF-KB gene transcription (Figure 1.10). The mechanism by which Ptdlns 3-kinase 

initiates the MEK-MAPK signalling pathway has been suggested to involve Akt (Figure 

1.10) (Garcia-Garcia et al, 2001). 

1.5.2 Localisation of FcyRIIa and signalling proteins to lipid rafts: 

The importance of lipid rafts in FcR signalling was first demonsfrated with the high 

affinity IgE receptor, FceRI, whereby upon receptor cross-linking, receptor complexes 
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transiently franslocate to lipid rafts, where tyrosine kinases such as Lyn and Syk, are 

available to phosphorylate tyrosines on ITAM and initiate signalling (Field et al, 1995; 

Stauffer and Meyer, 1997; Simons and Toomre, 2000). 

Recently several studies have shown that FcyRHa also translocates to lipid rafts, upon 

receptor cross-linking, and that this event is important during signal transduction. Lipid 

rafts are dynamic plasma membranes comprised of very small domains of tightiy 

packed lipids, which include cholesterol and sphingolipids. They are insoluble in 

detergent and are therefore also often referred to as detergent-resistant membranes 

(DRMs), glycolipid-enriched membranes (GEMs), and detergent-insoluble glycolipid-

enriched membranes (DIGs), (Dunphy and Linder, 1998; Brown and London, 2000; 

Simons and Toomre, 2000; Bodin et al, 2003). 

Lipid rafts have been demonstrated to play a critical role in FcyRIIa signalling in 

platelets. Following cross-linking of FcyRIIa, in platelets, the receptor translocates to 

lipid rafts, where Lyn kinase and the adapter protein, LAT are also localised. FcyRHa 

then undergoes tyrosine phosphorylation of its ITAM, by the Src-PTK, Lyn kinase, and 

becomes a docking site for Syk kinase, which phosphorylates and activates the adapter 

protein LAT and the phosholipase, PLCy2 (Bodin et al, 2001; Bodin et al, 2003). LAT 

(Linker for activation of T cells), which was first demonstrated to play a role in T cell 

activation, has also been shown to associate with FcyRI and FcyRHa, as well as 

signalling molecules, including PLCyl and p85 of Ptdlns 3-kinase, upon receptor cross-

linking in human monocytes (THP-1 and U937) (Lin et al, 1999; Tridandapani et al, 

2000). In addition, the adapter protein, pl20cbl (Cbl), has also been demonstrated to 

associate with p85 of Ptdlns 3-kinase, via its SH3 domain, upon FcyRHa activation in 

platelets (Sacie/a/., 1999). 

Once phosphorylated, the adaptor proteins, LAT (and/or Cbl) recruit Ptdlns 3-kinase to 

the plasma membrane where it is activated and generates the lipid second messenger, 

Ptdhis-3,4,5-P3, preferentially formed in lipid rafts and is a direct cofactor of 

phospholipase Cy2 (PLCy2), which is then recruited to the lipid rafts (Gratacap et al, 

1998). However, in order for PLCy2 to be recruited and activated, sufficiently high 

levels of Ptdfris-3,4,5-P3 are required, therefore following activation of FcyRHa, 
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subsequent signalling events are required to converge with those of a Gi-coupled 

receptor, such as an ADP receptor (Gratacap et al, 2000). PLCy2 activation then leads 

to the production of phosphatidic acid (PtdOH), which has been identified in lipid rafts 

from FcyRHa-activated platelets, as well as intracellular calcium release, and finally 

platelet aggregation. Furthermore, in a study on FcyRIIa cross-linking in platelets, when 

cholesterol from lipid rafts was depleted with methyl-P-cyclodextrin (mpCD), FcyRHa 

failed to associate with these disrupted lipid rafts and subsequent PtdIns-3,4,5-P3 

production and PLCy2 activation were almost completely inhibited (Bodin et al, 2003). 

These results highlight the importance of lipid raft localisation of FcyRIIa in human 

platelets both in early and downstream FcyRHa-mediated signalling events. 

Moreover, the importance of FcyRHa-complex translocation to lipid rafts, in both early 

and downstream signalling events, following FcyRHa cross-linking, was further 

emphasised in human myeloid and monocyte cells. In human myeloid cells (HL-60), 

upon FcyRHa cross-linking, receptor complexes and signalling proteins, such as the Src 

PTK, Lyn kinase, translocated to lipid rafts. However, when cholesterol, within the lipid 

membranes, was disrupted with mpCD, FcyRHa complexes and signalling proteins were 

no longer able to associate with the lipid rafts (Katsumata et al, 2001). Tyrosine 

phosphorylation of FcyRHa by Lyn kinase was therefore impaired and superoxide 

production, a downstream signalling event triggered by cross-linking of FcyRIIa, in 

these cells, was reduced (Katsumata et al, 2001). Similarly in human monocytes 

(U937), upon cross-linking of FcyRHa, the receptor translocated to lipid rafts, where it 

co-localised with the Src PTK, Lyn kinase and underwent tyrosine phosphorylation of 

its ITAM (Kwiatkowska and Sobota, 2001; Kwiatkowska et al, 2003). These early 

signalling events were essential for the rearrangement of the actin cytoskeleton in these 

cells, a mechanism required by U937 cells for phagocytosis (Kwiatkowska and Sobota, 

2001; Kwiatkowska et al, 2003). In addition, when cholesterol was depleted from these 

cells, Lyn kinase was no longer able to co-localise with and phosphorylate cross-linked 

FcyRHa (Kwiatkowska and Sobota, 2001). 

hi human neufrophils, upon cross-linking of FcyRIHb, FcyRHa co-locahses with 

FcyRIHb and Src-PTKs, such as Lyn, proposed to reside in membrane domains (lipid 
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rafts), and undergoes tyrosine phosphorylation of its ITAM. Ptdlns 3-kinase is then 

recruited to the membrane domains and triggers a cascade of signalling events, leading 

to intracellular calcium release and ultimately neutrophil activation (Chuang et al, 

2000; Nagarajan et al, 2000). In order that FcyRHa be recruited to lipid rafts, where it 

co-localises with FcyRIHb, it was suggested that it must undergo palmitoylation, in 

which a palmitate is attached to a cysteine residue located in the receptor 

transmembrane domain, therefore increasing its affinity for lipid rafts and facilitating its 

translocation to the lipid rafts (Dunphy and Linder, 1998; Chuang et al, 2000). Indeed, 

there is now evidence that FcyRHa is in fact palmitoylated at Cys^° ,̂ within its 

fransmembrane domain, as predicted (Barnes, unpublished data). 

1.5.3 Negative regulation of FcyRIIa-mediated signalling events: 

FcyRHa-mediated signalling events are also tightly regulated by other means to prevent 

undesired activation and tissue damage. These include the stimulation of the inhibitory 

receptor, FcyRHb and activation of inhibitory phosphatases, SH2 domain-containing 

tyrosine phosphatase-1 (SHP-1) and SH2 domain-containing inositol phosphatase 

(SHIP); of which there are two highly homologous isoforms, SHIP-1 and SHIP-2 

(Ganesan et al, 2003). 

In humans, the inhibitory receptor, FcyRHb contains an immunoreceptor tyrosine-based 

inhibition motif (ITIM) in its cytoplasmic domain, which is comprised of a single YSLL 

motif located within a conserved 13 amino acid sequence (van den Herik-Oudijk et al, 

1995a). The importance of the tyrosine and leucine (within the YSLL motif) has been 

demonstrated in a B cell line HA 1.6, transfected with mutant forms of FcyRHb, in which 

either the tyrosine or leucine were mutated to phenylalanine. Substitution of either of 

these residues with phenylalanine led to slower tyrosine phosphorylation of the ITM of 

FcyRHb and subsequent disruption of FcyRHb-mediated down-regulatory functions, 

such as the attenuation of both infracellular calcium release and production of 

interleukin-2 (IL-2), which promotes the proliferation and immunoglobulin secretion of 

activated B cells (van den Herik-Oudijk et al, 1995a). 

hi cells which co-express both FcyRHb and FcyRHa, such as on human monocytes and 

macrophages, the ITM of FcyRHb acts to negatively regulate signal transduction and 
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has been demonstrated to involve the recruitment of the inhibitory phosphatases, SHP-1 

and SHIP, hi fact, the inhibitory activity of FcyRHb has been shown to be enhanced in 

COS-1 cells co-expressing both FcyRHa and FcyRHb, in the presence of either of the 

inhibitory phosphatases, SHP-1 or SHIP-1, with considerable enhancement of FcyRHb-

mediated inhibition of phagocytosis in these cells (Huang et al, 2003). In human 

monocytes, which express both FcyRHa and FcyRHb, SHP-1 and SHIP have also been 

demonsfrated to undergo increased tyrosine phosphorylation and activation, leading 

ultimately to the inhibition of FcyRHa-mediated signalling events (Tridandapani et al, 

2002a; Huang et al, 2003). 

Furthermore, there is now evidence to suggest that the inhibitory phosphatases, SHP-1 

and SHIP, do not necessarily require the expression of FcyRHb in order to inhibit 

FcyRHa-mediated signalling and that these phosphatases associate with the ITAM of 

FcyRHa in the same way that they associate with the ITM of FcyRHb (Tridandapani et 

al, 2002b; Ganesan et al, 2003; Huang et al, 2003; Pengal et al, 2003). hi transfected 

COS-1 cells, SHP-1 and SHIP-1 were shown to inhibit FcyRIIa-mediated signal 

transduction and phagocytosis in the absence of FcyRHb (Huang et al, 2003). SHP-1 

was also shown to inhibit tyrosine phosphorylation of the ITAM of FcyRHa (Huang et 

al, 2003). In addition, tyrosine phosphorylation and Syk activation was inhibited by 

SHP-1, in COS-1 cells expressing Syk with FcyRHa and SHP-1, which indicated that 

Syk is a potential substrate for SHP-1 (Huang et al, 2003). 

Similarly, Syk and FcyRIIa have also been demonstrated to associate with SHP-1 in 

human monocytes (THP-1), whereby upon FcyRIIa activation, SHP-1 phosphatase 

activity was induced and found to associate with the phosphorylated amino terminal 

tyrosine of the FcyRIIa ITAM thereby inhibiting tyrosine phosphorylation of signalling 

mediators (Syk) and hence downsfream signalling events (Ganesan et al, 2003). In 

particular, SHP-1 was shown to associate with and dephosphorylate, Syk, which would 

otherwise associate with and phosphorylate the carboxyl terminal tyrosine within 

FcyRHa ITAM (Ganesan et al, 2003). fri addition, SHP-1 was also shown to associate 

with other signalling mediators such as the p85 subunit of Ptdlns 3-kinase. Moreover, 

FcyRHa cross-linking in human monocytes (THP-1), over-expressing SHP-1, led to the 
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down-regulation of the downstream signalling event, NFicB-dependent gene 

transcription (Ganesan et al, 2003). 

Both isoforms of SHIP (SHIP-1 and SHIP-2) have also been shown to associate with 

the ITAM of FcyRHa (Tridandapani et al, 2002b; Pengal et al, 2003). hi human 

monocytic cells and transfected COS-7 cells, not expressing FcyRHb, the ITAM of 

FcyRHa was shown to associate with and phosphorylate SHIP-1, upon FcyRHa 

clustering in these cells (Maresco et al, 1999; Tridandapani et al, 2002b). Furthermore, 

SHIP-1 association with FcyRIIa was found to involve the adapter protein. She 

(Tridandapani et al, 2002b). Similarly, SHIP-2 was also shown to associate with the 

phosphorylated tyrosines of the FcyRIIa ITAM, via its SH2 domain, upon cross-linking 

of FcyRHa, in human monocytes (THP-1), in which it was itself tyrosine 

phosphorylated and its phosphatase activity induced (Pengal et al, 2003). Moreover, 

over-expression of SHIP-2 phosphatase, in these cells, almost completely abolished 

FcyRHa-mediated activation of the signalling mediator, Akt and downstream NFKB-

mediated gene transcription (Pengal et al, 2003). 

Thus, in summary the sequence of events involved in the inhibition of FcyRHa-mediated 

signal transduction by inhibitory phosphatases such as SHIP, includes recruitment of the 

adapter protein She to the phosphorylated tyrosines of the FcyRIIa ITAM, followed by 

tyrosine phosphorylation of the She (Figure 1.11). These phosphotyrosines then become 

a docking site for the SH2 domain of SHIP, which translocates to the plasma membrane 

where it is in close proximity to its lipid substrate, PtdIns-3,4,5-/'3 (PIP3) (Figure 1.11). 

SHIP dephosphorylates PIP3 thereby reducing its levels for use by PH domain-

containing enzymes such as Akt and thereby inhibits the downstream signalling cascade 

(Figure 1.11). 
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Figure 1.11. FcyRHa signalling and negative regulation of signalling events by the 

inhibitory phosphatase, SHIP. Upon binding of cross-linked IgG (immune complexes) 

to FcyRHa, Lyn is recruited and phosphorylates tyrosines in the FcyRHa ITAM (1). 

Once ITAM is phosphorylated the adapter protein. She is recruited (3) to the receptor 

ITAM and itself undergoes tyrosine phosphorylation. The phosphotyrosines of the She 

molecule then become a docking site for the inhibitory phosphatase, SHIP (4), which 

then dephosphorylates PIP3 to produce PIP2 (5) and in turn reduces levels of PIP3 

available to associate with PH domain containing proteins, such as Akt. This then leads 

to inhibition of downstream signalling events. 
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1.6 FcyRIIa and mouse models of immunological diseases: 

1.6.1 The FcyRIIa transgenic mouse and the role of FcyRIIa in inflammation: 

The role of FcyRs in various immunological diseases, including rheumatoid arthritis 

(RA), systemic lupus erythematosus (SLE) and immune thrombocytopenia purpura 

(ITP), has been established using a number of mouse models (Table 1.3) (Tan Sardjono, 

unpubhshed data; McKenzie et al, 1999; Taylor et al, 2000; Reilly et al, 2001; 

Hogarth, 2002). However, since mice do not normally express FcyRIIa, this receptor has 

not been as extensively studied as other FcyRs (FcyRI, FcyRHb and FcyRIH). 

Nonetheless, the recent development of a transgenic mouse, which expresses human 

FcyRHa on platelets and macrophages, at levels comparable to human cells, has 

provided a suitable mouse model to establish an in vivo role for FcyRHa in diseases such 

as rheumatoid arthritis, SLE and ITP (Table 1.3) (McKenzie et al, 1999; Taylor et al, 

2000; Reilly et al, 2001; Tan Sardjono et al, 2003). 

The FcyRHa transgenic mouse expresses receptor on the surface of platelets, neutrophils 

and macrophages; with expression levels of other FcyRs, namely, FcyRI, FcyRHb and 

FcyRHIa, resembling those in wild-type mice (Tan Sardjono, unpublished data; Tan 

Sardjono et al, 2003). In mice, Collagen-Induced Arthritis (CIA) is commonly used as 

a model of the human disease of rheumatoid arthritis (RA), whereby Collagen type II 

(CH), injected into various strains of mice, elicits responses that closely resemble those 

of RA, including synovial hyperplasia, parmus formation, infiltration of mononuclear 

cells and destruction of bone and cartilage (Trentham et al, 1977; Wooley et al, 1981; 

Kleinau et al, 2000). Thus CIA was used in the FcyRHa transgenic mouse to determine 

the role of FcyRHa in rheumatoid arthritis. 

The FcyRIIa transgenic mice were sensitive to antibody-induced arthritis and were 

susceptible to CIA despite having been bred onto a CIA-resistant genetic background 

(//-2*) with mouse strain C57BL/6 (Tan Sardjono, unpublished data; Hogarth, 2002). 

The susceptibility of the CIA-resistant FcyRHa transgenic mouse to CIA suggests a role 

for antibodies (anti-Collagen type H) in this model of arthritis, which has long been 

thought not to involve antibodies, though this view is now changing (Hogarth, 2002). 
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Table 1.3. Summary of the FcyRHa transgenic (tg) mouse as a model of several 

diseases and responses to these diseases: 

Mouse 

FcyRHa tg 
(H-l" CIA 
resistant 
MHC) 

FcyRHa tg 

X FcR y-
chain K/0 

FcyRHa tg 

X FcR y-
chain K/0 

FcyRIIa tg 

Disease model 

Inflammation-
Arthus Reaction 
(i.v. OVA, i.d. anti-
OVA Ab) 

Serum transfer from 
K/BxN mouse 

Ab-induced Arthritis 
(ALA) and Collagen 
Induced Arthritis 
(CIA) 

Spontaneous Arthritis 

Thrombocytopenia-
Non-activating anti-
mouse platelet Ab, 
4A5 

Activating anti
platelet Ab (anti-
CD9) 

tf 

Heparin-induced 
thrombocytopenia 
(HIT) and thrombosis 
(HITT) 

Response to disease 

Local inflammatory response (Tan Sardjono et al, 
2003) 

Induced arthritis/inflammation (Tan Sardjono et al, 
2003) 

Sensitive to AIA and CIA (Tan Sardjono et al, 
2003) 

Errosive pannus formation in joints; anti-nuclear 
Abs (ANA); IC deposition kidney GBN; 
pneumonitis; non-erosive arthritis (Tan Sardjono et 
al, 2003) 

More severe Ab-mediated thrombocytopenia 

As for FcyRIIa tg mouse expressing y-chain 
(McKenzie ê  a/., 1999) 

More rapid severe thrombocytopenia than with 4A5 

More severe thrombocytopenia with shock & 
thrombosis; 90% fatality; worsened with removal 
of the spleen (Taylor et al, 2000) 

Anti-hPF4Ab -^ Heparin: more severe 
thrombocytopenia 
Higher dose Heparin: more severe 
thrombocytopenia with shock and thrombosis 
(Reilly e?«/., 2001) 
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hi addition, vasculitis was induced in the FcyRIIa transgenic mouse using one of the 

earliest mouse models for immune complex-mediated inflammation, the reverse passive 

Arthus reaction, whereby association of ICs with Fc Receptors leads to local 

inflammatory responses. The Arthus reaction was induced in the FcyRHa fransgenic 

mice by an intravenous injection of ovalbumin (OVA), followed by an intradermal 

injection of anti-OVA antibody, which led to a local inflammatory response (Tan 

Sardjono, unpublished data; lerino et al, 1993; Hogarth, 2002; Tan Sardjono et al, 

2003). Arthritis was also induced in the FcyRHa transgenic mice by the transfer of 

serum from K/BxN mice, which are KRN mice transgenic for the T cell receptor (TCR) 

against the major histocompatibility complex (MHC) class H molecule, I-A(g7), that 

have been bred onto a non-obese diabetic, NOD background (Tan Sardjono, 

unpublished data; Kouskoff et al, 1996; Hogarth, 2002; Tan Sardjono et al, 2003). 

When injected into mice, serum from K/BxN mice causes an inflammatory response, in 

the joints, which closely resembles RA in humans (Kouskoff ê  al, 1996; Deshayes et 

al, 2002). The serum from the K/BxN mice is arthritogenic when fransferred to most 

healthy animals because it contains an antibody directed against glucose-6-phosphate 

isomerase (GPI), a glycolytic enzyme widely distributed on tissues (Maccioni et al, 

2002). 

The role of FcyRs and the complement cascade in the induction of arthritis, in healthy 

animals, by serum transfer from K/BxN mice, has recently been determined and was 

demonstrated to involve FcyRs, namely FcyRIH, and the alternative pathway of the 

complement network, in particular C5a. While wild-type mice developed arthritis, upon 

K/BxN serum transfer, FcR y-chain-deficient mice did not (Corr and Grain, 2002; Ji et 

al, 2002). In addition, mice specifically deficient in FcyRIH, developed arthritis upon 

K/BxN serum transfer, however, it was attenuated compared to wild-type mice, thus 

suggesting a specific role for FcyRIH in arthritis induction by transfer of serum from 

K/BxN mice (Corr and Grain, 2002). The involvement of complement was also 

indicated by the absence of arthritis, in both C5-deficient and C5a receptor (C5aR)-

deficient mice, upon K/BxN serum transfer, and the presence of arthritis in wild-type 

mice treated with the serum (Corr and Grain, 2002; Ji et al, 2002). Furthermore, mast 

cells have recently been demonsfrated as the cell population that plays a major role in 

the arthritogenic response of healthy mice to serum from K/BxN mice, since mast cell-
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deficient mice did not develop arthritis after serum transfer from K/BxN mice (Lee et 

al, 2002a). Moreover, failure of these mice to react to the arthritogenic K/BxN serum 

was restored upon engraftment with cultured bone marrow mast cells (BBMC) but was 

not restored in sham-engrafted, mast cell-deficient mice (Lee et al, 2002a). 

Mice transgenic for FcyRIIa also developed spontaneous autoimmune disease in which 

the symptoms were characteristic of human inflammatory diseases, including RA, with 

erosive pannus formation in the joints of these mice, and SLE, with the production of 

anti-nuclear antibodies (ANA), deposition of IC in the glomerular basement membrane 

(GBM) of the kidneys, pneumonitis and non-erosive arthritis (Tan Sardjono, 

unpublished data; Hogarth, 2002; Tan Sardjono et al, 2003). These observations were 

particularly interesting because they indicate that it is in the presence of FcyRHa, not 

endogenous FcyRs that these inflammatory responses appeared, thus emphasising the 

importance of FcyRIIa on the ratio of activating FcyRs (FcyRHa, FcyRIH) to the 

inhibitory receptor (FcyRHb) in inflammatory disease susceptibility. 

1.6.2 The FcyRIIa transgenic mouse and the role of FcyRIIa in ITP: 

The FcyRHa fransgenic mouse has also been used to establish an in vivo role of FcyRHa, 

in the autoimmune disease, immune thrombocytopenia purpura (ITP) (Table 1.3). In 

ITP, platelet reactive autoantibodies are produced, which coat the platelets and cause 

them to be cleared more rapidly than they are produced. FcyRIIa, being the only FcyR 

expressed on human platelets, binds to the Fc portion of the ICs and has been associated 

with the immune clearance of platelets, which leads to ITP (McKenzie et al, 1999). 

When FcyRHa transgenic mice were treated with a non-activating anti-mouse platelet 

antibody (4A5), these mice exhibited a more severe antibody-mediated 

thrombocytopenia than control (saline-treated) and wild-type mice (McKenzie et al, 

1999). In addition, when crossed with FcR y-chain deficient mice, the FcyRHa 

fransgenic mice presented with a more severe thrombocytopenia than control (saline-

treated) and wild-type mice and yet similar severity of thrombocytopenia than FcyRIIa 

transgenic mice expressing the y-chain. In confrast, thrombocytopenia was not observed 

in non-fransgenic mice lacking the FcR y-chain (McKenzie et al, 1999). Thus FcyRHa 

was expressed and could function in vivo, independent of FcyRI and FcyRIH, which rely 
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on FcR y-chain for complete expression, and absence of the FcyRI and FcyRIH did not 

protect the FcyRIIa transgenic mice from thrombocytopenia. 

Furthermore, treatment of the FcyRHa transgenic mice with an activating anti-platelet 

antibody specific for the platelet glycoprotein CD9 (anti-CD9), which depends on 

FcyRHa expression for platelet activation, led to a more rapid severe thrombocytopenia 

than that observed with the non-activating anti-platelet antibody (4A5); the wild-type 

mice experiencing only moderate thrombocytopenia (Tomiyama et al, 1992; Taylor et 

al, 2000). These findings indicate that FcyRHa on platelets plays a critical role in 

thrombocytopenia. When crossed with FcR y-chain deficient mice, FcyRHa transgenic 

mice, treated with the anti-CD9 antibody, experienced a more severe thrombocytopenia 

with shock and thrombosis, which was fatal in a 90% of the mice and worsened upon 

removal of the spleen, which plays a protective role in platelet clearance (Taylor et al, 

2000). In contrast, in control mice treated with anti-CD9, wild-type mice experienced 

only moderate thrombocytopenia yet no shock and thrombosis, FcyRIIa transgenic mice 

(expressing y-chain) experienced severe thrombocytopenia yet no shock and 

thrombosis, and non-transgenic FcR y-chain deficient mice did not experience 

thrombocytopenia, shock and thrombosis (Taylor et al, 2000). Results from this study 

therefore indicate that loss of the y-chain, which causes loss of functional FcyRI and 

FcyRIH on splenic macrophages, does not protect FcyRIIa transgenic mice from 

thrombocytopenia and instead causes a more severe thrombocytopenia with fatal shock 

and thrombosis (Taylor et al, 2000). 

In addition, the FcyRHa transgenic mice were crossed with hPF4 (human platelet factor 

4) transgenic mice, to generate a mouse model of heparin-induced thrombocytopenia 

(HIT) and HIT and thrombosis (HITT). On the surface of platelets, hPF4 forms 

complexes with heparin, which attract anti-hPF4/heparin antibodies that activate the 

platelets via FcyRIIa (Reilly et al, 2001). When the FcyRHa/hPF4 mice were injected 

with a mouse monoclonal antibody (KKO) specific for hPF4/heparin complexes, 

followed by heparin, these mice developed more severe thrombocytopenia than confrol 

mice (FcyRHa/hPF4 fransgenic mice freated with isotype-antibody followed by heparin; 

mice fransgenic for hPF4 or FcyRHa treated with isotype-antibody followed by heparin) 
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(Reilly et al, 2001). Higher doses of heparin were then injected into the FcyRIIa/hPF4 

transgenic mice to better simulate HIT (and HITT) in humans. These mice experienced 

severe thrombocytopenia with shock and thrombosis, which were not observed in the 

control mice (FcyRHa/hPF4 transgenic mice treated with isotype-antibody followed by 

heparin; mice transgenic for hPF4 or FcyRHa treated with KKO or isotype-antibody 

followed by heparin) (Reilly et al, 2001). Together these results indicated that 

antibodies to the hPF4/heparin complex, activate platelets through FcyRIIa and that this 

receptor plays an integral role in thrombocytopenia and thrombosis, present in HIT and 

HITT (Reilly era/., 2001). 

1.7 Related FcyRs and mouse models of immunological diseases: 

1.7.1 FcR y-chain deficient mice and the role of the y-chain associated FcyRs, FcyRI 

and FcyRIH in inflammation: 

Like the activatory receptor, FcyRHa, which has an ITAM-motif in its cytoplasmic 

domain, FcyRI and FcyRIH are also activatory receptors but must associate with the 

common FceR, ITAM-motif containing, y-chain for expression and signal transduction 

(Ra et al, 1989; Lanier et al, 1991; Letoumeur et al, 1991; Wirthmueller et al, 1992; 

Masuda and Roos, 1993; Masuda et al, 1993; Scholl and Geha, 1993; van Vugt et al, 

1996). Nonetheless, these activatory ITAM-associated receptors have also been 

established to play a role in the inflammatory responses associated with a number of 

immunological diseases, including rheumatoid arthritis and SLE. While this has been 

demonstrated for FcyRHa using FcyRIIa transgenic mice, FcR y-chain deficient mice, 

which do not express FcyRIH and express FcyRI at a reduced level, have been widely 

used to ascertain whether FcyRI and FcyRIH contribute to inflammatory diseases (Table 

1.4). 

Like the FcyRHa transgenic mice, FcR y-chain deficient mice have been used in one of 

the earliest mouse models of inflammation, the reverse passive Arthus reaction, 

whereby an infravenous injection of ovalbumin (OVA), followed by an infradermal 

injection of anti-OVA antibody, leads to a local inflammatory response. In this mouse 

model of inflammation, the FcR y-chain deficient mice, exhibited a considerable 

reduction in inflammatory responses to immune complexes (ICs), with reduced edema, 
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haemorrhage and neutrophil infiltration (Sylvesfre and Ravetch, 1994; Takai et al, 

1994). hi subsequent studies, FcyRIH, on mast cells, was identified as the FcyR that 

contributed most to the inflammatory responses of the reverse passive Arthus reaction, 

which were disrupted in the FcR y-chain deficient mice (Sylvestre and Ravetch, 1996a). 

To determine the role that complement plays in the inflammatory responses, observed in 

the reverse passive Arthus reaction, the FcR y-chain deficient mice were treated with 

cobra venom factor (CVF), which depletes complement. In these mice, the residual 

inflammatory responses, observed in the untreated FcR y-chain deficient mice, was 

almost completely abolished upon complement depletion, indicating that complement 

contributed somewhat to the inflammatory responses initiated by the FcyRs (Sylvestre 

and Ravetch, 1994). However, in later studies, inflammatory responses from IgG-IC 

induction of the reverse passive Arthus reaction, in mice specifically deficient in 

complement (C3 and C4), were comparable to those in wild-type mice (Sylvestre et al, 

1996b). In contrast, IgG-IC mediated inflammatory responses in FcR y-chain deficient 

mice were abrogated compared to wild-type mice, suggesting that FcyRs and not 

complement, are the major driver of antibody-mediated inflammation in the mouse 

(Sylvestre e/a/., 1996b). 

FcR y-chain deficient mice have also been demonstrated to be protected from 

inflammatory responses in the CIA-susceptible mouse strain, DBA/1 (H-2'^), challenged 

with collagen type H, in which cartilage and bone destruction, as well as inflammatory 

cell infiltration, was absent from the joints of the DBA/1 mice, when compared to wild-

type mice (Clynes et al, 1999; Kleinau et al, 2000). The effect of FcR y-chain 

deficiency in the inflammatory response was also established in a mouse model of IC 

alveolitis, in which there was little or no presence of haemorrhage, edema and 

neufrophil infiltration in mice lacking the FcR y-chain, upon challenge with IC (Clynes, 

1999). Subsequent studies carried out in FcR y-chain deficient mice have indicated that 

these mice express a binding but no signalling FcyRI but at a reduced level, and not 

express FcyRIH, consistent with a major role for the low affinity FcyR, FcyRIH, in 

inflammatory responses, which had been determined previously (Sylvestre et al, 1996b; 

Bames era/., 2002). 
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Table 1.4. Summary of the different knockout (K/0) mice of FcyRs (and associated y-

chain) as disease models and their responses to disease: 

K/0 mouse 

FcR y-chain 

FcR y-chain 

(DBA/1 CIA 

susceptible) 

FcR y-chain 

FcR y-chain 

(NZB/NZW 

mice) 

FcR y-chain 

FcyRI 

FcyRI 

Disease model 

Inflammation-

Arthus Reaction 

Collagen Induced 

Arthritis (CIA) 

IC alveolitis 

Lupus 

Glomerulo

nephritis (GN) 

Immune 

responses 

Inflammation-

Arthus Reaction 

Ag-induced 

arthritis 

Response to disease 

Decreased response to IC: i edema, haemorrhage 

and neutrophil infiltration (Sylvestre and 

Ravetch, 1994; Takai etal, 1996) 

CIA absent: incl. cartilage bone destruction and 

inflammatory cell infiltration (Clynes et al, 

1999; Kleinau era/., 2000) 

Little/no haemorrhage, edema and neutrophil 

infiltration (Clynes et al, 1999) 

Protection from glomerular inflammatory 

disease: delayed onset of disease, >l< incidence & 

severity proteinuria; prolonged survival; tissue 

disease absent (Clynes et al, 1998) 

Protection from fatal sever GN; histologically 

normal renal tissue (Park et al, 1998) 

Impaired Ab-mediated responses: binding & 

endocytosis of IgG2, kinetics & degree of 

IgG2/IgG3 complexed phagocytosis, ADCC, 

ability to bind & present Ag; t levels of IgG 

(Barnes era/., 2002) 

Delayed inflamm. response & maximum 

swelling (Barnes et al, 2002) 

Ag-induced arthritis absent: incl. cartilage 

erosion almost completely absent (loan-Facsinay 

era/., 2002) 
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hi addition, mice lacking the FcR y-chain have been widely used to establish a role for 

FcyRI and FcyRIH in the autoimmune disease, systemic lupus erythematosus (SLE), 

also demonsfrated to involve FcyRHa. In SLE immune-complexes deposit in the tissues 

of many organs, including the kidneys, causing inflammatory mediators and cells to be 

released, leading to tissue damage (Clynes et al, 1998). In particular, 

glomerulonephritis (GN), in which immune complexes deposit in the glomerular 

basement membrane (GBM), manifests in the kidneys of SLE-affected patients 

(Leflcowith era/., 1996). 

The well-characterised mouse model of human lupus, NZB/NZW (BAV Fi) mice, which 

develop spontaneous autoimmune glomerulonephritis (GN), has been used to establish a 

role for FcyRs in GN (lupus) (Clynes et al, 1998). FcR y-chain deficient NZB/NZW 

(BAV Fl) mice were protected from glomerular inflammatory disease, with delayed 

onset, reduced incidence and severity of proteinuria and prolonged survival, compared 

to their wild-type counterparts (Clynes et al, 1998). In addition, based on histology and 

immunofluorescence studies, tissue disease in the renal glomeruli was absent in the FcR 

y-chain deficient NZB/NZW (B/W Fi) mice, compared to wild-type mice, however, 

there was evidence of IC and complement C3 deposition (Clynes et al, 1998). These 

findings emphasised the importance of the FcyRs in IC-mediated inflammatory disease, 

since in the absence of FcyRs, complement alone was not sufficient to initiate an 

inflammatory response (Clynes et al, 1998). 

FcyR y-chain deficient mice have also been used to demonstrate a role for FcyRI and 

FcyRIH in another mouse model of glomerulonephritis (GN), in which nephrotoxic 

serum GN (NTGN) was induced in mice following treatment with anti-GBM 

antibodies. In this mouse model of GN, the FcR y-chain deficient mice were protected 

from fatal severe GN and based on histology had normal renal tissue, compared to wild-

type confrol mice, which presented with severe GN and died as a result (Park et al, 

1998). 

1.7.2 The role of FcyRI in inflammation and mice specifically lacking FcyRI: 

While FcR y-chain deficient mice have been extensively used to establish a role for 

FcyRI and FcyRIH in inflammatory diseases such as rheumatoid arthritis and SLE, 
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fiirther studies on the role of these receptors in inflammation have been carried out in 

mice specifically deficient in FcyRI (Table 1.4). Findings from these studies were 

similar to and supported those observed in the FcR y-chain deficient mice, m which 

FcyRI was demonstrated to play a role in inflammation but there were differences in the 

severity of disease observed by the different groups (Hazenbos et al, 1996; Bames et 

al, 2002; loan-Facsinay et al, 2002). Nonetheless FcyRI certainly participates in this 

process. 

In FcyRI deficient mice, not indirectly deficient by lack of the FcR y-chain, antibody-

mediated responses were impaired, in particular in the binding and endocytosis of 

monomeric IgG2a, the kinetics and degree of IgG2a- and IgG3-complexed phagocytosis 

(by macrophages), antibody-dependent cell-mediated cytotoxicity (ADCC), and the 

ability to bind and present antigen; IgG levels were also notably increased (Bames et 

al, 2002). In addition, the reverse passive Arthus reaction was used as a model of 

inflammation in these mice, which was induced by a local injection of anti-OVA 

antibody, followed by an intravenous injection of a high level of OVA, and was 

measured by the degree of footpad swelling. In the FcyRI-deficient mice, the Arthus 

reaction was slower to develop and the maximum swelling was only 70% of that 

observed in the wild-type control mice (Bames et al, 2002). Altogether, these results 

established a specific role for FcyRI in antibody-mediated inflammation in vivo. In a 

similar study, antigen-induced arthritis, which leads to cartilage erosion in the knee 

joints of wild-type control mice, was almost completely absent in mice specifically 

lacking FcyRI (loan-Facsinay et al, 2002). 

1.7.3 The role of FcyRHI in inflammation and mice specifically lacking FcyRHI: 

Like FcyRI, mice specifically deficient in FcyRIH have also been generated to study the 

importance of FcyRIH in inflammation (and anaphylaxis), whereby findings from these 

studies supported sfrongly those from FcR y-chain deficient mice, which established an 

integral role for FcyRIH in inflammation (Table 1.5). Mice specifically deficient in 

FcyRIH exhibited impaired anaphylactic and inflammatory responses (Hazenbos et al, 

1996). hi particular, while mast cells from wild-type mice degranulated, upon IgG-IC 

(immune complex) stimulation, via FcyRHI, mast cells from FcyRHI-deficient mice 

failed to degranulate upon stimulation with IgG-IC (Hazenbos et al, 1996). 
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Furthermore, the FcyRHI-deficient mice were unresponsive in models of IgG-mediated 

passive cutaneous anaphylaxis (Hazenbos et al, 1996). Inflammatory responses were 

also determined in vivo, in the FcyRIH-deficient mice, by the reverse passive Arthus 

reaction, whereby mice were given a local injection of anti-OVA antibody, followed by 

an intravenous injection with OVA. In mice lacking FcyRIH, inflammatory responses 

were compromised, as observed by a reduction in the extravasion of intravenously 

injected Evan's blue dye in these mice (Hazenbos et al, 1996). 

In addition, the role of FcyRIH in inflammation, in the kidneys, was studied in a mouse 

model of acute anti-GBM glomerulonephritis, in which immime complexes deposit in 

the GBM of the kidneys, where they are accessible to circulating neutrophils and 

interact with the FcyRs on the neutrophils to elicit inflammation (Coxon et al, 2001). In 

this mouse model, FcyRHI-deficient mice had reduced neutrophil recruitment to the 

glomerulus, compared to wild-type control mice, suggesting an important role for 

FcyRIH in the early recruitment and accumulation of neutrophils in IC-mediated 

inflammation (Coxon et al, 2001). 

1.7.4 FcyRHb-deficient mice and the role of FcyRHb in the negative regulation of 

inflammation: 

The role of the inhibitory ITM-associated FcyR, FcyRHb in the negative regulation of 

allergic and inflammatory responses has also been established in FcyRHb-deficient mice 

(Table 1.5). In particular, the role of FcyRHb in the development of type H collagen 

(CH)-induced arthritis (CIA) was determined in a CIA-resistant mouse strain, C57BL/6 

(i/-2*) and a CIA-susceptible mouse strain, DBA/1 (H-2^). FcyRHb-deficient C57BL/6 

mice, immunised with CH developed a more rapidly progressing and clinically severe 

arthritis, than wild-type mice, and comparable to CIA in FcyRHb-deficient DBA/1 mice 

(Yuasa et al, 1999; Kleinau et al, 2000). There was also an increase in the incidence of 

CIA in FcyRHb-deficient mice (C57BL/6 and DBA/1), compared to wild-type mice, 

with a higher incidence of disease in the DBA/1 mice than the C57BL/6 mice (Yuasa et 

al, 1999; Kleinau et al, 2000). Furthermore, associated with the increase in CIA, were 

elevated levels of anti-CH (type H collagen) antibodies, in both the C57BL/6 and 

DBA/1 mice, lacking FcyRHb (Yuasa et al, 1999; Kleinau et al, 2000). hi histological 

shidies on the joints of FcyRHb-deficient C57BL/6 mice, there was evidence of cartilage 
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Table 1.5. Summary of the different knockout (K/0) mice of FcyRIH and FcyRHb as 

disease models and their responses to disease: 

K/O mouse 

FcyRIH 

FcyRIH 

FcyRHb 

FcyRHb 

FcyRHb 

(C57BL/6 

CIA resistant 

MHC; 

DBA/1 CL\ 

susceptible 

MHC) 

Disease model 

Inflammation-

Arthus Reaction 

Anaphylaxis 

Glomerulo

nephritis (GN) 

IC alveolitis 

Allergic 

responses 

Collagen Induced 

Arthritis (CIA) 

Response to disease 

Compromised extravasion of i.v. injected Evan's 

Blue dye (Hazenbos et al, 1996) 

Impaired allergic responses: failed IgG-mediated 

mast cell degranulation, unresponsive to IgG-

mediated passive cutaneous anaphylaxis 

(Hazenbos et al, 1996) 

4̂  neufrophil recruitment to glomerulus (Coxon et 

a/., 2001) 

T inflamm. responses: haemorrhage, edema and 

neutrophil infiltration; T production inflamm. 

mediators (eg. TNF & chemokines) (Clynes et 

al, 1999) 

T in B cell proliferation, Ab titers, sensitivity to 

IgG mast cell degranulation, IgGl-mediated 

passive cutaneous anaphylaxis (Takai et al, 

1996) 

Both strains: rapidly progressing & clinically 

severe arthritis; t levels of anti-CH Abs; joint 

histology: cartilage & bone destruction, 

infiltration lymphocytes, macrophages & 

monocytes (Yuasa et al, 1999; Kleinau et al, 

2000) 

Increased incidence CIA in C57BL/6 mice but 

still higher in DBA/1 mice (Yuasa et al, 1999; 

Kleinau era/., 2000) 
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and bone destruction, and infiltration of lymphocytes, macrophages and monocytes, 

which was absent in wild-type mice and was similar in FcyRHb-deficient DBA/1 mice 

(Yuasa et al, 1999). Despite being from a CIA-resistant background, the FcyRHb-

deficient C57BL/6 mice were susceptible to CIA, thus suggestmg once again that 

antibodies (anti-Collagen type H) play a role in CIA. 

Similarly, the role of FcyRHb in inflammation has also been determined in a mouse 

model of immune complex (IC) alveolitis, in which loss of FcyRHb in these mice 

resulted in enhanced inflammatory responses, including haemorrhage, edema, 

neutrophil infiltration, as well as increased production of inflammatory mediators, 

including tumour necrosis factor (TNF) and chemokines, in the bronchoalveolar fluids 

(Clynes et al, 1999). In addition, macrophages from the FcyRIH-deficient mice 

displayed increased phagocytic activity and calcium flux responses (Clynes et al, 

1999). A role for FcyRHb in allergic responses has also been established, in which 

FcyRHb-deficient mice were found to exhibit, enhanced B cell proliferation, with 

increased antibody titers, upon immunisation with thymus-dependent and independent 

antigens, as well as increased sensitivity to IgG-triggered mast cell degranulation and 

IgGl-mediated passive cutaneous anaphylaxis, in comparison to wild-type mice (Takai 

etal, 1996). 

1.8 Recombinant soluble FcyRII (rsFcyRII) and inflammation: 

In support of the mouse models of inflammation, which established an integral role for 

FcyRs, in vivo, in inflammation, a genetically engineered recombinant soluble FcyRH 

(rsFcyRH) has been demonstrated to inhibit immune-complex mediated inflammatory 

responses, associated with the reverse passive Arthus reaction, in rats. The rsFcyRH 

consisted of the exfracellular region of FcyRHa and was expressed in Chinese hamster 

ovary (CHO) cells, and purified using affinity chromatography (lerino et al, 1992). 

When tested in vitro rsFcyRH inhibited the binding of rabbit IgG-sensitised erythrocyte 

(sheep red blood cells) to FcyRH, expressed on K562 cells, with an IC50 of 20 fig/ml, 

demonsfrating that rsFcyRH bound to immune complexes (lerino et al, 1992). 
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Furthermore, the rsFcRH was tested in vivo, in rats, using the widely used model of 

immune complex-mediated inflammation, the reverse passive Arthus reaction. In this 

model, rats treated with rsFcyRH, had a dose-dependent reduction in the size and score 

of the Arthus lesion, compared to control (PBS-treated) rats (lerino et al, 1992). In 

addition, histological studies on sections taken from sites that had been treated with 

rsFcyRH indicated a significant reduction in the accumulation, margination and 

infiltration of neutrophils around venules, as well as less erythrocyte exfravasion (lerino 

et al, 1992). Further studies characterising rsFcyRH found that in addition to blocking 

IC binding to FcyRs, rsFcyRH inhibited the precipitation of immune complexes (ICs), 

and thereby limited IC size and deposition which leads to inflammatory disease (lerino 

et al, 1993; Gavin et al, 1995; Wines et al, 2003). Thus the development of the 

rsFcyRH demonstrated the importance of the FcyRHa in the Arthus reaction, a model of 

the immune complex-mediated inflammation and the therapeutic potential of targeting 

FcyRHa in order to treat inflammatory diseases such as rheumatoid arthritis (lerino et 

al, 1992). 

1.9 FcyRIIa alleles and genetic susceptibility to inflammatory diseases: 

A polymorphism of human FcyRHa, in which FcyRHa is encoded by three allelic forms, 

one which has a glutamine at position 27 and arginine at position 131 (Q27, R131) and 

the other two which have either a glutamine or tryptophan at position 27 and a histidine 

at position 131 (Q27, H131 or W27, H131). The H/R polymorphism has been found to 

alter the binding specificity of FcyRHa for the different IgG subclasses. In particular, the 

protein products of both allehc forms bind human IgGl and IgG3, however FcyRHa-

H131 (low responder) binds strongly to human IgG2 but weakly to mouse IgGl, while 

FcyRHa-R131 (high responder) binds sfrongly to mouse IgGl but only weakly to human 

IgG2; both are weakly bound by IgG4 (Warmerdam et al, 1990;Warmerdam et al, 

1991; reviewed extensively elsewhere). In humans, the high responder allele of FcyRHa 

(FcyRHa-R131) has been suggested to adversely affect the clinical manifestations and 

course of inflammatory diseases, such as rheumatoid arthritis (RA), systemic lupus 

erythematosus (SLE) and thrombocytopenia. This has been proposed to result from the 

weak binding of this FcyRHa allele to IgG2, the IgG subclass involved in the 

opsonisation and phagocytosis of several bacteria, and therefore a reduced ability to 
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clear immune complexes (ICs), causing them to accumulate and subsequently cause 

inflammation (Siber et al, 1980; Salmon et al, 1992). 

hi a study of patients with rheumatoid arthritis (RA), while no direct correlation was 

made between RA and the frequency of the high responder allele of FcyRHa, patients 

that were either homozygous (FcyRHa-RR131) or heterozygous (FcyRHa-HR131) for 

the high responder (FcyRHa-R131) allele of FcyRHa had more severe rheumatoid 

arthritis and swollen joints compared to patients homozygous (FcyRHa-HH131) for the 

low responder (FcyRHa-H131) allele of FcyRHa (Brun et al, 2002). Moreover, in a 

study on African-American SLE patients the distribution of patients with clinically 

evident disease homozygous for the low responder allele of FcyRHa, was considerably 

lower, in particular in SLE patients with clinical evidence of disease, lupus nephritis, 

when compared to the distribution of patients homozygous (FcyRHa-RR131) for the 

high responder (FcyRHa-R131) allele and heterozygous (FcyRHa-HR131) for both 

alleles (Salmon et al, 1996). Neutrophils from normal donors, homozygous and 

heterozygous (FcyRHa-RR131, FcyRHa-HR131, FcyRHa-HH131) for the high and low 

responder alleles of FcyRHa were also tested for phagocytosis of human IgG2-coupled 

erythrocytes (huIgG2-E), and only neutrophils from donors homozygous (FcyRIIa-

HH131) for the low responder allele were efficient in handling huIgG2-E (Salmon et 

al, 1996). Thus based on the genotype and in vitro studies the high responder (FcyRHa-

R131) allele of FcyRHa was suggested to be a risk factor for SLE and was proposed to 

result from an inability for the high responder allele to bind IgG2 and clear ICs, thus 

leading to IC deposition and subsequent inflammation (Salmon et al, 1992; Salmon et 

al, 1996). 

Furthermore, in a genome scan of SLE-affected (African-American and European-

American) patients, 16 potential SLE susceptibility loci were identified, in which 

FcyRHa at chromosome lq23, was demonsfrated to have a major effect on genetic 

susceptibility to SLE, in particular in Afiican-Americans SLE-affected patients (Moser 

et al, 1998). These findings supported previous evidence for a link between SLE 

susceptibility and the polymorphism at FcyRHa, particularly in African-American SLE-

affected patients homozygous (FcyRHa-RR131) and heterozygous (FcyRHa-HR131) for 
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the high responder (FcyRHa-RBl) allele (Salmon et al, 1996). However, there is 

conflicting evidence for a genetic link between SLE susceptibility and the FcyRHa high 

responder (FcyRHa-RBl) allele, in which a study on the polymorphism of FcyRHa in 

three different ethnic groups (Caucasoid, Afro-Caribbean and Chinese patients) reported 

no correlation between the high responder (FcyRHa-RBl) allele and SLE and lupus 

nephritis (Botto et al, 1996). Similarly, in a recent study on Caucasian SLE-affected 

patients, the high responder (FcyRHa-RBl) allele was not found to be a genetic risk 

factor for SLE (Manger et al, 1998). Nonetheless, this study did suggest that the 

FcyRHa polymorphism was a factor that might impact the clinical features and course of 

SLE. In paricular, patients homozygous (FcyRHa-RRBl) for the high responder 

(FcyRHa-RBl) allele of FcyRHa presented with significantly higher frequencies of 

proteinuria, haemolytic anaemia, the presence of anti-nuclear RNP (ribonuclearprotein) 

antibodies and hypocomplementemia, or presented with clinical and serological features 

of SLE at a significantly younger age (Manger et al, 1998). 

In a more recent study on Caucasian SLE-affected patients, a higher frequency of SLE-

affected patients were found to be homozygous (FcyRHa-RRBl) for the high responder 

(FcyRHa-RBl) allele, compared to controls, and the clearance of IgG2-coupled 

erythrocytes was also delayed in these patients (Manger et al, 1998; Dijstelbloem et al, 

2000). Thus from these studies the FcyRHa polymorphism, in particular the high 

reponder (FcyRHa-RBl) allele of FcyRHa in vivo disrupts the clearance of ICs and 

thereby affects the course of SLE. 

Thrombocytopenia has also been linked to the high repsonder (FcyRHa-RBl) allele of 

FcyRHa, in which the distribution of this allele is higher in patients with severe immune 

(idiopathic) thrombocytopenia purpura (ITP) compared to normal controls. In particular, 

a higher percentage of patients with severe ITP were homozygous FcyRHa-RRBl, 48% 

than homozygous FcyRHa-HHBl, 10% or heterozygous FcyRHa-HRBl, 42%, and 

varied significantly (P<0.005) compared to normal controls (FcyRHa-RRBl, 18%); 

FcyRHa-HRBl, 57%; FcyRHa-HHBl, 25%) (Carlsson et al, 1998; Williams et al, 

1998). Similarly, a higher percentage of patients with heparin-induced 

thrombocytopenia (HIT) have also been demonstrated to be homozygous FcyRHa-
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RR131 27%, FcyRHa-HHBl 20% and heterozygous FcyRHa-HRBl 53%, differing 

significantly (P<0.001) to control non-HIT patients (FcyRHa-RRBl, 21%; FcyRHa-

HRBl, 47%; FcyRHa-HHBl, 32%) (Carlsson et al, 1998). hi addition, there was also 

a significant increase in the incidence of thromboembolic events in HIT-patients 

homozygous (FcyRHa-RRBl) for the high responder (FcyRHa-RBl) allele of FcyRHa, 

compared to HIT-patients homozygous (FcyRHa-HHBl) for the low responder 

(FcyRHa-HBl) allele (37% FcyRHa-RRBl, 19% FcyRHa-HHB, P=0.036), and when 

compared to HIT-patients that presented with thrombocytopenia only (11% FcyRHa-

RRBl, 32% FcyRHa-HHBl) (Carisson et al, 1998). 

Furthermore, FcyRHa based risk factors have also been identified in infectious diseases. 

The high responder (FcyRHa-RBl) allele FcyRHa has been associated with an 

increased risk of human infection by a number of bacterial species, including 

Streptococcus pneumoniae, and Staphylococcus aureus and Haemophilus influenzae 

type b (Hib) and is suggested to occur because IgG2, which plays a role in immune 

responses, including the opsonisation and phagocytosis of several bacteria, binds only 

weakly to the high responder allele of FcyRHa (FcyRHa-RBl) (Siber et al, 1980; 

Bredius et al, 1993). In a genetic study on the FcyRHa polymorphism and S. 

pneumoniae infection, a higher frequency of children with pneumococcal sepsis were 

homozygous (FcyRHa-RRBl) for the high responder allele of FcyRHa (FcyRHa-RBl), 

when compared to normal controls, and a lower frequency were heterozygous for the 

high responder allele of FcyRHa (FcyRHa-HRBl), compared to normal controls (Yuan 

et al, 2003). In an in vitro study of the phagocytosis oiS. aureus and if. influenzae type 

b (Hib) opsonised with IgGl and IgG2, by human neutrophils (PMN), the neufrophils 

from human donors homozygous (FcyRHa-RRBl) for the high responder (FcyRHa-

RBl) allele of FcyRHa were unable to phagocytose STAW and Hib, opsonised with 

IgG2 antibodies, compared to neufrophils from donors homozygous (FcyRHa-HHBl) 

for the low responder (FcyRHa-HBl) allele of this receptor (Bredius et al, 1993). hi 

addition, phagocytosis of the IgG2-opsonised bacteria, by neufrophils from donors of 

the FcyRHa-HHBl genotype, was inhibited by the monoclonal antibody (rV.3) specific 

for FcyRHa, suggesting that phagocytosis did in fact occur via FcyRHa, in particular the 

low responder allele of FcyRHa (Bredius et al, 1993). 
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1.10 Peptide inhibitors of FcR-antibody interactions: 

Given the well-established role of FcyRs in immune diseases such as rheumatoid 

arthritis (RA), systemic lupus erythematosus (SLE) and thrombocytopenia, the 

development of compounds that inhibit and limit the biological function of these 

receptors would prove useful as therapeutics to treat these diseases. Several different 

approaches can be taken to inhibit the biological function of FcyRs, in particular 

FcyRHa, these include recombinant soluble FcyRHa (Section 1.8), small chemical 

entities (SCEs), of which none are known for FcR or are of direct relevance to this 

thesis, and peptides. For SCEs or peptides the first goal is to identify a lead compound, 

which can then be optimised for improved specificity and increased affinity. Peptides or 

SCEs that inhibit protein interactions can serve as useful lead compounds and can be 

developed by either of two approaches, a rational design approach or a random 

screening approach. In the rational design approach, inhibitors are specifically designed 

to mimic known sequences and structures of the binding site of the target protein, ligand 

or receptor. Alternatively, in the random screening approach a large number of diverse 

peptide sequences or SCEs are screened and individual peptides, which bind to the 

protein target, are isolated and identified. In addition, many inhibitory peptides have 

been identified based on a combination of these two approaches. 

Thus far the screening of large numbers of random peptide sequences has proven to be a 

more promising approach than that of the rational structure-based design, in particular 

in the discovery of lead compounds that inhibit FceRI:IgE binding. This approach 

involved the use of phage display libraries, in which a large number of recombinant 

phage particles, each displaying different peptide sequences at random, and given the 

relatedness of FceRI to FcyRs (50%) amino acid identity), this approach may similarly 

prove to be useful for the discovery of novel lead compounds that inhibit FcyR: IgG 

binding (Sondermarm et al, 2001). Once lead compounds are identified, these may 

subsequently be used for the design of therapeutics to treat autoimmune diseases 

associated with FcyR:IgG binding. 

1.10.1 Phage display-derived peptide libraries: 

'Phage display' is a powerful and rapid combinatorial method, in which a diverse and 

complex range (up to lO" sequences) of peptides (linear or disulphide-consfrained), are 
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fused to a bacteriophage (phage) protein creating a diverse library of fiision protein 

displayed on the surface of the bacteriophage 'phage display,' which is then screened 

for binding to a protein target. In addition, recent advances in phage technology have 

also allowed antibody fragments (soluble variable domains of antibodies, sFv) and 

nahirally occurring proteins with complex structures or small synthetic compounds 

(such as folic acid analogues) to be fused to phage and screened on protein targets 

(McCafferty et al, 1990; Clackson et al, 1991; Smith and Scott, 1993; Smothers et al, 

2002; Sidhu et al, 2003; Woiwode et al, 2003). 

In the literature, phage display-derived peptide libraries are commonly used, and are 

used for numerous applications, including epitope mapping of protein-protein 

interactions, vaccine development and discovery of specific binding ligands for use in 

drug development and diagnostics (Chen et al, 1996; Birkenmeier et al, 1997; Dore et 

al, 1998; Campa et al, 2002; Smothers et al, 2002; Sidhu et al, 2003). Phage display-

derived peptide libraries, are bacterial viruses, bacteriophage (MB or Lambda), which 

have been genetically modified to express random peptide sequences on the minor coat 

or gene HI protein (g3p), in low valency format (3-5 copies), or on the major coat 

protein or gene protein VIH (gp8), in high valency format (200 copies). Since phage 

virions display multiple copies of peptides on their surface, multivalent attachment to 

the target or avidity effects are often encountered, which can reduce the selection of 

peptides based on affinity alone. In the literature, avidity effects have been proposed to 

contribute to strong binding of the phage displayed peptide to the protein target, yet low 

affinity or negligible binding of the same free synthetic peptide to the protein target 

(Cwiria et al, 1990; Clackson and Wells, 1994; Chirinos-Rojas et al, 1999; Ferrieres et 

a/., 2000). 

The phage display technique is carried out by parming, in which the library, expressing 

the peptides on its surface, is screened for peptides that bind to the protein target, which 

is either immobilised to a plastic plate or to beads (parming in solution). Phage display 

has also been carried out in vivo, in mice transplanted with human synovial 

microvascular endothelium (MVE), to identify homing peptides, specific for the human 

synovium that could serve as delivery systems for therapeutic or diagnostic agents to 

freat arthritis (Lee et al, 2002b). In general, the panning process (Figure 1.12) involves 

first incubating the phage library with the protein target and allowing phage to bind. 
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followed by washing the protein-coated surface to remove any unbound phage, and then 

eluting bound phage, which are collected and amplified for further (3-4) rounds of 

panning. The amplified phage are taken through several rounds of panning, in which 

stringency is increased after each round, for example by increasing detergent 

concentration in the wash buffer, to select for the strongest binders. 

1.10.2 Phage display-derived disulphide-constrained peptide libraries: 

An additional feature of phage display of peptides libraries is that the random peptides 

displayed on the phage surface, can be adapted to form spontaneous disulphide-

constrained peptides by flanking the random peptide sequence with two cysteine 

residues. When compared to its linear counterpart, disulphide-constrained peptides are 

less flexible and the number of conformations the peptide can adopt is limited by the 

disulphide constraint often resulting in a well-defined structure that can be determined 

by NMR spectroscopy and x-ray crystallography (Ladner, 1995). Compared to the 

linear peptides, constrained peptides are generally more likely to bind to their target 

with greater affinity and specificity, maintain structure as a free peptide, independent of 

display on the phage and be more resistant to chemical and biological degradation 

(McLafferty et al, 1993; Clackson and Wells, 1994; Ladner, 1995; Lowman et al, 

1998). 

Some of the best examples of the potential of this technology have been in enzymology 

and also peptide cytokines. A phage display library expressing random linear and 

disulphide-constrained hexapeptides was used to identify the structural epitope of a 

monoclonal antibody CB5B10, raised against plasminogen activator inhibitor type-1 

(PAI-1), a member of the serine protease inhibitor (serpin) family. All the phage 

peptides identified for binding to CB5B10 were constrained and substitution of the 

flanking cysteine residues with serines significantly reduced the binding affinity of the 

peptides to CB5B10 (Hoess et al, 1994). In addition, the disulphide-consfrained 

peptides identified appeared to mimic the structure and sequence of the antigen, PAI-1, 

to which CB5B10 was raised (Hoess et al, 1994). 
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Figure 1.12. The steps involved in panning a phage display peptide library. First the 

plate is coated with the protein target, phage are then added and allowed to bind. The 

plate is then washed to remove unbound phage and bound phage eluted by incubating 

with a known ligand to the target, or by adding buffer at pH 2.2. Eluted phage are then 

amplified and carried through to the next round of panning and the parming steps are 

repeated 3-4 times to select for the strongest binders. 
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Constrained phage display libraries have also been used in the development of small 

peptide mimetics of the cytokine, erythropoietin (EPO), involved in erythropoiesis, a 

process of cellular differentiation and proliferation, which leads to the production of red 

blood cells (Krantz, 1996). Several phage display-derived peptide libraries were 

screened and optimised to select for peptides, which bind to the extracellular domain of 

the human EPO receptor (EPOR), and peptides specific for this receptor were identified 

from the phage disulphide-constrained peptide libraries. Peptides identified were 

synthesised and the importance of the constraint was established by comparing the 

binding activity of the disulphide-constrained peptide to its linear form, in which case 

the binding affinity of the linear peptide for EPOR was found to be 1000-fold less than 

that of the disulphide-consfrained peptide (Wrighton et al, 1996). 

The ultimate disulphide-constrained peptides identified from the phage display screen 

on EPOR, were able to compete with EPO for binding to EPOR, with ICso's in the 

micromolar range (Wrighton et al, 1996). One of the most active peptides, Empl 

(GGTYSCHFGPLTWVCKPQGG), demonstrated agonist activity in vitro in a cellular 

colony based assay and in vivo in murine models of erythropoiesis. The peptide was 

also stable in vivo with an 8 hr half-life (Wrighton et al, 1996). In addition, Empl 

produced a tyrosine phosphorylation pattern and signalling pathway upon binding and 

activation of EPOR expressed on cells, which was identical to that of EPO (Wrighton et 

al, 1996). 

1.10.3 Screening phage display peptide libraries on FceRIa: 

Phage display peptide libraries have also been used in the discovery of peptide-based 

inhibitors of the high affinity IgE receptor, FceRIa, which plays a well established role 

in allergic disease (Nakamura et al, 2001; Nakamura et al, 2002), but are yet to be 

screened on FcyRs, in particular FcyRHa . Several polyvalent phage display-derived 

peptide libraries, comprised of random disulphide-constrained peptide sequences (18 to 

20 residues in length), fused to the major coat protein VHI (200 copies) of the phage 

surface, were screened on FceRIa. The greatest increase in the level of enrichment was 

observed with the phage library with the general peptide motif, X4CXGPX4CX4 (where 

X is a random residue) and after 3-4 rounds of panning, more than 95%) of clones 

selected bound specifically to FceRIa-Ig, and there was a high degree of consensus 
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between the peptide sequences of these clones (Nakamura et al, 2001). Of the clones 

identified, peptide IgEOl was synthesised and tested for inhibition of IgE binding to 

FceRIa expressed on CHO-3D10 cells, but was only a weak mhibitor of IgE binding to 

FceRIa, with an IC50 of > 160 fxM (Nakamura et al, 2001). 

To identify higher affinity peptides inhibitors of FceRIa, new monovalent phage 

display libraries were constructed based on the previous peptide, IgEOl, in which 

peptides with the general motif X4CXSCX4 (where X denotes a random residue) were 

fused to the phage minor coat protein HI (3-5 copies) and based on screening from these 

libraries, a peptide (IGE04) with 100-fold greater affinity than IGEOl was identified 

(Nakamura et al, 2001). 

Peptide IGE04 was then truncated to determine whether shorter peptides were still able 

to bind FceRIa and based on these studies a 15-residue peptide (IGE06: Acetyl-Asn'-

Leu^-Pro^-Arg^-Cvs^-Thr^-GW-Glv^-Pro^-Trp'"-Glv"-Trp'^-Val'^-Cvs'^-Met'^) (Figure 

1.13) was identified and synthesised. IGE06 had an affinity of 1-2 |j,M, for FceRIa, as 

determined by BIAcore studies and inhibited IgE binding to human FceRIa expressed 

on CHO-3D10 cells, with an IC50 of 1.8 \xM (Nakamura et al, 2001). Furthermore, 

IGE06 inhibited allergen-induced cellular histamine release from a basophil cell line, 

RBL-48 expressing human FceRIa, with an IC50 of <10 )iM and was stable in 

biological matrices (murine serum, lung lavage and minced lung tissue), with no loss in 

inhibitory activity, after 24 hours incubation at 37°C (Nakamura et al, 2001). The 

structure of IgE06 was determined by NMR specfroscopy and shown to form a stable P-

hairpin structure, comprised of a p-tum at Pro^ and Trp"^ and two p-strands containing 

residues, Cys^-Gly^ and Gly"-Met'^ (Figure 1.13) (Nakamura et al, 2001). The 

stmcture was well defined between Cys^ and Cys''' but was poorly defined at the N-

terminal residues, Asn'-Leu^-Pro^ due to the highly flexible nature of these 

unconstrained residues in solution, thus emphasising the importance of the disulphide-

constraint in stabilising the peptide into a well-defined structure (Figure 1.13) 

(Nakamura et al, 2001). When this peptide was freated with an excess of the reducing 

agent, dithiothreitol (DTT), which disrupts the disulphide bond, a well-defined structtire 

could no longer be identified by NMR specfroscopy (Nakamura et al, 2001). 
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Alanine scanning was used to identify which residues of IgE06 contribute to FceRIa 

binding and stiiictural integrity. Several analogues of IGE06, in which Gly^, Pro^ and 

Trp'° were substituted with alanine, were synthesised and the structure of each of these 

were solved by NMR spectroscopy; whilst all formed p-hairpin structures, like the 

starting peptide, the binding affinity of these peptides for FceRIa was severely reduced 

(Nakamura et al, 2001). These findings indicated that these residues (Gly^, Pro^ and 

Trp'°) were not critical in stabilising the P-hairpin structure of IGE06 but were 

important for binding to FceRIa (Figure 1.13a) (Nakamura et al, 2001). 

In subsequent studies by Nakamura et al. (2002), peptide-based inhibitors of FceRIa 

were optimised, in which an expanded set of phage display-derived peptide libraries 

were developed and screened on FceRIa. In these phage libraries, peptides (9-20 

residues in length) were fused to the major coat protein VIQ (200 copies) and included a 

linear peptide library with the motif, Xg and disulphide-constrained peptide libraries 

with the general motif, X7-7-CX3-in-CX?.7 (where X denotes a random residue) 

(Nakamura et al, 2002). Of the libraries screened on FceRIa, the phage library with the 

motif, X7CX3CX7, was enriched 100-fold after 3 rounds of panning and clones isolated 

in the final round were identified, in which there was a high degree of similarity in the 

peptide sequences of these clones (Nakamura et al, 2002). 

Of the sequences identified, peptide elOl CAla'-Leu^-Cvs^-Pro^-Ala^-Val^-Cys^-Tvr^-

Val̂ ) (Figure 1.14a) was synthesised and tested, and inhibited IgE binding to human 

FceRIa expressed on CHO-3D10 cells, with an IC50 of 250 |LIM (Nakamura et al, 

2002). Interestingly, the activity of the peptide improved after several days of storage in 

solution at room temperature, in which an IC50 of 37 )iM was recorded when tested in 

the same assay (Nakamura et al, 2002). To establish the cause of the improvement in 

the activity of the peptide the NMR stiiicture of peptide el01 was solved and it was 

found that in solution the monomeric peptide underwent a spontaneous rearrangement 

of the disulphide bonds, to form an anti-parallel homodimer with a higher affinity than 

its monomeric counterpart (Nakamura et al, 2002). 
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Figure 1.13. NMR stmcttires ofpeptide IgE06 (PDB: IJBF) (Nakamura et al, 2001). 

a. Set of 20 NMR structures (wire-frame) selected based on acceptable covalent 

geometry and the least restraint violations, b . The best representative NMR stmcture 

(#1) of P-hairpin peptide IgE06 selected based on lowest root mean square deviation 

(RMSD) from the average structure. 
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hi light of these findings a modified version ofpeptide el 01 was chemically synthesised 

to form a dimer, peptide el09, in which two antiparallel, monomeric el01 peptides, 

were connected by a Gly-Gly-Lys linker to form a single peptide chain, constrained by 

two disulphide bonds (Figure 1.14a). Peptide el09 adopted a well-defined stincture in 

solution, as determined by NMR spectroscopy, and the backbone of the peptide was 

almost symmetrical, with residues Ala'-Val^ and Ala'^-Val^', adopting the same 

structure, so that the peptide resembled the Greek letter "zeta" (Q, the peptide therefore 

being referred to as a "zeta" peptide (Figure 1.14b) (Nakamura et al, 2002). 

When tested in vitro, the affinity ofpeptide el 09, for FceRIa, was significantly better 

than that of elOl, in that it inhibited IgE binding to human FceRIa expressed on CHO-

3D10 cells, with an IC50 of 1 |aM (Nakamura et al, 2002). To further optimise the 

"zeta" peptide (el09) a combination of secondary phage libraries, based on peptide 

el09, were generated, with each library having a small number of randomised residues 

in each of the three regions of the peptide, including the region between Ala'-Val^ (N-

terminus), Ala -Val (C-terminus) and the Gly -Gly -Lys linker region. Based on 

the screening of these libraries, only the library with residues randomised at the N-

terminus, yielded clones with improved affinity to peptide el09 (Nakamura et al, 

2002). Of these clones, peptide el 13 was one of the most abundant clones identified and 

differed to peptide el09 by only four N-terminal residues. Peptide el 13 was therefore 

synthesised and had a considerably higher affinity (170 nM) for FceRIa, than peptide 

el09, in terms of both direct binding (apparent KD) to FceRIa, by BIAcore, and 

inhibition (IC50) of IgE binding to human FceRIa expressed on CHO-3D10 cells 

(Nakamura et al, 2002). 

Subsequent optimisation of the "zeta" peptides by a tertiary phage display library, 

which was randomised in the linker region, ultimately led to the discovery of peptide 

el31 (Val'-Gln'-Cvs^-Pro^-His'-Phe^-Cvs'-Tvr^-Glu^-Leu'°-Asp"-Tyr'^-Glu'^-Leu"-

Cys'^-Pro'^ -Asp'^-Val'^-Cvs'^-Tvr^°-Val^') (Figure 1.15). Peptide el31 inhibited IgE 

binding to FceRIa expressed on CHO-3D10 cells, with an IC50 of 30 nM, which 

correlated well with the ability of this peptide to inhibit ragweed-induced histamine 

release from rat basophil RBL-48 cells expressing human FceRIa, with an IC50 of 20-50 

nM (Nakamura et al, 2002). 
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Figure 1.14. Structiires of peptides, el01 and el09 (Nakamura et al, 2002). a. 

Schematic representation ofpeptide monomer elOl and peptide dimer el 09. b . i. Set of 

20 NMR stiiictiires (wire-frame display) of "zeta" peptide el09 (PDB: IKCN) selected 

based on acceptable covalent geometry and the least restraint violations, ii. The best 

representative NMR stincttire (#1) of peptide el09 selected based on lowest RMSD 

from the average NMR structure. 
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Furthermore, the NMR structure of peptide el31 was solved and the backbone 

conformation was found to overlap closely with that ofpeptide el 09 (Figure 1.15) 

(Nakamura et al, 2002). Substitution of either Pro'', Pro'^ or either pair of cysteines, C^ 

C'̂  and C^-C'^, with alanine, was also found to abolish the ability ofpeptide el 31 to 

inhibit IgE binding to human FceRIa expressed on cells, highlighting the importance of 

these residues in maintaining the inhibitory activity ofpeptide el31 (Figure 1.15b) 

(Nakamura et al, 2002). In addition, peptide el31 was stable in biological matrices 

(murine lung lavage or lung homogenates), with no decrease in inhibitory activity, after 

24 hr incubation at 37°C (Nakamura et al, 2002). 

More recently, the x-ray crystal structure of the high affinity "zeta" peptide, el31, in 

complex with FceRI was solved at 3 A (Figure 1.16), and most interesting was that the 

binding interaction made between FceRI and el31 resembled the interaction, which is 

conserved in the binding of IgE(Fc) to FceRI, and IgG(Fc) to FcyRs, that is the so-

called, "Proline Sandwich" (Garman et al, 2000; Sondermarm et al, 2000; Sondermann 

et al, 2001; Radaev et al, 2001a; Stamos et al, 2004). In particular, while in Ig(Fc) it is 

the conserved Pro that packs tightly between two, also conserved, tryptophan 

residues, Trp^^ and Trp"° of the Fc Receptor, in el31 it was Pro'^ that formed a 

"Proline Sandwich"-like interaction with Trp^^ and Trp"° of FceRI (Figure 1.16) 

(Stamos et al, 2004). In addition, Pro"̂  and Phe^ of el31 also bound in a shallow 

hydrophobic groove lined by Trpl56, TrplB, Tyrl60 and Leul58 of FceRI, upon 

formation of the FceRI-eBl complex (Stamos et al, 2004). In support of the binding 

interaction made between Trp^^ and Trp'"^ of FceRI and Pro'^ of e 131, in the FceRI-

eBl complex, there was a significant reduction (210- and 45-fold, respectively) in the 

binding of alanine mutants of FceRI, in which Trp^'' and Trp"° were substituted with 

alanine, to el31, compared to wild-type FceRI (Stamos et al, 2004). 

Furthermore, given that the "zeta" peptide, el09 (closely related to el31) was found to 

displace binding of the phage-displayed hairpin peptide (IgE06) to FceRI it was 

suggested that the hairpin and "zeta" peptides compete for the same site on FceRI 

(Stamos era/., 2004). 
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Figure 1.15. Stmcttires of peptides, el09 and el31 (Nakamura et al, 2002). a. 

Schematic representation of "zeta" peptides el09 and el31. b. The best representative 

NMR structtire (#1) of "zeta" peptide el31 (PDB: IKCO), selected based on lowest 

RMSD from the average NMR structtire. Residues critical for inhibitory activity are 

highlighted. 
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conserved 
"Proline Sandwich" 

Figure 1.16. The x-ray crystal structure of the FceRI-eBl complex, resolved at 3.0 A 

(PDB: IRPQ) (Stamos et al, 2004). In the crystal structure of the complex between 

FceRI (tube display, magenta) and "zeta" peptide el31 (green) the Pro'^ of el31 packs 

tightly between two tryptophan residues, Trp^^ and Trp"° of FceRI forming a "Proline 

Sandwich"-like interaction that is conserved in the binding of IgE(Fc) to FceRI, and 

IgG(Fc) to FcyRs (Garman et al, 2000; Sondermann et al, 2000; Sondermann et al, 

2001; Radaev et al, 2001a; Stamos et al, 2004). 
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hideed, docking studies of FceRI and a hairpin peptide IgE32 (Asn'-Leu^-Pro^-Arg'^-

Cvs^-Thr'-Glu'-Glv'-Pro^-TrD'°-Glv"-TrD"-Val'^-Cvs'^-Met'^ -lactone), closely related 

to IgE06, indicated that Pro^ of the hairpin peptide was also positioned between Trp^^ 

and Trp"° of FceRI, as seen in the crystal structure of the FceRI-eBl complex (Stamos 

et al, 2004). hi addition, in the FceRI-IgE32 complex, Thr^ and Val'^ of IgE32 were 

found to lie in a shallow groove, neighbouring Trp^^ and Trp"°, in FceRI (Stamos et al, 

2004). In light of these findings it was also proposed that although being structurally 

different, the hairpin and "zeta" peptides share similar FceRI-binding surfaces, in 

particular sharing a common binding groove in which Trp^^ (FceRI) binds (Stamos et 

al, 2004). 

L10.4 Rational approaches to the design of peptide inhibitors to FceRIa: 

Conversely, a rational structure-based design strategy has been used to develop peptide-

based inhibitors of the high affinity Fc receptor for IgE, FceRIa, in which case synthetic 

peptide inhibitors were developed to mimic the C-C loop of human FceRIa (Ile"^-

Tyr'20-Tyr'2'-Lys'22-Asp'"-Gly'2^-Glu'^^-Ala'^^-Leu'2^-Lys'2^-Tyr'^^), implicated in 

IgE binding to this receptor (Hulett et al, 1993; Mallamaci et al, 1993). The peptides 

designed were both disulphide-constrained, to restrict them into the desired 

conformation and contained a combination of L- and D-amino acids (non-

superimposable mirror images) because D-amino acids have been demonstrated to aid 

in the resistance of peptides to proteolytic degradation in vivo (McDormell et al, 1996). 

The peptides synthesised included peptide cyclo(L-262) (Cvs-Ile-Tvr-Tvr-Lvs-Asp-Glv-

Glu-Ala-Leu-Lys-Tvr-Cysm)), which contained all naturally occurring L-amino acids 

and a C-terminal D-cysteine, and cyclo(rD-262) tCvs-Tvr-Lvs-Leu-Ala-Glu-Glv-Asp-

Lvs-Tvr-Tvr-He-Cvsn ̂ V which was the reversal of the cyclo(L-262) sequence, to mimic 

the topochemical surface of the C-C loop, and consisted exclusively of D-amino acids, 

with the exception of an L-cysteine at the C-terminus (Figure 1.16) (McDormell et al, 

1996). Peptides, cyclo(L-262) and cyclo(rD-262) bound to IgE and inhibited IgE binding 

to FceRI, with KDS of 3 \M and 11 |iM, respectively, based on BLAcore analysis 

(McDonnell et al, 1996). In addition, peptides, cyclo(L-262) and cyclo(rD-262) 

inhibited IgE-mediated mast cell degranulation, which is an in vitro model of an allergic 

response, with ICso's of 30 |xM and 100 |LIM, respectively (McDonnell et al, 1996). 
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Altematively, a peptide inhibitor of the FceRI:IgE interaction has been developed using 

a rational design approach with a mouse antibody dfrected against human IgE (MaEl 1), 

which inhibits the binding of IgE to FceRI (Presta et al, 1993; Heusser and Jardieu, 

1997; Takahashi et al, 1999). The peptide was derived from the sequence of the tight 

chain CDRl (CDRL-1) of MaEll (VaP^-Asp^°-Tyr^'^'-Asp^°''-Gly'°^-Asp^°^-Ser'°'-

Tyr^') because mutagenesis studies indicated that three aspartic acids in this region, in 

particular Asp^° was critical for MaEl 1 binding to IgE (Presta et al, 1993; Takahashi et 

al, 1999). The sequence of CDRL-1 of MaEll was also chosen as a template for the 

design of the peptide inhibitor to FceRI: IgE because it is predicted to form a well-

defined "canonical structure," a common main-chain conformation of hypervariable 

regions (CDRs), of immunoglobulins, which in terms of the CDRL-1 of MaEll was 

characterised by a hydrophobic residue (Val) at position 29 and a hairpin loop between 

residues VaP^ and Tyr̂ ^ (Chothia et al, 1989; Al-Lazikani et al, 1997; Takahashi et 

al, 1999). 

Both a linear (Ohg-L) and disulphide-constrained (Ohg-C) form of the peptide was 

synthesised and tested, and consisted of the CDRL-1 sequence of MaEll, flanked by 

two cysteines (Cvs-Val-Asp-Tvr-Asp-Glv-Asp-Ser-Tvr-Cvs-NH?), which were blocked 

in the linear (Ohg-L) form of the peptide by side-chain protecting groups (Acm). Ohg-L 

and Ohg-C, bound to IgE with binding constants of 7 x 10'' M"' and 6 x 10̂  M"', 

respectively, as determined by fluorescence spectroscopy; the constrained peptide 

having a 10-fold higher affinity than its linear counterpart, emphasising the importance 

of constraining peptides to improve affinity (Takahashi et al, 1999). 

L10.5 Screening synthetic peptide libraries for inhibitors to FcR-Ig(Fc) binding: 

hi a similar approach to phage display, a synthetic peptide library, composed of 

randomised synthetic tripeptide tetramers, was screened in an assay to identify 

inhibitors of Protein A and immunoglobulin (IgG) and interestingly, a peptide 

(TGI9318) mimic of Protein A was identified, which also bound to the Fc portion of 

IgG (Fassina et al, 1996; Fassina et al, 1998). TG19318, was a tetrameric tripeptide 

comprised of four copies of the tripeptide, (R)Arg-(R,S)Thr-(R)Tyr, attached to a core 

peptide of three (S)Lys residues and a glycine. Several of the naturally occurring L-

amino acids (designated S) were replaced with their non-superimposable mirror images. 
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D-amino acids (designated R), to make the peptide stable against proteolytic 

degradation in vivo, in fact treatment of TGI9318 with trypsin, a-chymotrypsin and 

papain did not cause the peptide to degrade (Marino et al, 2000). 

TG19318 bound IgG with an affinity constant of 0.45 |aM, as determined by optical 

biosensor studies and binding of TGI9318 to IgG was specific since TGI9318 itself 

inhibited the binding of IgG to TGI9318, in a dose dependent manner (Marino et al, 

2000). Binding of TGI9318 to IgG was sequence specific and structurally dependent 

since neither a scrambled or monomeric form of the peptide inhibited the binding of 

TGI9318 to IgG (Marino et al, 2000). hi addition, the TGI9318 did not cause IgG 

aggregation and bound to IgG in a 1:1 stoichiometry, as determined by gel filtration 

experiments (Marino et al, 2000). 

The interaction of IgG with U937 plasma membranes, from a monocyte-like human cell 

line expressing FcyRI and FcyRIH on their surface, was also inhibited by TGI9318, in a 

dose-dependent maimer. In contrast, scrambled and monomeric forms of TGI9318 did 

not inhibit IgG binding to U937 cells (Marino et al, 2000). TGI9318 was also tested in 

rosette formation, another assay of IgG binding to FcyR, in which sheep red blood cells 

coated with human IgG forms clusters with U937 cells that are able to be detected using 

an optical microscope. In this assay, TGI9318 caused a dose-dependent inhibition of 

rosette formation with an IC50 of 78 |J.g/ml (Marino et al, 2000). In addition, TGI9320 

was tested in vivo for its effect on the progression of systemic lupus erythematous 

(SLE) in the mouse strain, MRL/lpr, a murine model for SLE (Theofilopoulos and 

Dixon, 1985). When injected into this mouse strain, twice weekly, at 30, 15 and 6 

mg/kg, TGI9320 increased survival rate in a dose-dependent manner, with an 80, 70 

and 50% increase in survival rate, respectively (Marino et al, 2000). There was also a 

delay in the onset of proteinuria, a clinical sign of SLE disease, in the SLE mouse 

model, upon treatment with TGI9320 (Marino et al, 2000). hi addition, TGI9318 was 

not immunogenic in mice and rabbits, when injected intraperitoneally, and was found to 

not be toxic when administered at doses up to 30 mg/kg, with an LD50 determined at 

260 mg/kg (Marino et al, 2000). 
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Since the kidneys are one of the organs affected by SLE disease, due to the deposition 

of IgG complexes (ICs) in the glomerular basement membrane (GBM), 

histopathological and immunohistochemical studies of the kidneys of the MLR/lpr 

mice, treated with 30 mg/kg of TG19320, for 30 days, indicated a significant reduction 

in the infiltration of mononuclear cells and IC deposition in the glomeruli of the kidneys 

(Marino et al, 2000). fri addition, to TG19318 disrupting the interaction between FcyR 

and ICs, it was also proposed that the cationic nature of TGI9318 would alter the 

charged nature of IgG complexes (IC), and the process of IC aggregation and deposition 

in the (GBM) of the kidneys, thereby affecting the course of SLE disease (Marino et al, 

2000). 

1.10.6 Rational and Semi-rational approaches to the design of peptide inhibitors of 

FcR-IgG(Fc) interactions: 

The starting point for the rational (semi-rational) design of peptide inhibitors of FcyRs 

was the lower hinge region of IgG, which contributes a large proportion of the 

interactions between IgG(Fc) with the FcyRs. One such study in the literature, involved 

synthesising peptide mimetics of the lower hinge region of IgG, including human IgGl 

(Cys^^^-Pro^^^-Ala^ '̂-Pro^^^-Glu^^^-Leu^^^-Leu^^^-Gl/^^-Gl/^^-Pro^^^-Ser^^^-Val^^^), 

IgG2 (Pro^^^-Pro^^-Val^^^-Ala^^^-Gl/^^Pro^^^-Ser^^^-Val^^^) and IgG4 (Pro^^ -̂Glu^^ -̂

Phe^^^-Leu^^^-Gl/^^-Gl/"-Pro^^^-Ser^^^-VaP^°), as inhibitors to the low affinity Fc 

receptor, FcyRIH. In addition to these linear peptide monomers, peptide dimers of the 

IgGl lower hinge region peptide were also synthesised by allowing a disulphide bond to 

form between the N-terminal cysteines (Cys^^ )̂ of the peptide monomers. These 

peptides were tested in BIAcore studies and bound directly to FcyRIH with affinities 20-

to 100-fold lower than IgGl and bound specifically to FcyRIH, as they were able to 

compete with the Fc portion (of IgGl) for binding to FcyRIH (Radaev and Sun, 2001b). 

More recently, a set of linear 8-mer and 9-mer peptides spanning residues, Ala -Ser 

of the CH2 domain, which includes the lower hinge region (Leu^^^-Leu-Gly-Gl/ ) and 

BC loop (Asp^^^-Val-Ser-His-Glu^^^), of human IgGl, were tested for binding to 

recombinant soluble FcyRHb (rsFcyRHb) and based on findings, three regions spanning, 

Pro^ '̂-Val^^°, Arg^^ -̂Ser̂ ^ ,̂ Lyŝ ^ -̂Ser̂ ^^ were selected for fiirther analysis. Linear 

peptides spanning each of these three regions were synthesised and only the peptide 
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spanning Arg^"-Ser^^^ (RS) was found to bind to rsFcyRHb and cause 60% inhibition of 

IgGl binding to rsFcyRHb (and similarly rsFcyRHb binding to IgGl), as determined by 

ELISA (Uray et al, 2004). hi addition, binding of this peptide (RS) to BL41 (Burkitt 

lymphoma) cells expressing FcyRHb 1, was also detected by flow cytometry. In conttast, 

the peptides spanning regions Pro^^'-Val^"^ (PV) and Lyŝ ^ -̂Ser̂ ^^ (KS) did not bind to 

rsFcyRHb and caused less than 20% inhibition of IgGl bmding to rsFcyRHb, as 

determined by ELISA (enzyme-linked immunosorbent assay) (Uray et al, 2004). Thus 

the most promising peptide, Arg^^ -̂Ser̂ ^^ (RS) was studied more extensively, in which 

residues from the N-terminus were truncated and the effects of these truncations, on the 

ability of peptide Arg^^ -̂Ser̂ ^^ (RS) to inhibit IgGl binding to rsFcyRHb, was 

determined. Removal of the N-terminal Arg^^ ,̂ from peptide Arg^^ -̂Ser̂ ^^ (RS) 

improved the inhibitory activity of this peptide, with 10%) more inhibition of IgGl 

binding to rsFcyRHb by the truncated peptide compared to its full-length counterpart, as 

determined by ELISA (Uray et al, 2004). In addition, individual substitutions of Val̂ ^ ,̂ 

Thr̂ ^°, Cys^ '̂ and Val^^^ of peptide Arg^^ -̂Ser̂ ^^ (RS), with alanine, highlighted the 

importance of Cys , since substitution of this residue with alanine caused a -20% 

decrease in the inhibitory activity of the peptide (RS) (Uray et al, 2004). 

Furthermore, when three peptides spanning regions. Pro -Val (PV), Arg -Ser 

(RS) and Lyŝ ^̂ -Ser"̂ ^̂  (KS) were tested as monomers and chemically conjugated 

multimers (9-17 copies of peptide), for their ability to stimulate the release of a pro

inflammatory cytokine, TNF-a from MonoMac cells (a monocyte cell line expressing 

FcyRH and possibly FcyRI), only multimers of the three peptides stimulated TNF-a 

release (Uray et al, 2004). 

Subsequently, peptides, Pro^^'-Val^^° (PV), Lyŝ ^ -̂Ser̂ ^^ (KS), and fiiU-length, 

tmncated and alanine mutated forms of peptide Arg^^^-Pro^ '̂ (RP) were tested and 

compared for their ability to bind human FcyRHb 1 transfected ST486 cells (SDBl) and 

MonoMac cells by flow cytometry. All of the peptides tested bound to both of the cell 

lines tested but to different extents, with peptide Arg^^^-Pro^ '̂ (RP) binding to a greater 

extent to both cell lines than peptides Pro^ '̂-VaP^*^ (PV) and Lyŝ ^ -̂Ser̂ ^^ (KS). hi 

addition, binding of peptide Arg^^^-Pro^ '̂ (RP) to both cell lines was retained despite 

the removal of the N-terminal Arg^^^ (TP) (Medgyesi et al, 2004). hi fact, the affinity 
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of this truncated form ofpeptide (TP) for FcyRHb was 6 |iM, as determined by Surface 

Plasmon Resonance (SPR), which was 15-fold less than the affinity of IgGl for 

FcyRHb, at 0.4 fxM (Medgyesi et al, 2004). In contrast, substitution of Cys^ '̂ with 

alanine (RP-A) markedly reduced binding of peptide RP-A to SHBl and MonoMac 

cells (Medgyesi et al, 2004). 

Furthermore, peptides Pro^^'-VaP''° (PV), Lyŝ ^ -̂Ser̂ ^^ (KS) and full-length, tiiincated 

(TP) and alanine mutated (RP-A) forms of peptide Arg^^^-Pro^ '̂' (RP) were complexed 

with avidin and tested for their ability to inhibit BCR-mediated (stimulated with anti-

IgM F(ab')2) calcium release in SHBl cells and stimulation of cytokine (TNF-a and IL-

6) release by MonoMac cells. Of the peptides tested, only avidin-complexes of the full-

length and truncated (TP) forms of peptide Arg -Pro (RP) caused noticeable 

inhibition of BCR-mediated calcium release in SHBl cells and cytokine release by 

MonoMac cells (Medgyesi et al, 2004). In addition, avidin-complexes of the full-length 

and truncated (TP) forms of peptide Arg^^^-Pro^ '̂ (RP) peptide produced the strongest 

stimulation of the downstream signalling events, Erk phosphorylation and ultimately 

release of pro-inflammatory cytokines (IL-6 and TNF-a) (Medgyesi et al, 2004). 

Similarly, a peptide-based inhibitor to the high-affinity receptor Fc Receptor, FcyRI, has 

also been rationally designed based on the regions known to contribute to the interaction 

between FcyRI and the Fc portion of IgG. In particular, the peptide was designed with 

the aim of mimicking the regions on mouse IgG2a (mIgG2a), equivalent to the lower 

hinge region (Asn^^^-Leu^ '̂̂ -Leu-Gly-Gly-Pro-Ser-Val-Phe^^^) and FG loop (Phe"^-

Lys-Cys-Lys-Val-Asn-Asn-Lys-Asp-Leu-Pro-Ala-Pro-ne-Glu-Arg-Thr-fle^^^) of the Fc 

portion of IgG. The hinge-loop peptide was designed and synthesised as a large 

branched disulphide-constrained peptide, with a disulphide-constrained monomer of the 

FG loop of mIgG2a tAcetvl-Phe"^-Cvs-Ala-Lvs-Val-Asn-Asn-Lvs-Asp-Leu-Pro-Ala-

Pro-fle-Glu-Lvs-Cvs-ne^^^-amide) and a linear hinge peptide (Acetyl-Glu^^^-Leu-Leu-

Gly-Gly-Pro-Ser-Val-Phe^^^), attached by an amide bond between Phe^^^ (hinge) and 

Lyŝ ^̂  (FG loop) (Sheridan et al, 1999). Several residues from the original mouse 

sequence of IgG2a were mutated in the design of this branched hinge-loop peptide, 

including substittition of Lys"^ and Thr̂ ^^ with cysteines to incorporate the disulphide 

consfraint in the loop peptide, the disulphide-constraint being placed at a non-hydrogen 
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bonding position of the loop to improve P-hairpin mimicry. In addition, Arg^̂ ^ within 

the P-sfrands of the loop was substituted with Lysine, to allow a branched amide bond 

to form between the e-amino of the lysine (loop) and the carboxy-terminus of the hinge 

peptide; Asn '̂'̂  was also substituted with a Glu in the hinge peptide, in order to improve 

the solubility of the branched hinge-loop peptide. 

The branched hinge-loop peptide was shown to bind FcyRI expressed on a monocyte 

U937 cells and displaced mIgG2a binding with an IC50 of 40 iiM (Sheridan et al, 

1999). In contrast, the linear version of the hinge-loop peptide did not displace mIgG2a 

binding to FcyRI, thereby emphasising the importance of the constraint (loop) in the 

inhibitory activity of the peptide (Sheridan et al, 1999). 

Another approach taken to identify peptide inhibitors of the FcyR-antibody interaction 

has involved synthesising 10-mer peptides (170), which span the entire extracellular 

region of the mouse FcyRH (mFcyRH), on pins using solid-phase peptide synthesis, and 

screening these for IgG binding. Of the peptides synthesised and tested, 2 peptides, 

peptide A (Arg'°^-Cys-His-Ser-Trp-Arg-Asn-Lys-Leu-Leu-Asn-Arg"^-amide) and 

peptide B (Cys'^^-Lys-Gly-Ser-Leu-Gly-Arg-Thr-Leu-His-Ghi-Ser-Lys'^^-amide) were 

identified which bound to mouse IgGl complexes and an anti-mFcyRH monoclonal rat 

IgG (2.4G2) (Goldsmith et al, 1997). fri addition, peptide A and B inhibited IgGl 

complex binding to mFcyRH by 80%) and 52%, respectively and homo- and hetero

dimers of these peptides (AA, AB, BB), coimected by a disulphide bridges at cysteines, 

were also synthesised and tested, in which peptides AA, AB and BB inhibited IgGl 

complex binding to mFcyRH by 100%), 80%) and 65%, respectively (Goldsmith et al, 

1997). 

hiterestingly, several of the residues in peptides A and B overlapped with residues in the 

BC and FG loop of FcyRs, respectively, which have been extensively shown to be 

involved in binding of FcyRs to the Fc portion of IgG (Hulett et al, 1994; Hulett et al, 

1995; Tamm et al, 1996; Goldsmith et al, 1997; Sondermann et al, 2000; Radaev et 

al, 2001a). However, scrambling the sequences of peptides A and B did not disrupt the 

ability of these peptides to disrupt IgG binding to mFcyRH indicating that no defined 

peptide structure was responsible for the inhibitory activity of these linear peptides and 
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that activity merely correlated with the net positive charge of the peptides (Goldsmith et 

al, 1997). 

There is now mounting support for the role of FcyRHa in inflammation, from mouse 

models, human genetic susceptibility studies and attempts to inhibit the interaction 

between IgG and FcyRs. In particular, the development of the recombinant soluble 

FcyRIIa (rsFcyRHa), shown to inhibit the IgG-FcyR interaction, in the early stages of 

the inflammatory response, demonstrates that this receptor is a promising target for the 

treatment of inflammatory diseases. The challenge now remains to develop inhibitors to 

FcyRHa, as lead compounds to treat the inflammatory diseases, with which this receptor 

has been extensively associated. 

1.11 Proposed strategy for the isolation of peptide inhibitors to 

FcyRIIa: 

In the tight of failures in the infancy of the rational design ofpeptide inhibitors to FcyRs 

and the success of phage display with FceRI, this project sought to use phage display to 

isolate a peptide-based inhibitor of FcyRHa. The low affinity Fc receptor, FcyRHa is an 

important immunological receptor involved in binding the Fc portion of 

immunoglobulin and a peptide inhibitor of FcyRHa would inhibit the interaction 

between this receptor and IgG complexes (ICs). Thus the discovery of a peptide 

inhibitor to FcyRHa is of therapeutic importance as mouse models and genetic 

susceptibility studies have demonstrated that the interaction between FcyRHa and ICs is 

central to inflammation in a number of autoimmune diseases such as rheumatoid 

arthritis, lupus (SLE) and thrombocytopenia (ITP). 

To-date, the design of therapeutics to treat inflammatory diseases such as rheumatoid 

arthritis have targeted inflammatory mediators, including tumour necrosis factor (TNF) 

and the interleukin-1 (IL-1), and while many of these have shown promise in clinical 

ttials, they act downstream in inflammatory responses. In contrast, being involved 

earlier in the inflammatory response, targeting FcyRs, may be of more value 

therapeutically (Feldmann et al, 1996; Feldmann, 2002; Hogarth, 2002). 
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FcyRHa is of particular interest because it is widely distributed on leukocytes, is absent 

from B and T lymphocytes, and is the only FcyR present on human platelets (Hogarth, 

2002). FcyRHa is also unique to other FcyRs because it does not requfre association 

with FcR y-chain for expression or initiation of signalling upon activation, like other 

FcyRs (FcyRI and FcyRHI) because it contains an ITAM in its cytoplasmic domain. In 

addition, FcyRHa acts as a surrogate signal transduction chain by coupling to other 

FcyRs (FcyRHIa) and through its ITAM initiating the signalling cascade (Hogarth, 

2002). Therefore peptide-based inhibitors of FcyRIIa would also serve as usefiil 

biological tools to study the biochemical and physiological role of this receptor in vitro 

and in vivo, as well as novel lead compounds for the development of therapeutics to 

treat inflammation in autoimmune disease. 

The aims of this research project described herein were to: 

- Chapter 2: screen "Ph.D." phage display-derived peptide libraries (linear and 

disulphide-constrained) (NEB) to isolate and identify peptide sequences which 

bind to FcyRHa; optimise the phage display screening process to reduce non

specific binding and obtain higher affinity binders; test the phage clones isolated 

and identified to determine sequences which bind target. 

- Chapter 3: test phage display-derived and chemically synthesised peptides for 

binding to FcyRHa based on consensus sequence obtained from phage display; 

optimise the method for testing binding to reduce non-specific binding; 

determine specificity and binding affinity. 

- Chapter 4: development of a recombinant minor coat protein, g3p, displaying 

the FcyRHa binding peptide, C7C1. 

- Chapter 5: solve the solution structure of the most promising peptide by NMR 

spectroscopy and molecular modelling, to determine regions of potential 

importance for binding FcyRHa. 
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Chapter 2 - Screening "Ph.D." phage display peptide libraries 

for peptide ligands on FcyRIIa. 

2.1 Introduction: 

To identify peptides, which bind FcyRHa, "Ph.D." phage display peptide libraries from 

New England BioLabs (NEB, Beveriy, MA, USA), were panned on FcyRHa fused to 

HSA (HSA-FcyRHa). Three different "Ph.D." phage display libraries are available and 

each of these were screened on HSA-FcyRHa, these include the "Ph.D.-7" library, a 7-

mer random-linear peptide library containing 2.8 x 10^ independent clones (from a total 

1.28 x 10^ possible combinations), the "Ph.D.-12" library, a 12-mer random-linear 

peptide library containing 1.9 x 10^ independent clones (from a total 4.1 x lO'^ possible 

combinations) and the "Ph.D.-C7C" library, a 7-mer random peptide library, in which 

peptides are constrained by two flanking cysteine residues and 3.7 x 10̂  independent 

clones are expressed. 

The "Ph.D." phage display peptide libraries are derived from the filamentous 

bacteriophage (phage) M B , which has been genetically engineered to display short 

peptides of variable length, within the minor coat protein, g3p (or glH), of which 3-5 

copies are displayed on the phage surface. These libraries therefore display peptides at 

low valency (3-5 copies), in contrast to phage libraries which display peptides on the 

major coat protein, gp8 (or gVIH), of which there are -2700 copies displayed on the 

phage surface and 10% of these expressing peptides, thereby displaying peptides at high 

valency (-270 copies). At high valency, the possibility of infroducing potent avidity 

effects during panning are increased and may cause peptides to be selected based on 

avidity rather than affinity. Phage display libraries, which display peptides at low 

valency, can reduce such avidity effects. 

MB is a filamentous, Escherichia coli (E.coli) specific, bacteriophage and uses the 

E.coli strain ER2738 (supplied by NEB) for infection and thus propagation. The E.coli 

ER2738 host strain (F' lacl^A(lacZ )M15 proA^B^ zzf:TnlO (Tet^)/fhuA2 supE thi 

A(lac-proAB)A(hsdMS-mcrB)5(r],'rr\^'McrBC)) carries a lacZa gene for blue/white 

plaque selection on X-Gal/IPTG plates (contaminating wild-type phage appear white), a 
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Tetracycline resistance gene (Tet ) and an F'-episome required for binding of the M B 

phage to the bacteria, during infection of the host strain with the phage, a process 

required for phage propagation. While other phage, such as lambda phage, T7 and T4, 

commonly used in phage display, are lytic phage, M B phage are non-lytic and 

therefore do not lyse the host strain during infection and propagation. This is a useful 

feature of M B phage because during phage propagation, the phage is PEG precipitated 

and purified, which removes almost all cellular proteins, and unlike lytic phage does not 

require lengthy purification steps. The removal of contaminating proteins during phage 

propagation is an essential process because cellular proteins such as proteases, which 

would degrade the target protein, must be removed before the amplified phage can be 

used in further rounds of panning. 
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2.2 Materials and Methods: 

2.2.1 General reagents and materials: 

"Ph.D.-7", "Ph.D.-12" and "Ph.D.-C7C" phage display peptide library kits were 

purchased from New England Biolabs, NEB (Beverly, MA, USA) and contain 100 ^1 

1.5 X lO'^ pfu/ml peptide phage display library, 100 |al of 1 pmol/|j,l -96 glH sequencing 

primer (5^-CCC TCA TAG TTA GCG TAA CG-3') for automated sequencing, E.coli 

ER2738 host strain (F' lacPA(lacZ )M15 proA'S^ zzf:TnIO (Tet^)/fhuA2 supE thi 

A(lac-proAB)A(hsdMS-mcrB)5(r],'m],'McrBC')), 1.5 mg lyophitised Streptavidin and 

100 fil lOmMBiotin. 

NaOH (Sodium Hydroxide), NaCl (Sodium Chloride), NaHCOs (Sodium Hydrogen 

Carbonate), Glycine-HCl, MgCl2»6H20 (Magnesium Chloride), glycerol, isopropanol 

and ethanol were purchased from Merck (Kilsyth, Vic, Australia); PEG-8000 

(Polyethylene Glycol-8000), Tris-HCl (Tris-Hydrochloride) and Tetracycline were 

purchased from Sigma (St Louis, MO, USA); Tween20 was from BDH Lab Supplies 

(Poole, England); NaNs (Sodium Azide) was from Ajax Chemicals (Sydney, Australia). 

Bacto-Tryptone, Bacto-Yeast Extract and Bacto-Agar were purchased from Becton 

Dickinson (BD) (Sparks, MD, USA); low melting temperature agarose was purchased 

from BMA products (Rockland, ME, USA); X-Gal (5-Bromo-4-chloro-3-indoyl-p-D-

galactoside) was from Boehringer Mannheim (Germany) and IPTG (isopropyl p-D-

thiogalactoside) was purchased from Progen (Darra, Qld, Australia). DTT 

(dithiothreitol) was from Bio-Rad (Hercules, CA, USA). 

HSA (Human Serum Albumin) was purchased from CSL (Parkville, Australia) and 

HSA-FcyRHa (M. Powell PhD Thesis 1996) was manufactured by Biotech (Australia). 

BSA (Bovine Serum Albumin) Fraction V was purchased from JRH Biosciences 

(Lenexa, KS, USA), IgG (Sandoglobulin) was purchased from Sandoz (Sydney, 

Australia) and anti-MB monoclonal antibody (subclass IgG2a) was purchased from 

Amersham Pharmacia (New Jersey, USA). 

QIAprep Spin M B and Plasmid Mini Kits were purchased from QIAGEN (Hilden, 

Germany), BDT (Big Dye Terminator) Version 3.0, MicroAmp reaction tubes and caps 

were purchased from Applied Biosystems (Foster City, CA, USA). 50 ml tubes were 
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purchased from Sarstedt (Germany); MaxiSorp, 96-well plates were purchased from 

Nunc (Denmark); 5 ml and 14 ml culture tube were purchased from Falcon (New 

Jersey, USA) and 250 ml Erienmeyer Flasks were purchased from Schott (Germany). 

2.2.2 General methods for phage display: 

For all experiments in which phage was used the buffers, media and equipment were 

sterilised by filtration and/or were autoclaved (where applicable) and sterile aerosol-

resistant pipette tips used. 

The general principle of specific phage isolation after successive rounds of panning, 

washing, elution and amplification was as follows: 

1. Plates were coated with HSA and HSA-FcyRHa as the target protein; plates were 

blocked to reduce non-specific (plastic) binders; 

2. Phage libraries were pre-incubated on HSA and the supematant recovered; 

3. Pre-adsorbed supematant was added to HSA-FcyRHa, incubated and washed; 

4. Phage were eluted either singly or sequentially using variations in elution 

conditions, including: 

specificity of elution buffer (specific: IgG (ligand), non

specific: glycine pH 2.2) and concentration of IgG; 

incubation time/temperature 

- addition of DTT to elution buffer, which disrupts disulphide-

bonds in constrained peptides 

5. Titer determination and amplification of pooled eluate; 

6. Selected clones isolated and sequenced 

The details of these steps were as follows (Flowchart 2.1): 

a. Coating plates for panning: 

For panning experiments, MaxiSorp 96-well plates (8 wells per protein) were coated 

with 150 îl of 100 fig/ml HSA and HSA-FcyRHa (made up in coating buffer: 0.1 M 

NaHCOs, pH 8.6) and the plates covered and incubated in a humidified box, ovemight 

at 4°C, with gentle agitation. Coating buffer was removed and wells were washed 6x 

with TBST (Tris-Buffered Saline: TBS, 50 mM Tris-HCl, pH 7.5, 150 mM NaOH 
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containing 0.1%o (w/v) Tween20). Blocking buffer (0.1 M NaHCOs, pH 8.6 containing 

0.5% (w/v) BSA), 200 )il/well, was added to protein-coated wells and the plates covered 

and incubated in a humidified box, for 1 hr at 4°C, with gentle agitation. 

b. Panning/Pre-adsorption: 

Wells were washed 6x with TBST, and phage, at a final concentration of lO" pfii/ml 

(diluted in TBST from NEB stock), was added, 100 |al/well, to HSA-coated wells (to 

remove "non-specific" and HSA binders) and the plates covered and incubated for 1 hr 

at room temperature (RT), with gentle agitation. Following this "adsorption step" 

supematant containing phage was then transferred to HSA-FcyRHa coated wells, the 

plates covered and incubated for a further 1 hr at RT, with gentle agitation. Unbound 

phage were then removed by washing the wells lOx with TBST, 200 }il/well. 

c. Phage elution-Round 1: 

Bound phage were eluted by adding 100 |ig/ml IgG (Sandoglobulin, in TBS), 100 

|il/well, to HSA-FcyRHa coated wells and the plates covered and incubated for 1 hr at 

RT, with gentle agitation. Phage eluate (Eluate lA) from the HSA-FcyRHa coated wells 

was then collected and pooled. 

The output titer of the eluate was determined by plaque forming assay (Section 2.2.2d). 

Phage eluate (Eluate lA) was then taken through successive rounds of panning (usually 

three to four) and amptification (Section 2.2.2/) (Flowchart 2.1). In addition, the 

stringency was increased in Rounds 2, 3 and 4 to select for the strongest binders by 

increasing the concentration of Tween20 in the TBST, from 0.1% (w/v) in Round 1 to 

0.5% (w/v) in Rounds 2-4. 

For panning the "Ph.D.-7" phage library, a sequential elution was carried out in Round 

4, following elution with 100 ng/ml IgG (Eluate 4A), by adding 1 mg/ml IgG to wells 

and incubating for 1 hr at RT, with gentie agitation (Eluate 4B) (Flowchart 2.1). Phage 

eluate from the final rounds of panning, Rounds 3 (Eluate 3 A) and 4 (Eluate 4A & 4B) 

was collected and pooled, and selected clones from each eluate isolated and sequenced 

(Flowchart 2.1). 
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Clones were isolated by randomly picking 10 blue plaques (clones), from plates of the 

plaque forming assay (Section 2.2.2^0, containing no more than 100 plaques; the 

selected clones amplified (small-scale) (Section 2.2.2g) and the DNA extracted and 

sequenced (Section 2.2.2/?). 
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Round 1 

Input: 100 \il 'Th.D.-7' library, 2.8 x 10^ clones, 1 x lO" pfii/ml 

Pre-adsorption: 100 p.g/ml HSA -> incubation -^ s/n recovered 

Panning: pre-adsorbed s/n -^ 100 |ig/ml HSA-FcyRHa -^ incubation -^ washing 

Elution I A: 100 |ig/ml IgG, 1 hr RT -^ Eluate lA 

Round 2 

Input: 100 |j,l ampHfied Eluate lA at 1 x lO" pfu/ml 

Pre-adsorption: 100 )ag/ml HSA -^ incubation —>• s/n recovered 

Panning: pre-adsorbed s/n -^ 100 |ig/ml HSA-FcyRHa -^ incubation -^ washing 

Elution 2A: 100 ^g/ml IgG, 1 hr RT ^ Eluate 2A 

Round 3 

Input: amplified Eluate 2B at 1 x lO" pfu/ml 

Pre-adsorption: 100 |J.g/ml HSA -^ incubation -^ s/n recovered 

Panning: pre-adsorbed s/n ^^ 100 |ig/ml HSA-FcyRHa -^ incubation -^ washing 

Elution 3A: 100 |ig/ml IgG, 1 hr RT ^ Eluate 3A* 

Round 4 

Input: amplified Eluate 3C at 1 x 10 pfli/ml 

Pre-adsorption: 100 )J.g/ml HSA -^ incubation -^ s/n recovered 

Panning: pre-adsorbed s/n -^ 100 |j,g/ml HSA-FcyRHa -^ incubation -^ washing 

Elution 4A: 100 |ig/ml IgG, 1 hr RT ^ Eluate 4A* 

i 
^Elution 4B: I mg/ml IgG, 1 hr RT ^ Eluate 4B* 

Note: RT-room temperature; s/n-supematant; *clones isolated and sequenced; 

^sequential to Elution 4A 

Flowchart 2.1. Steps involved in panning the "Ph.D.-7" phage display peptide library 

on HSA-FcyRHa. 
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d. Phage titer determination by plaque forming assay: 

To determine the phage titer, 10-fold serial dilutions of the phage eluate were performed 

in LB-Tet (IL LB: 10 g Bacto-Tryptone, 5 g Bacto-Yeast Extract, 5 g NaCl, containing 

20 îg/ml Tetracycline) (Sambrook et al, 1989), using dilution ranges of 10"'-10"^ (early 

rounds of panning) and lO'̂ '-lO"̂  (later rounds of panning) for the unampHfied phage 

and 10'^-10'" for the amplified phage. For each serial dilution performed, 10 |il was 

added to 200 |al of a 6 hour culture of E.coli host strain, ER2738 and incubated for -1-5 

min at RT, to permit host infection. The infected culture was then added to 3 ml top 

agarose (1 L LB, 1 g MgCl2»6H20, 7 g low melting temperature agarose (Sambrook et 

al, 1989), previously melted and pre-equilibrated to 48°C in a 5 ml culture tube. The 

mixture was immediately vortexed and poured onto a pre-warmed (37°C) IPTG/X-Gal 

plate (1 L LB: 15 g Bacto-Agar, containing 60 nM X-Gal and 0.21 mM IPTG 

(Sambrook et al, 1989). Once set (-15 min), the plate was incubated ovemight at 37°C. 

The blue plaques were then counted from plates containing no greater than 100 plaques, 

and the titer determined, as plaque forming units (pfu/10 jil), by multiplying the phage 

count by the dilution factor. 

e. Growth of the E.coli host strain, ER2738: 

E.coli host strain, ER2738 was incubated at 37°C, 200 rpm, for 6 hr (-mid-log phase, 

ODgoo -0.5) in 20 ml LB-Tet, in a 250 ml Erienmeyer Flask and the culture stored at 

4°C until required (storage longer than one week was avoided due to reduced viability 

of cultures). 

/ Phage propagation and amplification: 

For phage amplification (increasing phage titer), a 6 hr culture of E.coli, ER2738 was 

diluted 1:100 in 20 ml of LB-Tet, in a 250 ml Erienmeyer flask, and the culture 

inoculated with phage. For amplifying panned virus the eluate collected was used to 

inoculate the culture, while for smaU-scale amplifications of individual phage clones 10 

\il of phage was used to inoculate the culture. Once inoculated with phage, the culture 

was incubated for 4-5 hrs, 200 rpm, at 37°C, for phage amptification and incubations 

longer than 5 hours were avoided to prevent the propagation of phage deletion mutants. 
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The culture was then spun for 10 min, 10,000 rpm (RC5C centrifuge, SS-34 rotor, 

Sorvall) at 4°C, the supematant transferred to a new tube, which was spun for a further 

5 minutes (10,000 rpm, Sorvall) at 4°C. The top 80%) of the supematant was transferred 

to a 50 ml tube and a 1/6 volume of 20% (w/v) PEG-8000, 2.5 M NaCl, added. Phage 

were incubated ovemight at 4°C, to precipitate the phage and remove any contaminating 

cellular proteins. 

The precipitated phage was spun for 15 min (10,000 rpm, Sorvall) at 4°C, the 

supematant decanted and the pellet re-spun for 5 min (10,000 rpm, Sorvall). Any 

residual media (LB-tet) was removed with a pipette tip, with care taken not to disrupt 

the pellet, and the phage pellet was resuspended in 1 ml TBS. The resuspended phage 

was then spun for 5 min, 13,000 rpm (microfiige, Heraeus), at 4°C, to remove any 

undissolved matter and the supematant transferred to new tube. Phage were re-

precipitated by addition of 1/6 volume of 20% (w/v) PEG-8000, 2.5 M NaCl, and 

incubation for a minimum time of 1 hr, on ice. 

The precipitated phage was spun for 10 min, 13,000 rpm (microfiige, Heraeus), at 4°C, 

the supematant was removed and the pellet re-spun for 5 min, 13,000 rpm (microfiige, 

Heraeus) at 4°C. Any residual TBS was carefully removed with a pipette tip and the 

phage pellet resuspended in 50 pd TBS (containing 0.02% (w/v) NaNs to prevent 

bacterial growth). The phage titer was then determined by plaque forming assay (as 

described above). 

g. Small-scale amplification of individual phage clones for sequencing: 

Small-scale cultures were set up to sequence individual phage clones after the final 

round of panning (third or fourth round). For each of the different panning strategies 

performed 10 blue plaques were randomly picked, from plates containing no more than 

100 plaques (incubated for no longer than 18 hrs at 37°C, to prevent deletion mutants 

being expressed), with sterile wooden sticks and these were placed into individual 14 ml 

culttire tubes, containing a 1/100 dilution of a 6 hr culture of ER2738, in 1.5 ml LB-Tet. 

CulUires were incubated for 4-5 hrs, 200 rpm, at 37°C, to amplify the phage. The culture 

was then spun for 30 seconds, at 10,000 rpm (microfiige, Heraeus), at 4°C, and the 
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supematant transferred to a new tube, which was spun for a further 30 seconds (10,000 

rpm, Heraeus) at 4°C. The top 80%) of the supematant was then collected for DNA 

extraction and for storage of the phage clones as 50% (v/v) glycerol stocks, at -20°C, for 

fiiture use. 

h. Dideoxy Sequencing of individual phage clones: 

For sequencing the phage DNA was extracted using either the QIAprep Spin M B Kit 

for single-stranded DNA (ssDNA) extraction or the Plasmid Mini Kit for double-

stranded DNA (dsDNA) extraction using the protocol provided by the manufacturer. 

For each clone sequencing was carried out using the Big Dye Terminator Sequencing 

Reaction (Version 3.0), in which -500 ng DNA, 10 ng M B -96 glQ (reverse) 

sequencing primer (5'-CCC TCA TAG TTA GCG TAA CG-3') (NEB, USA), 4 |al BDT 

(Big Dye Terminator) reaction mix were placed into a capped MicroAmp tube. The 

PCR (Polymerase Chain Reaction) protocol involved 30 amptification cycles: 10 s at 

96°C, 5 s at 50°C, 4 min at 60°C and held at 4°C on completion (PTC-200 Peltier 

Thermal Cycler). To purify and precipitate the PCR reaction products, isopropanol was 

added to the PCR reaction mix to a final concentration of -60%, briefly vortexed and 

incubated at RT for 15 minutes to precipitate the extension products. The DNA was 

pelleted by centrifiigation for 20 minutes, at 13,000 rpm (microfiige, Heraeus), at RT. 

Supematant was decanted, the pellet washed by adding 250 ml 70% (v/v) ethanol and 

vortexing briefly, and then spun for 5 min (13,000 rpm, Heraeus) at RT. The 

supematant was decanted and the pellet dried at 90°C for 1 min. 

The DNA from the individual phage clones was sequenced at the Ausfralian Genome 

Research Facility (AGRF) at Parkville, Ausfralia. 

2.2.3 Panning method used with the "Ph.D.-12" phage display peptide library: 

To screen the "Ph.D.-12" phage display peptide library on HSA-FcyRHa, the general 

method for panning the "Ph.D.-7" phage display library was used except with several 

adaptations made to reduce non-specific binding of phage, with the aim of identifying 

higher affinity binders. One such adaptation was the addition of 0.5% (w/v) BSA to the 

TBST used to dilute the phage stock and to the TBS used to make the 100 jig/ml IgG 

elution buffer. Three rounds of panning were carried out with the "Ph.D.-12" phage 
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display library, with two different methods used to elute the bound phage, which 

included an elution with 100 ^ig/ml IgG (as described previously. Section 2.2.2c), and 

an acid elution (Flowchart 2.2). For the acid elution 0.2 M Glycine-HCl, pH 2.2, 

containing 1 mg/ml BSA was added to wells, 100 |ul/well, incubated for no longer than 

10 minutes at RT, the eluate collected and neutralised with 15%) (v/v) IM Tris-HCl (pH 

9.1), to prevent disruption to phage viability. Clones from the final round of panning. 

Round 3, Eluate 3A and 3B (Flowchart 2.2) were isolated and sequenced, and the 

sequences obtained were then compared for the two different elution strategies used. 

A simultaneous control experiment was also carried out by panning the "Ph.D.-12" 

phage display peptide library on Streptavidin (as recommended by the manufacmrer) 

since a common Streptavidin-binding motif (His-Pro-Gln) has already been established 

by other groups, from parming phage display peptide libraries (linear 15-mer, cyclic 6-

mer, 7-mer and 8-mer peptides) on Streptavidin (Devlin et al, 1990; Giebel et al, 1995; 

Zang et al, 1998). Parming on Streptavidin involved using the general method for 

panning (described previously) except that 8 wells from the Maxisorp 96-well plate 

were coated with 150 |LI1 of 100 M.g/ml Streptavidin, and bound phage were eluted with 

100 jll of 0.1 mM Biotin. In addition, Streptavidin was added to the blocking buffer, to 

complex with any Biotin, which may have been present in the BSA (as recommended 

by the manufacturer) and would bind to the Streptavidin, coated on the plate, preventing 

phage from binding. 
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Round 1 

Input: 100 ^1 'Th.D.-12" library, 1.9 x 10^ clones, 1 x lO" pfti/ml 

Pre-adsorption: 100 }xg/ml HSA -^ incubation -^ s/n recovered 

Panning: pre-adsorbed s/n -^ 100 )a,g/ml HSA-FcyRHa -^ incubation ^ washing 

i 
Elution lA: 100 |ig/ml IgG, 1 hr RT -> Eluate lA 

# £;/wrio« 75.- M Glycine-HCl, pH 2.2. -^ Eluate IB 

Round 2 

/npwr.- 100 |al amptified Eluate lA & IB at 1 x lO" pfii/ml 

Pre-adsorption: 100 jiig/ml HSA —> incubation -> s/n recovered 

Panning: pre-adsorbed s/n —> 100 |j.g/ml HSA-FcyRHa -> incubation ^ washing 

i 
hiput Eluate lA ^ Elution 2A: 100 |ig/ml IgG, 1 hr RT ^ Eluate 2A 

hiput Eluate IB -^ **Elution 2B: 2 M Glycine-HCl, pH 2.2 -^ Eluate 2B 

Round 3 

Input: 100 |il amptified Eluate 2A & 2B at 1 x lO" pfu/ml 

Pre-adsorption: 100 |a.g/ml HSA -> incubation -> s/n recovered 

Panning: pre-adsorbed s/n ^ 100 )j.g/ml HSA-FcyRHa -^ incubation ^ washing 

i 
Liput Eluate 2A -^ Elution 3A: 100 )Lig/ml IgG, 1 hr RT ^ Eluate 3A* 

hiput Eluate 2B -^ *Elution 3B: 2 M Glycine-HCl, pH 2.2 -> Eluate 3B* 

Note: RT-room temperature; s/n-supematant; ^'independent from Elution A; *clones 

isolated and sequenced 

Flowchart 2.2. Steps involved in panning the "Ph.D.-12" phage display peptide 

library on HSA-FcyRHa. 
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2.3.4 Adapted panning method used with the "Ph.D.-C7C" phage display peptide 

library: 

The "Ph.D.-C7C" phage display peptide library was also panned on HSA-FcyRHa using 

the general method used for panning the "Ph.D.-7" phage display library, except with 

several adaptations made to reduce non-specific binding and to increase the stringency, 

thereby increasing the selection of higher affinity phage binders. One means of 

increasing the stringency involved parming on a low concentration (5 |J.g/ml) of HSA-

FcyRHa, as well as the standard concentrations (100 p-g/ml) of HSA-FcyRHa. With 

lower concentrations of target protein coated on the plate the competition for binding 

between the phage would be increased. In addition, since the "Ph.D.-C7C" phage 

display peptide library contains peptides constrained by a disulphide bond, bound phage 

were eluted with 1 mM DTT (dithiothreitol) for 1 hour at RT, which disrupts the 

disulphide bond, therefore eluting peptides which rely on the constraint in order to bind. 

The strategy for panning the "Ph.D.-C7C" phage display peptide library was also more 

extensive with variations made in incubation times and temperatures, and concentration 

of ligand (IgG) (Flowchart 2.3). In addition, in Rounds 2 and 3 phage were panned on 5 

and 100 |ig/ml of HSA-FcyRHa, pre-adsorbed on 5 and 100 jiig/ml HSA, respectively (-

5 and -100, Flowchart 2.3). Following the first round of parming, phage were eluted 

sequentially with 100 |J.g/ml IgG, the eluate collected (Eluate lA, Flowchart 2.3) and a 

subsequent elution carried out using a high concenfration of IgG (10 mg/ml), incubated 

ovemight at 4°C, and collected (Eluate IB, Flowchart 2.3); Eluate lA and IB were not 

combined. Eluate lA and IB were each individually amplified and taken through to a 

second round of panning, as described for Round 1, except an additional sequential 

elution was carried out with 1 mM DTT, incubated for 1 hr at RT (Eluate 2C, Flowchart 

2.3). Eluates collected (Eluate 2A, 2B, 2C) were not combined and were each 

individually amplified. These eluates were then taken through to a third round of 

panning (as described for Round 2). By the final round of panning (Round 3) a total of 

six different eluates were collected (Eluates 3A-5, 3A-100, 3B-5, 3B-100, 3C-5 and 3C-

100, Flowchart 2.3); these were titered, 10 clones isolated from each, the DNA 

extracted and a total of 60 clones were sequenced. 
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Round 1 

Input: 100 ^1 'Th.D.-C7C" library, 3.7 x 10^ clones at 1 x lO" pfii/ml 

Pre-adsorption: 100 )J.g/ml HSA -^ incubation -^ s/n recovered 

Panning: pre-adsorbed s/n -^ 100 |ig/ml HSA-FcyRHa -^ incubation -^ washing 

Elution I A: 100 |ag/ml IgG, 1 hr RT ^ Eluate lA 
i 

^Elution IB: 10 mg/ml IgG, o/n, 4°C -^ Eluate IB 

Round 2 

/«/7wr.- 100 10,1 amptified Eluate lA and IB at 1 x lO" pfu/ml 

Panning*: 5 )ig/ml (5) 100 îg/ml (100) 
(HSA-FcyRHa) i i 

Elution 2A: 100 |ig/ml IgG, 1 hr, RT -> Eluates: 2A-5 2A-100 

^Elution 2B&2C (independently): -^ Eluates: 2B-5, 2C-5 2B-100, 2C-100 

Elution 2B: 10 mg/ml IgG, o/n, 4°C an^d Elution 2C: 1 mM DTT, 1 hr, RT 

Round 3 

Input: 100 jLil amplified Eluates (at 1 x lO" pfu/ml): 

2A-5 2A-100 2B-5 2B-100 2C-5 2C-100 
Panning*: 5 100 5 100 5 100 
(HSA-FcyRHa, ^ig/ml) 

Eluates: 3A-5* 3A-100* 3B-5* 3B-100* 3C-5* 3C-100* 

Elution: 3A. 100 |ig/ml IgG, ^35. 10 mg/ml IgG, ^3C 1 mM DTT, 
1 hr, RT o/n, 4°C 1 hr, RT 

Note: s/n-supematant; RT-room temperature; o/n-ovemight; DTT-dithiothreitol 

(dismpts disulphide-bonds); ^sequential to Elution A (100 |J.g/ml IgG, 1 hr, RT); *pre-

adsorbed on HSA (5 or 100 |Lig/ml); *Eluates from which clones were sequenced 

Flowchart 2.3. Steps involved in panning the "Ph.D.-C7C" phage display peptide 

library on HSA-FcyRHa. 
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2.2.5 Panning with the "Ph.D.-C7C" phage display peptide library repeated with 

increased stringency: 

Panning with the "Ph.D.-C7C" phage display peptide library was repeated, in which the 

library was panned on plates coated with low concentrations (0.05, 0.5 and 5 jig/ml) of 

HSA/HSA-FcyRHa, in order to further increase the stringency and to select for higher 

affinity binders. In addition, bound phage were eluted with 1 mM DTT (for 1 hr at RT) 

from Rounds 1 to 3, because DTT disrupts the disulphide constraint and therefore 

selects for peptides, which rely on the constraint to bind. Furthermore, eluting with 1 

mM DTT throughout (from Rounds 1 to 3) would mean that the initial pool (Round 1) 

of peptides would be selected based on the disulphide constraint with higher affinity 

constrained peptides being emiched for in subsequent rounds (Rounds 2 and 3). In 

contrast, in the previous parming method used (Section 2.2.4), in which the phage were 

eluted with 100 |ag/ml IgG (Round 1), followed by 1 mM DTT in subsequent rounds 

(Rounds 2 and 3), peptides eluted in the first round would not have been selected based 

on the disulphide constraint and instead may have been removed with the IgG (100 

jag/ml) elution. 

2.2.6 C/wsfa/X (version 1.81) alignment of individual phage sequences: 

Sequences obtained were aligned using C/w^ra/X(version 1.81) (Thompson et al, 1997; 

Jeanmougin et al, 1998) to determine regions of homology. GeneDoc (version 2.6.002) 

(Nicholas and Nicholas, 1997), which is a computer software programme used for 

editing and annotating multiple sequence alignments, was used to annotate the 

conserved regions from within the C/w^ra/Xaligned peptide sequences. 

2.2.7 Statistical analysis of peptide sequences identified from the "Ph.D." phage 

display peptide libraries (NEB): 

To determine the likelihood that the "Ph.D." phage display peptide library contains a 

particular peptide sequence, the probability was calculated as described by the 

manufacturer (NEB). For each "Ph.D." phage display library, the frequency of 

distribution of each amino acid has been assessed by NEB, by sequencing 70, 83 and 

110 clones from the "Ph.D.-7", "Ph.D.-12" and "Ph.D.-C7C" phage display peptide 

libraries, respectively (Phage Display Peptide Library Kit, Instruction Manual, p.21). 

Based on the available frequencies of distribution, the absolute probability (p) of 
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obtaining a particular sequence was calculated by multiplying the observed frequencies 

(divided by 100 to convert from a percentage to a decimal value) for each of the 

residues within a particular peptide sequence (Phage Display Peptide Library Kit, 

Instruction Manual p.22). The expected number of clones (A,) displaying a particular 

sequence was then calculated by multiplying the absolute probability (p) by the 

complexity (n) of the library from which the sequence was identified (2.8 x 10^ 2.7 x 

10̂  and 1.2 X 10^ for the "Ph.D.-7", "Ph.D.-12" and "Ph.D.-C7C" phage display peptide 

libraries, respectively). The probabilify P(A:) of the library containing exactly k clones 

displaying a particular peptide sequence was then calculated using the Poisson 

distribution: 

V{k)= e" V/A:! 

where: P(A:) is the probability 

e is the base of natural logarithm (2.71828) 

k is the occurrence 

X is the expected number of occurrences (np) 

Thus, to determine the probability (P) that the library being panned contains at least one 

copy of a particular sequence the following calculation was used: 

P(yt>0)=i-P(0) 

where, P(0)= e'̂ î̂ /O! ;X=np, X°= 1 and 0! = 1 

therefore, ?(k>0)= 1-e""̂  

2.2.8 Phage Capture Assay of phage clone binding to FcyRIIa: 

To establish whether phage clones bound to HSA-FcyRHa, phage capture assays were 

performed rather than ELISA (enzyme-linked immunosorbent assay) because the anti-

MB monoclonal antibody (subclass IgG2a) used to detect phage binding, also binds 

strongly via its Fc, to HSA-FcyRHa, and F(ab')2 fragments of anti-MB mAb are 

currently not available. Nonetheless, the phage capture assay is a useful method for 

analysing individual phage for binding to a protein target because this assay the read-out 

obtained is a phage titer and therefore is a direct measure of phage binding rather than 

an indirect measure via an enzymatic reaction as occurs in ELISA. 
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The method used for the phage capture assay was adapted from George Smith 

(www.biosci.missouri.edu/smithgp/phagedisplaywebsite) and (Brett et al, 2002). A 

Maxisorp 96-well plate (8-wells per protein) was coated with 5 |j,g/ml BSA (control), 

HSA, and HSA-FcyRHa (made up in coating buffer), 150 ^1/well, and the plate covered 

and incubated ovemight in a humidified box at 4°C, with gentle agitation. Wells were 

washed 5x with TBST (0.5% (w/v) Tween20), 200 |al/well, blocking buffer, 200 

[il/well, was then added to the wells and the plate covered and incubated for 1 hr, in a 

humidified box at 4°C, with gentle agitation. The phage clones (amplified as described 

above) were added to the BSA/HSA-coated weUs at 1 x lO" pfu/ml (diluted in TBST 

containing 0.5% (w/v) BSA), 100 |al/well, and the plate covered and incubated for 1 hr, 

at RT, with gentle agitation. The phage were then transferred from the HSA- to the 

HSA-FcyRHa coated wells, and the plate incubated for a fiirther hour. Unbound phage 

were removed and the wells were washed 10 times with TBST (0.5% (w/v) Tween20), 

200 |il/well. The bound phage was eluted with addition of either 100 |ag/ml IgG or 1 

mM DTT (depending on which buffer was used originally to elute the bound phage), 

and the plate covered and incubated for 1 hr at RT, with gentle agitation. Phage from the 

BSA- and HSA-FcyRHa coated wells was collected and separately pooled. The output 

titer (phage capture) of the phage eluate collected from the BSA- and HSA-FcyRHa 

coated wells was determined by plaque forming assay. 
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2.3 Results: 

2.3.1 Panning the "Ph.D.-7" phage display peptide library on FcyRHa: 

The "Ph.D.-7" (linear 7-mer) phage display library was panned on plates coated with 

100 îg/ml HSA/HSA-FcyRHa for three rounds, in which there was a 3-fold increase in 

the output titer from Round 1 to 2 of panning and a decrease in the output titer, similar 

to that obtained from Round 1, following the third round of panning (Figure 2.1). Thus 

the output titer reached a plateau after 2 rounds of parming therefore 10 clones from 

Round 3 were picked and sequenced. The peptide sequences obtained were aligned 

using C/w r̂a/X (version 1.81) and there did not appear to be an obvious consensus in the 

sequences obtained (Table 2.1). However, there were some regions of homology 

present, in particular with an abundance of serine and threonine, which are both polar 

amino acids with similar side-chains, and proline, which is a structurally important 

residue because it has limited flexibility due to a covalent bond formed between its side-

chain and backbone imino nitrogen (lacks a hydrogen) and therefore adds rigidity to the 

protein backbone. 

To determine whether an additional round of panning would lead to a consensus 

sequence being obtained, a fourth round was carried out, in which phage were first 

eluted with elution buffer containing a standard concentration (recommended by NEB, 

100 |J.g/ml), of a ligand specific for FcyRHa, IgG (Sandoglobulin), followed by elution 

with buffer containing a higher concentration of IgG (1 mg/ml). The latter elution was 

performed to potentially identify higher affinity binders, by increasing the competition 

between the IgG and the bound phage, for binding to FcyRHa. Following the fourth 

round of panning there was evidence of wild-type phage contamination, however, phage 

from the "Ph.D.-7" phage display peptide library, which contain the LacZa gene, 

appear blue on X-Gal/IPTG plates and can therefore be distinguished from wild-type 

phage for sequencing, because wild-type phage lack the LacZa gene and appear white 

on X-Gal/IPTG plates. Also noted was a -lOO-fold decrease in the output titer of phage 

eluted with 100 |ig/ml IgG, after the fourth round of panning (Figure 2.1). This may 

have occurred due to an artefactual in vivo selection of the wild-type phage over the 

peptide-fused phage from the library, during amplification, since the fusion of peptides 

to the phage minor coat protein has been established to reduce the infectivity of the 

phage (NEB FAQs). 
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hi contrast, for phage eluted with a higher concentration of IgG (1 mg/ml), in the fourth 

round of panning, the output titer was - 10-fold higher compared to the output titer 

obtained for phage eluted with the standard 100 p.g/ml of IgG in the fourth round of 

panning. This may have occurred because elution with 100 fig/ml IgG was not sufficient 

to elute all phage bound to FcyRIIa and a higher concentration of IgG (1 mg/ml) was 

required to elute any remaining phage bound to FcyRHa. Following the fourth round of 

panning, 9-10 clones were sequenced from both the 100 |ig/ml IgG elution and 

subsequent 1 mg/ml IgG elution and these sequences were aligned using ClustalX 

(version 1.81). Of the sequences obtained there was no clear evidence of a consensus 

obtained, with either the standard concentration of IgG (100 p-g/ml) or the subsequent 

higher concentrations of IgG (1 mg/ml), used to elute the phage. 

However, an overall comparison of the sequences obtained from parming the "Ph.D.-7" 

phage display library, following Rounds 3 and 4, indicated that the following sequences, 

SPPFKPT, LAGHSVR and ESRMPST appeared more than once and were present in 

the three different groups of sequences obtained (Table 2.1). To determine whether the 

presence of these repeated sequences and the abundance of proline, threonine and serine 

were important the amino acid distribution of the "Ph.D.-7" phage display peptide 

library (provided by NEB), in which 70 clones were sequenced to determine the 

frequency of amino acids in the random 7-mer peptide insert of the "Ph.D.-7" phage 

library, was analysed to establish the observed frequency of these amino acids in the 

library (Figure 2.2). Interestingly, for the most abundant residues obtained from panning 

the "Ph.D.-7" phage display library, the observed frequencies of these amino acids, in 

the 70 clones sequenced by NEB, from this library, was greater than 10%, with the 

observed frequency of threonine, proline and serine being 10.8%), 13.1% and 11.8%, 

respectively. These observed frequencies were relatively high compared to the observed 

frequencies of the other possible amino acids in the random, 7-mer peptide insert, of the 

"Ph.D.-7" phage library, which had observed frequencies less than 10% (Figure 2.2). hi 

addition, the probabilify that the "Ph.D.-7" phage display peptide library, contains at 

least one copy of the sequences, SPPFKPT, LAGHSV(RyP) and ESRMPSJ, approaches 

100%, based on the amino acid distributions, provided by NEB, which suggests that 

these peptides may have been favoured for selection, due to their abundance in the 

"Ph.D.-7" phage display peptide library. Thus it is difficult to ascertain whether these 
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peptide sequences, and the abundance of certain residues are important structurally or 

electrostatically to the binding of linear 7-mer peptides to FcyRHa. The abundance of 

amino acids (peptide sequences) must therefore be considered when analysing peptide 

sequences obtained from screening phage display libraries to avoid possible 

misinterpretation of the sequences obtained. 

While in theory all twenty amino acids should be expressed at relatively the same 

frequency, this was not observed in a quantitative assessment of the sequence diversity 

in different phage display peptide libraries, which included the "Ph.D." phage display 

libraries (NEB). From these studies, there was an abundance of certain residues in the 

peptide sequences, as well as biases in the position of residues in the peptide sequences 

(Rodi et al, 2002). The bacterial host strain used for infection and propagation of the 

phage display library can influence the frequency and position of certain residues 

present in peptide sequences obtained from panning. It has been found that efficient 

insertion of the phage minor coat protein, into the inner membrane of some strains oiE. 

coli, is inhibited by the presence of positively charged amino acids (Arginine and 

Lysine) in the peptide, fused to the phage minor coat protein, thus causing the assembly 

and extmsion of the phage particle from the host cell to be prevented (Peters et al, 

1994). Therefore peptide sequences with moderate to high affmify for FcyRHa may not 

be obtained from panning because if they are present in low frequency, less favourable 

infectivify and propagation may cause them to be selected-out during amplification 

(Rodi era/., 2002). 
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Figure 2.1. Output titers from parming the "Ph.D.-7" (linear 7-mer) phage display 

peptide library, on plates coated with 100 iig/ml HSA/HSA-FcyRHa. For the fourth 

round of panning, phage were eluted with 100 j:ig/ml IgG, followed by 1 mg/ml IgG. 
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Table 2.1. Comparison of peptide sequences obtained from parming the "Ph.D.-7" 

(linear 7-mer) phage display peptide library, on plates coated with 100 )ig/ml 

HSA/HSA-FcyRHa. 

Round 3 Round 4 Round 4 

(1 mg/ml IgG) 

-SPPFKPT-
-HPPMKAR-
--QGVKSPP 
-ESRMPST-
-SSTMPRS-
-SVIIPPP-
TTPTLRL--
-LAGHSVP-
-MIKQSLA-

TKLGTVW— 
-QSGWPWS-
-EGGLQTE-
—VNLTPHL 
VLIDRTP— 
-ESRMPST-
-SIPETNS-
-KQPYLHA-
-TLRAQDS-
—MNQAQRL 

VIGPQPS--

--GNTPSRA 

—TPMAAVL 

—NSTPTGV 

—TSVPALS 

-LAGHSVR-

--GKHTNAE 

—SPPFKPT 
-HAIYPRH-

Sequences were aligned using ClustalX (version 1.81); conserved residues are shown in 

bold and repeated sequences are shaded in grey. Residues are denoted by the single 

amino acid letter code. 
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Figure 2.2. Distribution of amino acids for the different "Ph.D." phage display 

peptide libraries ("Ph.D.-7", "Ph.D.-12" and "Ph.D.-C7C") plotted based on results 

provided by NEB (Phage Display Peptide Library, Instruction manual, p.21). To 

determine amino acid distributions ofpeptide inserts, 70, 83 and 110 clones, from the 

"Ph.D.-7", "Ph.D.-12" and "Ph.D.-C7C" phage display peptide libraries (NEB), 

respectively, were sequenced. These distributions were used to determine the 

probabilify of a library containing at least one copy, of a particular peptide sequence, 

obtained from parming, so as to establish the likelihood of a particular peptide motif 

being expressed. Residues are denoted by the single amino acid letter code. 
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2.3.2 Panning the "Ph.D.-12" phage display peptide library on Streptavidin 

(Panning Control): 

The "Ph.D.-12" (linear 12-mer) phage display peptide library was panned on 

Streptavidin, and eluted with a Streptavidin-specific ligand, Biotin, as recommended by 

the manufacturer (NEB), to control for panning, since several groups have afready 

screened several different phage display peptide libraries on Streptavidin, and have 

identified a common Streptavidin-binding motif, His-Pro-Gln (HPQ). A linear phage 

display library, expressing random 15-mer peptides, was screened on Streptavidin and 

sequences obtained, from the peptides isolated, contained the HPQ motif, and these 

peptides were specific for Streptavidin, as the binding of phage expressing this sequence 

was inhibited with Biotin (Devlin et al, 1990). Similarly, a set of cyctic, hepta-, hexa-

and octa-peptide phage display libraries has been screened on Streptavidin and the 

Streptavidin-binding motif, HPQ was also identified, albeit, the cyclic peptides 

identified from parming on Streptavidin had affinities up to 3-fold higher (nanomolar 

affinity) than the linear peptides identified earlier by Devlin J., et al. (1990) (Giebel et 

al, 1995). A synthetic library of cyctic peptide lactams (N-to-side-chain cyclized) has 

also been screened for binding to Streptavidin and once again HPQ (HPQF) was 

identified as the critical Streptavidin-binding motif of the cyclic peptide lactams. These 

peptides bound to Streptavidin with nanomolar affinity, which were also higher affinity 

than those obtained with the linear peptide library (Zang et al, 1998). Thus, the "Ph.D.-

12" phage display peptide library was parmed on Streptavidin to evaluate panning, since 

a common binding motif has already been established using a number of different phage 

display libraries, with the aim of similarly obtaining this motif 

Upon panning the "Ph.D.-12" phage display peptide library on Streptavidin (control 

panning), there was a -100-fold increase in the output titer obtained from parming 

Rounds 1 to 2, which stabilised after Round 3 to an output titer similar to that obtained 

after Round 2 of panning (Figure 2.3). Therefore nine phage clones were sequenced 

after the third round of parming and the sequences aligned using ClustalX (version 

1.81), as well as being analysed for the Streptavidin-binding motif, HPQ. Of the peptide 

sequences obtained from screening the "Ph.D.-12" (linear 12-mer) phage display 

peptide library on Streptavidin, 2 sequences contained the known HPQ Streptavidin-

binding motif and 2 other sequences contained part of this motif, QP (-H) (Table 2.2). 

Therefore panning of the "Ph.D.-12" phage display peptide library on Streptavidin was 
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effectively carried out, however, the absence of the expected Streptavidin-binding 

motif, HPQ, in several of the peptide sequences obtained, suggests that there may have 

been non-specific binding which could be reduced by increasing the stringency in the 

panning sfrategy. 
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Figure 2.3. Output titers from parming the "Ph.D.-12" (linear 12-mer) phage display 

peptide library, on plates coated with 100 jig/ml Streptavidin (panning control); phage 

were eluted with 0.1 M Biotin. 
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Table 2.2. Comparison ofpeptide sequences obtained from parming the "Ph.D.-12' 

(linear 12-mer) phage display peptide library on Sfreptavidin. 

Round 3 

YSKTTMPPAPSS 

TMQPPAQKLRLS 

-QTLTFAQLPREP--

-NTLYFHPQNDIP--

LILKPTPGNPEL 

-SPNSILTQPSQF--

DYNTIQIPNPVY 

-INWSWVSSSHPQ— 

YPHTAWITSKDY 

Plates were coated with 100 |ag/ml Streptavidin; phage were eluted with 0.1 M Biotin. 

Sequences were aligned using C/w^ra/X (version 1.81); conserved residues are shown in 

bold and the known Streptavidin-binding motif (HPQ) or similar (QP) are shaded in 

grey. Residues are denoted by the single amino acid letter code. 
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2.3.3 Panning the "Ph.D.-12" phage display peptide library on FcyRIIa: 

The "Ph.D.-12" (linear 12-mer) phage display peptide library was panned on plates 

coated with 100 )J.g/ml HSA/HSA-FcyRHa, and bound phage were eluted with buffer 

containing a standard concentration, of a ligand specific for FcyRHa (100 |ig/ml IgG), 

or with a non-specific, acid elution (glycine, pH 2.2). The output titer of bound phage 

eluted with the acid elution (glycine, pH 2.2), decreased ~8-fold, from Round 1 to 2 and 

then stabilised from Round 2 to 3, with only a slight (-1.6-fold) increase in output titer 

(Figure 2.4). In contrast, the output titers of bound phage eluted with 100 |ag/ml IgG, 

from Round 1 to 2, and Rounds 2 to 3, did not change dramatically, with only a -1.6-

fold and a -1-fold increase, in phage output titers, respectively (Figure 2.4). Therefore 

after Round 3, 9-10 clones were sequenced from both the 100 jig/ml IgG and the acid 

elution (glycine, pH 2.2), and were aligned using ClustalX (version 1.81). 

An unexpected outcome from parming the "Ph.D.-12" phage display peptide library on 

FcyRHa was that several 7-mer peptides rather than 12-mer peptides were obtained, 

which was not expected from this library. The presence of 7-mer peptides in peptide 

sequences obtained from panning the "Ph.D-12" phage library was unlikely to have 

resulted from in-house cross-contamination of the two phage display libraries because 

paiming with the "Ph.D-12" phage library was not carried out simultaneously with the 

panning of the "Ph.D.-7" phage display library. In addition, the "Ph.D.-12" phage 

display library was panned on Streptavidin, in parallel with the panning on FcyRHa, and 

when panned on Streptavidin, only 12-mer peptide sequences were obtained. However, 

it is possible the 7-mer peptides obtained, from the "Ph.D.-12" phage library, may have 

resulted during the construction of the library, and even a low frequency of 7-mer 

peptides may have been selected either by a growth advantage or binding to the FcyRHa 

target. 

hiterestingly, acid elution (glycine, pH 2.2), of the "Ph.D.-12" phage display peptide 

library, resulted in a combination of both 7- and 12-mer peptides sequences being 

obtained, with a majority being 12-mer peptides sequences and a clear consensus was 

not evident from the peptide sequences obtained (Table 2.3). In contrast, for the 100 

p.g/ml IgG elution only 7-mer peptides were obtained and of these six unique sequences 

were obtained with multiples of the peptide sequences TPITQLL (3/9) and HTAATLV 
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(2/9) being selected (Table 2.3). Interestingly, two of the peptide sequences 

(LAGHSVR and HAIYPRH) obtained from the 100 |ag/ml IgG elution of the 12-mer 

peptide library were identical to peptides obtained from panning the 7-mer peptide 

library (Tables 2.1 and 2.3). In addition, for the most frequently occurring peptide 

sequences (TPITQLL and HTAATLV) there was a high degree of homology, in 

particular at the C-terminus of these peptides, with hydrophobic-branched amino acids, 

LL(V) (5/9) (Table 2.3). Since it has long been estabtished, based on extensive studies, 

that the lower hinge region (LLGG), of the Fc portion of IgGl, is critical in binding to 

FcyRs, this sequence was aligned with the frequently occurring phage peptide sequences 

(TPITQLL and HTAATLV), using ClustalX (version 1.81). The conserved linker 

residues (-GGGS) located at the C-terminus of the phage display peptides, used in the 

construction of the library, were also included in the sequence alignment because they 

may be important in the presentation of the random peptide sequences on the phage. 

Interestingly, there was a high degree of homology between the lower hinge region 

(LLGG), of the Fc portion of IgGl, and the frequently occurring peptide sequences 

(TPITQLLGGG5 and HTAATLVGGG5), especially at the C-terminus, with the highest 

degree of homology at residues LL(V)GG-<S (Table 2.4). 
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Figure 2.4. Output titers from panning the "Ph.D.-12" (linear 12-mer) phage display 

peptide library on plates coated with 100 p.g/ml HSA/HSA-FcyRHa. The standard 

concentration (100 )ig/ml) of IgG or an acid elution (2 M Glycine-HCl, pH 2.2) was 

used to elute the bound phage. 

126 



Table 2.3. Peptide sequences obtained from panning the "Ph.D.-12" (linear 12-mer) 

phage display peptide library on HSA-FcyRHa. 

Round 3 

Glycine-HCl, pH 2.2 100 \xg/m\ IgG 

-G—NTPSRA 

-G—NTRAPL 

VH NNAARTGSPP-

-GIQLANPPRLYG 

-NYVHNHPYGTVG 

-T—LPSPLALLTVH-

-NYVVTPGFERLY 

-NPHITPGWDTNH 

-T THHYGYYKSGY 

-S-IEYNQGTWSGL-

-TPITQLLjGGGS* 

-TPITQLL 

-TPITQLL 

-HTAATLV 

-HTAATLV 

TSPPARL-

-LAGHSVR 

-HAIYPRH 

-VKSNEMW 

*For phage eluted with IgG (100 M-g/ml), a unique library framework was observed in 

which peptide inserts contained only seven random amino acids (Xy; where X denotes 

any amino acid); conserved phage framework residues are shown in italics. Plates were 

coated with 100 p-g/ml HSA/HSA-FcyRHa; phage were eluted with 100 |ig/ml IgG or 2 

M Glycine-HCl, pH 2.2, as indicated. Sequences were aligned using ClustalX (version 

1.81); most frequently occurring peptide sequences are shaded in grey, conserved 

residues are shown in bold. Residues are denoted by the single amino acid letter code. 
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Table 2.4. Alignment of the lower hinge region (Leu^^ -̂Ser̂ ^ )̂ of the Fc portion of 

human IgGl with peptide sequences isolated from panning the "Ph.D.-12" (linear 12-

mer) phage display peptide library on HSA-FcyRHa. 

human IgGl 

phage peptide 12ml (3/9) 

phage peptide 12m6 (2/9) 

CPAPELLGGPS 

TPITQLLGGGS'*̂  

HTAATLVGGGS* 

*Most frequently occurring peptide sequences obtained from panning the "Ph.D.-12" 

(linear 12-mer) phage library on HSA-FcyRHa; frequency shown in brackets. Plates 

were coated with 100 |ag/ml HSA/HSA-FcyRHa; phage were eluted with 100 îg/ml 

IgG. Sequences were atigned using C/w^ra/X (version 1.81); conserved residues are in 

shown in bold; italics indicate phage framework residues. Residues are denoted by the 

single amino acid letter code. 
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2.3.4 Panning the "Ph.D.-C7C" (constrained 7-mer) phage display peptide library 

on FcyRIIa (5 |ig/ml): 

The "Ph.D.-C7C" (constrained 7-mer) phage display peptide library was panned on 

plates coated with 5 fig/ml FcyRHa for 3 rounds and was eluted with 100 |Lig/ml IgG, 10 

mg/ml IgG and 1 mM DTT. For phage eluted with 100 |ag/ml IgG there was a - 10-fold 

increase in the output titer from panning Rounds 1 to 2. Similarly, for phage eluted 

ovemight with 10 mg/ml IgG, there was a -6-fold increase in the output titer, from 

panning Rounds 1 to 2. There was also a ~13-fold increase in the output titer of phage 

eluted with 100 p-g/ml IgG, in Round 1 and with 1 mM DTT, in Round 2 of panning 

(Figure 2.5). In subsequent rounds of parming (Rounds 2 to 3) the output titers reached a 

plateau for each of the different elutions used (100 fig/ml IgG, 10 mg/ml IgG or 1 mM 

DTT), with only slight (-1-2-fold) increases in the output titers of phage eluted (Figure 

2.5). Therefore 7-10 clones from Round 3 were sequenced and the peptide sequences 

were aligned using C/w^ra/X(version 1.81). 

There was no clear consensus obtained from panning of the "Ph.D.-C7C" phage display 

peptide library on 5 jig/ml HSA/HSA-FcyRHa and elution with 100 jiig/ml IgG. 

However, the most frequently occurring peptide sequence obtained was, CHETTLRRC 

(2/7) (Table 2.5). Based on the frequency of amino acid distribution in the "Ph.D.-C7C" 

phage display peptide library (assessed by NEB), the probability that this library 

contains at least one copy of this peptide (CHETTLRRC) approaches 100%, indicating 

that this peptide sequence may have been selected based on abundance in the phage 

library. In contrast, when the "Ph.D.-C7C" phage display peptide library, was eluted 

ovemight at 4°C, with a higher concentration of IgG (10 mg/ml), the most frequently 

occurring peptide sequence, CWPGWDLNC (7/10) was obtained, which was present at 

the highest frequency (Table 2.5). In addition, the peptide sequence CWPGWDLNC 

was also obtained from phage elution with 1 mM DTT though at much low frequency 

(1/10) (Table 2.5). Nonetheless, the other peptide sequences obtained from the 1 mM 

DTT elution were almost identical to those obtained from elution with 10 mg/ml IgG 

(CWPGWDLNC), with the most frequently occurring peptide sequence, 

CWPGWDLLC (6/10) being obtained, these sequences thus differing at the C-terminus, 

by only a single amino acid substitution (Table 2.5). Variations of the most frequently 

occurring peptide sequence, CWPGWDLLC were also obtained with the 1 mM DTT 
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elution, CWPGWDEMC (1/10) and CWPGWDMAC (1/10), differing at the C-

terminus by two amino acid substitutions, however these sequences were present at 

lower frequency (Table 2.5). 

Overall, the peptide consensus sequence obtained from panning the "Ph.D.-C7C" phage 

display peptide library on plates coated with a low concentration of HSA/HSA-FcyRHa 

(5 ng/ml) was CWPGWDxxC (x being any amino acid) (Tables 2.4 and 2.5). The 

probability that the "Ph.D.-C7C" phage display peptide library contains at least one 

copy, of the most frequently occurring peptide sequences obtained, was calculated to 

determine whether these sequences are abundant in the library. The probability that the 

"Ph.D.-C7C" phage display peptide library contains at least one copy of the sequence, 

CHETTLRRC approaches 100%. While the probability that the "Ph.D.-C7C" phage 

library contains at least one copy of the sequences, CWPGWDLNC. CWPGWDLLC. 

CWPGWDEMC and CWPGWDMAC approaches, 23%, 32%, 4% and 8.6%, 

respectively. These probabilities are low because based on the amino acid distribution in 

the "Ph.D.-C7C" phage library (assessed by NEB), the observed frequency of conserved 

residues, tryptophan (1.9%)), glycine (2.2%) and aspartic acid (4.1%), was relatively 

low, compared to other residues, such as threonine (13.1%) and serine (8.6%) (Figure 

2.2). The relative paucity of the representation of this sequence in the library supports 

the conclusion that it was emiched from the library by panning on the FcyRHa receptor, 

rather than being a highly represented sequence non-specifically recovered. 
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Figure 2.5. Output titers from panning the "Ph.D.-C7C" (constrained 7-mer) phage 

display peptide library on plates coated with 5 )J.g/ml of HSA/HSA-FcyRHa. For 

panning Rounds 1 to 3, phage were eluted as described for each group (100 jig/ml IgG, 

10 mg/ml or 1 mM DTT), with the exception of the 1 mM DTT elution, which was 

eluted with 100 )ig/ml IgG, in Round 1. 

131 



Table 2.5. Comparison ofpeptide sequences obtained from panning the "Ph.D.-C7C' 

(constrained 7-mer) phage display peptide library on HSA-FcyRHa. 

IGGng/mllgG 

CHETTLRRC 
CHETTLRRC 
CELPALRLC 
CLQDHSPFC 
CDLYDSLSC 
CMKSHRDKC 
CAPFAHATC 

Round 3 

10 mg/ml IgG 

CWPGWDLNC 
CWPGWDLNC 
CWPGWDLNC 
CWPGWDLNC 
CWPGWDLNC 
CWPGWDLNC 
CWPGWDLNC 
CSLKASFNC 
CSWWTLSSC 
CGTRPAPFC 

1 mM DTT 

CWPGWDLLC 
CWPGWDLLC 
CWPGWDLLC 
CWPGWDLLC 
CWPGWDLLC 
CWPGWDLLC 
CWPGWDLNC 
CWPGWDEMC 
CWPGWDMAC 
CSERPSQQC 

CWPGWDLNC(7/10) CWPGWDLLC(6/10) 
CWPGWDLNC(1/10) 
CWPGWDxxC (9/10) 

Plates were coated with 5 |ig/ml of HSA/HSA-FcyRHa; phage were eluted with either 

100 |ig/ml IgG, 10 mg/ml IgG or 1 mM DTT, as indicated. Sequences were aligned 

using ClustalX (version 1.81); repeated sequences are shaded in grey, conserved 

residues are shown in bold and peptide frequency is shown in brackets. Residues are 

denoted by the single amino acid letter code; x denotes any amino acid. 
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2.3.5 Panning the "Ph.D.-C7C" phage library on FcyRIIa (100 ng/ml): 

The panning of the "Ph.D.-C7C" phage display peptide library was repeated on plates 

coated with 100 |J.g/ml of HSA/HSA-FcyRHa, the concentration of target protein 

recommended by the manufacturer (NEB). This was carried out to compare peptide 

sequences obtained from parming on both a low (5 pg/ml) and a high (100 (J,g/ml) 

concenfration of the HSA/HSA-FcyRHa. Panning of the "Ph.D.-C7C" phage display 

peptide library was carried out for three rounds and bound phage were eluted with 100 

|xg/ml IgG, 10 mg/ml IgG and 1 mM DTT. 

Upon panning the "Ph.D.-C7C" phage display library on 100 [ig/ml HSA/HSA-FcyRHa, 

there was an 8-fold increase in the output titer obtained, from Rounds 1 to 2, of phage 

eluted with 100 jig/ml IgG. While for phage eluted with 100 |ig/ml IgG and 1 mM DTT 

in Round 1 and 2, respectively, there was an even greater (16-fold) increase in the 

output titer. There was a further increase in output titers, from Round 2 to 3, of phage 

eluted with 100 |ag/ml IgG and 1 mM DTT, with 41-fold and 20-fold increases in output 

titer obtained, respectively (Figure 2.6). In contrast, there was only a 4-fold increase in 

output titer, from Round 1 to 2, of phage eluted with 10 mg/ml IgG, which then 

remained unchanged from Rounds 2 to 3. Thus after three rounds of panning, 8-10 

clones were sequenced from each of the different elutions groups and the peptide 

sequences aligned using C/w^ra/X(version 1.81). 

For the phage eluted with 100 fi,g/ml IgG, from Rounds 1 to 3, several peptide 

sequences, CPTALRIOC (2/8), CWPGWDLNC (2/8) and CTGORTLYC (3/8) 

occurred more frequently than others (Table 2.6). Interestingly, these same sequences 

were also present in the peptide sequences obtained from elution with 1 mM DTT 

(Rounds 2 and 3). In addition, for the elution with 1 mM DTT, the sequence 

CWPGWDLLC (1/9) was obtained, which differed to CWPGWDLNC by only a single 

amino acid substitution (Table 2.6). Alignment of the most frequently occurring peptide 

sequences, obtained from phage eluted with either 100 |ig/ml IgG or 1 mM DTT, 

highlighted the presence of a conserved branched hydrophobic amino acid (Vl) at the 

same, position 6, of these 7-mer disulphide-constrained peptides (Table 2.6). In 

contrast, the peptide sequences obtained from phage eluted with 10 mg/ml IgG did not 
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appear to have any frequently occurring sequences or contain any sequences related to 

those obtained with the 1 mM DTT and 100 |Lig/ml IgG elutions. 

Overall, the peptide sequences obtained from panning the "Ph.D.-C7C" phage display 

peptide library on 100 p-g/ml of HSA/HSA-FcyRHa, resembled closely, those obtained 

from panning on a lower (5 |ig/ml) concentration of this same protein target, in 

particular with the presence of consensus sequence, CWPGWDxxC. However, the 

sequences obtained and their frequency, varied depending on what elution was used. 
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Figure 2.6. Output titers from panning the "Ph.D.-C7C" (constrained 7-mer) phage 

display peptide library on plates coated with 100 |ag/ml of HSA/HSA-FcyRHa. For 

panning Rounds 1 to 3, phage were eluted as described for each group (100 pg/ml IgG, 

10 mg/ml or 1 mM DTT), with the exception of the 1 mM DTT elution, which was 

eluted with 100 |ig/ml IgG, in Round 1. 
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Table 2.6. Comparison of peptide sequences obtained from panning the "Ph.D.-C7C" 

(constrained 7-mer) phage display peptide library on HSA-FcyRHa. 

100 ng/ml IgG 
Round 3 

10 mg/ml IgG 1 mM DTT 

CPTALRIQC 
CPTALRIQC 
CMPTTLGTC 
CWPGWDLNC 
CWPGWDLNC 
CTGQRTLYC 
CTGQRTLYC 
CTGQRTLYC 

CHIFQPLHC 
CYDKQHSTC 
CKLHLSKSC 
CLPHSPRSC 
CTSQKHLSC 
CDLWFHPNC 
CFTGYPPNC 
CSQSQQPPC 
CNALGMPIC 
CNGPLFNIC 

CWPGWDLNC 
CWPGWDLNC 
CWPGWDLNC 
CWPGWDLNC 
CWPGWDLLC 
CTGQRTLYC 
CPTALRIQC 
CQNSARQQC 
CHAIWRSIC 

CWPGWDLNC(4/9) 
CWPGWDLLC(1/9) 
CWPGWDxxC(5/9) 

Plates were coated with 100 fig/ml of HSA/HSA-FcyRHa; phage were eluted with either 

100 |ig/ml IgG, 10 mg/ml IgG or 1 mM DTT, as indicated. Sequences were aligned 

using ClustalX (version 1.81); repeated sequences are shaded in grey, conserved 

residues are shown in bold and peptide frequency is shown in brackets. Residues are 

denoted by the single amino acid letter code; x denotes any amino acid. 
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2.3.6 Panning the "Ph.D.-C7C" phage library on low concentrations of FcyRIIa: 

Panning with the "Ph.D-C7C" phage display peptide library was again repeated on 

plates coated with low concentrations (5, 0.5 and 0.05 |ag/ml) of HSA/HSA-FcyRHa. 

This was carried out to increase the competition between phage, for binding to target, 

with the aim of selecting for higher affinity binders. Phage were panned for 3 rounds 

and eluted with 1 mM DTT for all three rounds. This differed to previous panning with 

this library, in which phage were eluted with 100 |ag/ml IgG (the ligand for FcyRIIa), in 

the first round, followed by 1 mM DTT, in the second and third round of paiming. The 

choice of elution in the first round of paiming is critical in the outcome of peptide 

sequences being obtained final round of panning because sequences selected in the first 

round of panning are enriched in the subsequent rounds of panning. Thus phage elution 

in this repeated panning of the "Ph.D.-C7C" phage display peptide library, with 1 mM 

DTT, from Rounds 1 to 3 may lead to the selection of different peptide sequences, 

which may depend on the disulphide constraint, in order for binding to FcyRHa. 

The output titer from paiming the "Ph.D.-C7C" phage display peptide library on 5 

|ig/ml HSA/HSA-FcyRHa increased -46-fold from Round 1 to 2 and then stabilised 

from Round 2 to 3, with only a slight (-2-fold) increase in the output titer. In contrast, 

the phage output titer from paiming this library on 0.5 and 0.05 p-g/ml of HSA/HSA-

FcyRHa increased only -2-fold and -6.6-fold, respectively, from Rounds 1 to 2 of 

panning (Figure 2.7). The output titer, from panning on 0.5 |ig/ml HSA/HSA-FcyRHa, 

increased -180-fold from Round 2 to 3, while the output titer from panning on the 

lowest concentration, 0.05 jig/ml, of HSA/HSA-FcyRHa, decreased 50-fold from 

Rounds 2 to 3 (Figure 2.7). To determine whether a consensus sequence had been 

reached, 6-10 clones were sequenced, for each of the different groups of phage, panned 

on the various concentrations of HSA/HSA-FcyRHa and the sequences aligned using 

ClustalX. Alignment of the peptide sequences obtained indicated that there was no clear 

consensus sequence obtained from any of the different groups of phage selected (Table 

2.7). This was somewhat surprising because it was expected that panning this library on 

5 ^g/ml HSA/HSA-FcyRHa, would at least result in the consensus sequence, 

CWPGWDxxC being obtained, since this sequence had been obtained from previously 

panning of this same library on plates coated with 5 ^g/ml HSA/HSA-FcyRHa (Table 

2.5). However, as mentioned eariier, the choice of elution in the first round of panning 
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is important in the outcome of the peptide sequences obtained in the final round of 

panning and the different choices of elution (100 jig/ml and 1 mM DTT) in Round 1, for 

panning of this library on 5 }ig/ml HSA/HSA-FcyRHa, would have led to different 

groups of phage being selected and enriched in subsequent rounds of panning. 

Others have shown that phage panning on decreasing concentrations of protein target 

can lead to selection of higher affinity peptides binders being obtained, due to an 

increased competition between phage for binding to the protein target. This was the case 

for panning a library of hexapeptides, displayed on phage, on 2 JLIM of Concanavalin A 

(Con A) in Round 1 and independently on 2 |aM, 0.2 \xM and 0.02 pM of Con A, from 

Rounds 2 to 4. The highest affinity consensus peptide sequence, MYWYPY was 

obtained, in the highest frequency, at the lowest concentration, 0.02 jiM of Con A (Scott 

et al, 1992). In contrast, paiming of the "Ph.D.-C7C" phage display peptide library was 

carried out on low concentrations, 5, 0.5 and 0.05 pg/ml (51 nM, 5.1 nM and 0.51 nM) 

of HSA-FcyRHa, from Rounds 1 to 3. It is therefore possible that a consensus peptide 

sequence was not obtained, from any of these groups of phage collected, because the 

concentration of target protein used for parming this phage library, was relatively low, 

in the nanomolar range. This may have increased selection for non-specific binders, in 

particular phage, which bind to the plastic, of the plate surface. In addition, the 

hexapeptide phage display library was panned on 2 p,M of Con A in the first round of 

panning and then subsequently panned (Rounds 2 to 4) independently on 2 jiM, 0.2 îM 

and 0.02 fiM of Con A (Scott et al, 1992). Therefore, in the first round of panning a 

diverse group of low affinity phage binders would have been selected and in subsequent 

rounds (2 to 4) there would have been an enrichment for higher affinity phage binders, 

in particular for phage panned on the lower concentrations, 0.2 |iM and 0.02 |iM of Con 

A, in rounds 2 to 4. 
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Figure 2.7. Output titers from panning the "Ph.D.-C7C" (constrained 7-mer) phage 

display peptide library on plates coated with 5, 0.5 and 0.05 p-g/ml of HSA/HSA-

FcyRHa. From Rounds 1 to 3, phage were eluted with 1 mM DTT. 
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Table 2.7. Lack of consensus in paiming on low concentrations of HSA-FcyRHa with 

the "Ph.D.-C7C" (consfrained 7-mer) phage display peptide library. 

5 |jg/ml 

[HSA/HSA-FcyRIIa] 
0.5 ^g/ml 0.05 |jg/ml 

CTLFSRAMC 
CTLNPTFNC 
CHATASPMC 
CHSNASYLC 
CVANRTPFC 
CLTALLSRC 
CSTASLTRC 
CSAHAPTRC 
CSHLPPGLC 
CYDQYRSKC 

CEKKNDRSC 
CLGWNALLC 
CQPLHARAC 
CHSHFGRNC 
CSAKSPAVC 
CHTKGPLHC 
CQPGAPPSC 

CNVAAARSC 
CDLKRTFSC 
CGPLPSRVC 
CPTKVNPVC 
CFTIGPTLC 
CHPEHQTYC 

Plates were coated with 5, 0.5 or 0.05 p.g/ml of HSA/HSA-FcyRHa, as indicated. 

Sequences were aligned using ClustalX (version 1.81), however, no clear consensus 

sequence was evident. Residues are denoted by the single amino acid letter code. 
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2.3.7 Phage Capture Assay of phage clones selected for binding to FcyRIIa: 

To assess and compare the capture of individual phage clones to HSA-FcyRHa a Phage 

Capture Assay was carried out rather than ELISA because the anti-MB monoclonal 

antibody used to detect M B phage binding, also binds to FcyRHa and F(ab')2 

fragments of this antibody are not available. The binding of the anti-MB antibody to 

FcyRHa was presumably via the Fc portion interacting with FcyRHa. 

The Phage Capture Assay was carried out using phage display peptide clones, C7C1, 

C7C2 and C7C10, containing variants of the disulphide-constrained peptide consensus 

sequence, CWPGWDxxC, and these were compared to a non-consensus phage clone, 

C7C5. Also, selected linear peptide sequences (12ml and 12m6, Table 2.3), were 

tested. The phage clones were panned on BSA and HSA/HSA-FcyRHa (pre-incubated 

with HSA to filter out HSA binders) to determine the specificity of binding to FcyRIIa. 

An overall comparison of phage clones captured on HSA-FcyRHa, indicates that for 

phage expressing disulphide-constrained peptides, more phage were specifically 

captured on HSA-FcyRHa, compared to phage clones expressing linear peptides (Figure 

2.8). In particular, for phage clones expressing constrained peptide sequences and 

containing the peptide consensus sequence, CWPGWDxxC (C7C1, C7C2 and C7C10), 

more phage were specifically captured on HSA-FcyRHa, compared to phage clones not 

expressing this consensus sequence (C7C5 and 12m6) (Figure 2.8). Notably, for phage 

expressing the peptide sequence, CWPGWDLNC, -200-fold more phage were 

specifically captured on HSA-FcyRHa, compared with BSA, upon elution with 100 

Hg/ml IgG. While for phage expressing CWPGWDLNC (C7C1), -72-fold more phage 

were specifically captured on HSA-FcyRHa, compared to BSA, upon elution with 1 mM 

DTT (Figure 2.8 and Table 2.8). For phage expressing the peptide sequences 

CWPGWDLLC (C7C2), CWPGWDEMC (C7C10) and TPITQLL (12ml), - 19-fold, 

- 12-fold and -11-fold more phage, respectively, was specifically captured on HSA-

FcyRHa, compared to BSA. hi contrast, for phage clones expressing the non-consensus, 

peptide sequences, CTGORTLYC (C7C5) and HTAATLV (12m6) there was no 

difference in the titer of phage captured on HSA-FcyRHa, compared to BSA (Figure 2.8 

and Table 2.8). 
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Overall, the selection of phage expressing the consensus sequence (CWPGWDxxCi 

from panning the "Ph.D.-C7C" phage display peptide library on HSA-FcyRHa was 

based on capture on FcyRHa rather than abundance in this library. This was supported 

by the outcome of the phage capture assay, in which more phage expressing this 

consensus sequence were captured on HSA-FcyRHa, compared to BSA. hi particular, 

more phage expressing the consensus sequence, CWPGWDLNC (C7C1), were 

specifically captured on HSA-FcyRHa, compared to BSA, and all other clones assayed, 

suggesting that the position 7 asparagine, may play a role in determining the binding 

affinity of this peptide for FcyRHa. However, whether capture of this peptide consensus 

sequence or variations of this consensus sequence to HSA-FcyRHa is influenced by 

avidity or association of the peptide with the phage protein framework, remains to be 

addressed. 
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Figure 2.8. Phage Capture Assay of various clones from panning the "Ph.D.-12" (7-

mer peptides identified) and "Ph.D.-C7C" phage display peptide libraries on BSA 

(white columns) and HSA/HSA-FcyRHa (black columns). Phage clones were amplified 

and diluted to an input titer of 1 x lO'^ pfti/ml. Phage clones were eluted with either 100 

P-g/ml IgG or 1 mM DTT (shown in brackets), depending on what was originally used 

to elute the clone. The mean output titers (pfii/ml), from 3-6 experiments (depending on 

clone), are shown (+S.D). For each of the different phage clones the peptide sequences 

displayed are as follows: C7C1 (CWPGWDLNC) n=4-6, C7C2 (^CWPGWDLLC) n=5, 

C7C5 (CTGORTLYC) n=3, C7C10 (CWPGWDEMC) n=3, 12ml (TPITQLL) n=3 and 

12m6 (HTAATLV) n=3. 
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Table 2.8. Phage Capture Assay of individual phage clones identified from panning 

"Ph.D.-12" (12m-) and "Ph.D.-C7C" (C7C-) phage display peptide libraries on HSA-

FcyRHa. 

Phage clone 

C7C1 

C7C1 

C7C2 

C7C5 

C7C10 

12ml 

12m6 

Sequence 

CWPGWDLNC 

CWPGWDLNC 

CWPGWDLLC 

CTGQRTLYC 

CWPGWDEMC 

TPITQLL 

HTAATLV 

Elution 

IgG 

DTT 

DTT 

DTT 

DTT 

IgG 

IgG 

Ratio of binding 
(HSA-FcyRIIa/BSA)* 

197.87 

71.55 

18.57 

0.90 

11.91 

10.84 

0.76 

Phage clones with their corresponding peptide sequences and the buffer used to elute 

the phage clone are tabulated. As shown, phage clones were either eluted with 100 

|ig/ml IgG or 1 mM DTT, depending on the buffer that was originally used to elute it. 

*The ratio of phage clone binding to HSA-FcyRHa, corrected for binding to BSA, is 

based on the output titer (pfii/ml) obtained for elution of the phage clone from BSA and 

HSA-FcyRHa. Residues are denoted by the single amino acid letter code. 
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2.4 Discussion: 

Panning of "Ph.D." phage display peptide libraries (NEB) on HSA-FcyRHa indicated 

that the disulphide-constrained peptide library ("Ph.D.-C7C") was the most effective at 

identifying a consensus peptide sequence and obtaining peptides, which could be 

captured on FcyRHa. This has been noted previously by another group, which similarly 

panned each of the different "Ph.D." phage display peptide libraries on a monoclonal 

antibody (9-2-L379) and found that consensus peptide sequences were identified only 

from the constrained peptide library and not the linear peptide libraries (Brett et al, 

2002). Constrained peptide phage display libraries have the advantage of reducing the 

flexibility of the peptide and limiting the number of conformations the peptides are able 

to adopt. 

Of course, the adaptations made to the method used for panning the different "Ph.D." 

phage display peptide libraries may have also contributed to the more favourable 

outcome from using the constrained peptide phage display library. Modifications aimed 

at more stringent panning were required because initial panning of the "Ph.D.-7" phage 

display peptide library did not lead to a consensus sequence being obtained, despite a 

few sequences being present more frequently than others. These sequences were, 

however, likely to have been selected based on abundance in the phage display library, 

as was established from the observed frequencies of certain amino acids in this library, 

as assessed by NEB. Several factors may influence frequency and position biases in the 

peptide sequences obtained from phage display. Infectivity of the virus for the host 

bacterial strain is reduced by the presence of several positive amino acids (arginine and 

lysine) in the peptide sequence displayed on the phage surface (Peters et al, 1994; Rodi 

et al, 2002). A dominant consensus sequence tCWPGWDxxC, 9/10) was obtained from 

panning of the "Ph.D.-C7C" phage display library and this was shown to be captured on 

HSA-FcyRHa, by phage capture assay. Therefore it is likely that this peptide sequence 

was obtained from capture on HSA-FcyRHa, rather than abundance in the phage library. 

Since bacteriophage display three to five copies of the peptide fiised to the minor coat 

protein, displayed on its surface, it is not clear if avidity of the interaction conttibutes to 

the capture of the consensus sequence peptide on FcyRIIa. This is often a limitation of 

phage display, as demonstrated in the literature, in which peptide displayed on the 

phage surface were able to bind to the protein target, on which they were panned, while 
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the same phage-free, synthetic peptide, was unable to bind to the protein target (Cwiria 

et al, 1990; Chirinos-Rojas et al, 1999; Ferrieres et al, 2000). Thus to estabtish 

whether capture of the consensus sequence peptide (C7C1) occurred as a result of an 

avidity effect, the constrained peptide was expressed as a recombinant peptide-gene HI 

protein (g3p) fiision (Chapter 3) and chemically synthesised (Chapter 4), and these were 

tested for binding to FcyRHa. The recombinant peptide-gene HI (g3p) fiision protein 

addresses the question of whether the peptide displayed fiised to the gene HI protein has 

influenced its ability to be bind FcyRHa. The structure of domain 1 (Dl) and domains 1 

and 2 (D1D2) of the native minor coat protein (g3p), of the filamentous Ff 

bacteriophage (fd and MB) have been solved by NMR and x-ray crystallography (1.9A 

and 1.46A resolution), respectively (Holtiger and Riechmann, 1997; Lubkowski et al, 

1998; Holtiger et al, 1999). However, these structures do not include the N-terminal 

residues of Dl of the minor coat protein (g3p), which in the phage display peptide 

library, were engineered to express random peptide inserts, nonetheless these structures 

do give an idea of the proximity of the peptide inserts to the surrounding phage 

environment. Based on the analysis of the structures, it is possible that the peptide insert 

may interact with some residues from domain 1 of g3p, which may influence its 

conformation. Furthermore, it is possible that within the phage protein interactions may 

be formed between the multiple copies of the minor coat protein, which may influence 

the conformation of the peptide insert. Thus removing the peptide from the phage 

protein framework may have implications on the binding of the peptide to FcyRHa 

(Chapter 4). 

Interestingly, the consensus sequence obtained from paiming the "Ph.D.-C7C" phage 

display peptide library on FcyRHa, resembled closely the consensus sequence obtained, 

in the literature, from paiming phage display constrained peptide libraries, of multiple 

lengths, on the extracellular region of the human high affinity receptor for IgE, FceRIa, 

which shares -50% homology with the extracellular region of FcyRs (Table 2.9) 

(Sondermarm et al, 2001). 

146 



Table 2.9. Sequence aUgnment of consensus sequence containing peptides, from 

panning "Ph.D.-C7C" phage library on FcyRHa and the peptide sequence of IgE06 

obtained from panning phage display libraries on FceRIa (Nakamura et al, 2001). 

Phage derived peptide Sequence 

C7C1 
C7C2 
C7C6 
C7C10 

IgE06* 

CWPG 
CWPG 

CWPG 

CWPG 

-WDLNC 
-WDLLC 

-WDEMC 

-WD\4AC 

NLPRCTE|SPWGV4/CM 

*Nakamura G. etal., (2001) Biochemistry 40(33): 9828-9835. 

Sequences were aligned using C/w^ra/X (version 1.81); conserved residues are shown in 

bold and regions of similarity between C7C-peptides and IgE06 are boxed. Residues are 

denoted by the single amino acid letter code. 
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The 15-residue peptide, IgE06, with the sequence. Acetyl-Asn' -Leu^-Pro^-Arg'̂ -Cvs^-

Thr^-Glu'-Glv'-Pro'-Tro'^-Glv' '-Trp" Val^^-Cvs"-Met'^ was synthesised and as 

determined by surface plasmon resonance (SPR) studies had an affinity of 1-2 pM, for 

FceRIa (Nakamura et al, 2001). Based on NMR structural determination, the peptide, 

IgE06 was also found to form a p-hairpin structure in solution, with a p-tum at Pro^ and 

Trp'°. Alanine scanning of the peptide and NMR structure determination of these 

peptide mutants indicated that the residues, Gly^, Pro^ and Trp'° were important for 

binding of this peptide to FceRIa (Nakamura et al, 2001). 

Comparison of the consensus peptide sequence, CWPGWDLNC with peptide IgE06, 

NLPRCTEGPWGWVCM indicates that there are regions of homology between the two 

peptide sequences, with both peptides having a core of 7 and 8 residues, respectively, 

flanked by a disulphide-constraint and both containing similar sets of the residues, 

glycine, proline and tryptophan, which according to alanine scarming studies were 

important for binding of IgE06 to FceRIa (Nakamura et al, 2001). Therefore the 

consensus sequence peptides may have a structural or physiochemical requirement for 

these residues, for binding to FcyRHa. In addition, in a publication, in which the peptide 

sequence diversity in phage display libraries, including the "Ph.D.-12" and "Ph.D.-

C7C" phage display peptide libraries (NEB), was quantitatively assessed, peptides from 

the "Ph.D." phage display libraries were found to have a strong tendency towards a p-

tum conformation, when compared to a random computer-generated pool of peptides 

(Rodi et al, 2002). Thus it is possible that the consensus sequence peptide, 

CWPGWDLNC. selected from panning the "Ph.D.-C7C" phage display peptide library 

on FcyRHa, also forms a P-tum conformation and elucidation of the solution stmcture 

by NMR spectroscopy and molecular modelling of the synthetic form of this peptide 

pep-C7Cl (CWPGWDLNCGGGS) (Chapter 5), may confirm this. 
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Chapter 3 - Characterisation of individual phage clones and 
synthetic peptides by Surface Plasmon Resonance (SPR) 

studies. 

3.1 Introduction; 

To verify whether the peptide consensus sequence, CWPGWDxxC binds to HSA-

FcyRHa, as previously detected using the phage capture assay (Chapter 2), different 

forms of this peptide (phage-displayed and synthetic) were tested for binding to HSA-

FcyRHa using the Surface Plasmon Resonance (SPR) based technology, BIAcore. SPR 

was also used to establish the affinity and specificity of this peptide for HSA-FcyRHa, 

and the ability of this peptide to inhibit IgG binding to HSA-FcyRHa. Presentation of 

the peptide in both phage-displayed and synthetic form, for binding to HSA-FcyRHa, 

using SPR, provided an indication of whether the phage environment and avidity 

influenced the binding of the peptide to HSA-FcyRHa, since 3-5 copies of peptide are 

displayed on the phage surface and whether this may have limited the binding synthetic 

peptide to HSA-FcyRHa. 

SPR is a sensitive technique widely used to study the interactions between molecules in 

real-time, without the need for radio- or fluorescent-labelling of the molecules being 

studied (Rich and Myszka, 2003). SPR measures changes in the mass concentrations of 

molecules (analyte) at the sensor surface as they associate with and dissociate from 

another molecule (ligand) chemically coupled to the surface of a sensor chip. BIAcore 

uses a continuous flow system in which the sample (analyte) can pass through four 

channels (cells) coupled in a series, including a control reference channel, in a single 

injection. The low molecular weight nature of synthetic peptides makes detection by 

SPR somewhat difficult since SPR detects changes in mass concentration of molecules 

at the sensor surface. In BIAcore these changes are measured in resonance units (RU), 

in which a change of 1000 RU on the sensor chip surface corresponds to a change in the 

surface concentration of protein of about 1 ng/mm^ (BIAtechnology Handbook, 

Uppsala, Sweden, 1998). To overcome difficulties in the detection of direct binding of 

synthetic peptide to immobilised HSA-FcyRHa, a high level of HSA-FcyRHa was 

coupled to the sensor chip surface and the peptide was injected at high concentrations (1 

mM). 
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An alternative strategy to overcome difficulties in detecting peptide binding, in 

particular for peptides with low affinity, involves immobilising the peptide to the sensor 

chip surface and measuring binding of the higher molecular weight protein, in this case 

HSA-FcyRHa. Ford et al. (2003) have described this strategy as the method of choice 

for detecting the binding of peptides to a protein target, following SPR (BIAcore) 

binding studies of peptides, based on the lower hinge region of IgG, to FcyRIH. When 

FcyRIH was immobilised to the sensor chip surface, millimolar concentrations of 

peptide were required in order to detect binding. In contrast, when peptide was 

immobilised to the sensor chip surface direct binding of FcyRIH could be detected at 

appreciable levels using micromolar concentrations of FcyRIH (Radaev and Sun, 2001b; 

Ford et al, 2003). Thus in this investigation, while both strategies were used to study 

the binding of synthetic peptide to HSA-FcyRHa, the strategy in which peptide was 

coupled to the sensor chip and HSA-FcyRHa was used as the analyte, was carried out in 

order to determine the affinity of synthetic peptide for HSA-FcyRHa, based on previous 

findings by Ford et al. (2003). 
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3.2 Materials and Methods: 

3.2.1 General reagents and materials: 

NaCl (Sodium Chloride), CHsCOONa (Sodium Acetate), EDTA (Ethylenediamine 

tetraacetic acid, disodium salt), ethanolamine and isopropanol were purchased from 

Merck (Kilsyth, Vic, Australia); HEPES (N-(2-Hydroxyethyl)piperazine-N'-(2-

ethanesulfonic acid) sodium salt) was purchased from Fluka (Switzerland); EDAC (N-

ethyl-N'-(3-dimethylaminopropyl)carbodiimide hydrochloride), NHS (N-hydroxy 

succinimide) and GuHCl (Guanidinium Hydrochloride) were purchased from Sigma (St 

Louis, MO, USA). Surfactant p20, CM5 (carboxylmethylated dextran matrix) Sensor 

Chips, Fl (short dextran matrix) Sensor Chips were purchased from Pharmacia 

Biosensor (BIAcore, Uppsala, Sweden). 

Human IgG (Sandoglobulin) was purchased from Sandoz (Sydney, Australia) and 

HAGG (heat-aggregated IgG) was prepared by incubating IgG (Sandoglobulin) at 63°C 

for 30 minutes (Ostreiko et al, 1987). HSA (Human Serum Albumin) was purchased 

from CSL (Parkville, Australia); HSA-FcyRHa was manufactured by Biotech 

(Australia) using Pichia pastoris, using a method developed by Ms H. Trist (ART). 

Recombinant soluble FcyRHa (Baculovirus-derived) was from Ms T. Bradford (ARI). 

Recombinant soluble FcaRI (Baculovirus-derived) was from Dr B.D. Wines (ARI). A 

recombinant human IgGl, bl2 (Burton et al, 1994) was from P.W. Parren (The Scripps 

Research Institute, C.A. USA). Nav myeloma IgGl (Boume, 2003) and IgMs Yvo 

(Shaw et al, 2002) and Pot (Fan et al, 1992) were provided by Dr P.A. Ramsland; 

Serum IgA, myeloma IgG2 and myeloma IgG3 were purchased from Sigma (St Louis, 

MO, USA). 

3.2.2 Chemical synthesis of peptides: 

Peptides, pep-C7Cl (CWPGWDLNGGGGS-NH?) and pep-12m6 (SHTAATLVG 

GGS-NH2), as a negative control, were synthesised by Auspep (Parkville, Australia), 

purified by RP-HPLC to >95% and 87% purity, respectively, and the identity of the 

peptides confirmed by mass spectrometry. A variant of pep-C7Cl was also synthesised, 

which differed by only an additional alanine at its N-terminus (pep-alaC7Cl) and this 

peptide was purified to -80% purity. A GGGS-linker was incorporated at the C-

terminus and the C-terminal carboxyl group amidated for both peptides. These 

151 



modifications ensured that the synthesised peptide resembled, as closely as possible, the 

phage-displayed peptide, which has the GGGS-linker at the C-terminus and has no 

charge at the C-terminus because it is fused to the minor coat protein of the phage. In 

addition, pep-C7Cl was constrained by a disulphide between Cys' and Cys^, like the 

phage-displayed peptide selected from paiming the "Ph.D.-C7C" disulphide-constrained 

phage display peptide library (NEB) on HSA-FcyRHa. The longer retention time of the 

newly synthesised reduced peptide on RP-HPLC compared with the oxidised peptide 

allowed purification of the disulphide-constrained peptide. 

Peptides were dissolved in HBS buffer (pH 7) at 10 mM and subsequently diluted in 

HBS buffer for testing. 

3.2.3 General conditions used for Surface Plasmon Resonance (SPR) analysis on 

BIAcore: 

SPR experiments were generally carried out on a BIAcore 2000 instrument (BIAcore, 

Uppsala, Sweden), using continuous flow of standard HBS buffer (150 mM NaCl, 3 

mM EDTA, 10 mM HEPES, pH 7.4, 0.005% (v/v) surfactant p20, filtered) as the 

coupling and running buffer, at a flow rate of 10 pl/min, unless otherwise stated. The 

experiments were carried out at a constant temperature, maintained at 20°C, by the 

instrument. 

In general, to compare binding between different phage, peptide and protein species, 

response units (RU) were measured at the end of the injection (prior to dissociation). 

Regeneration was necessary when bound molecules did not dissociate completely from 

the sensor surface, following injection. Unless otherwise stated, regeneration of the 

sensor chip surface was carried out with 1-minute pulse injections of 1.5 M GuHCl 

(guanidinium hydrochloride) containing 17% (v/v) isopropanol. Following regeneration 

the binding activity of the ligand immobilised surface was monitored by recovery of the 

response to the original baseline and by the injection of a standard analyte at intervals 

throughout the course of any experiment. 
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3.2.4 Immobihsation of HSA-FcyRHa to a CMS Sensor Chip by amine coupling: 

hi general, HSA and HSA-FcyRHa were immobilised to flow cells 1 and 2, respectively, 

of a CM5 Sensor Chip by amine coupling. Proteins (HSA and HSA-FcyRHa) were 

diluted in 20 mM sodium acetate, pH 4.5, to 50 jig/ml and injected over a single flow 

cell at different volumes to establish a suitable concentration for the protein to 

accumulate on the sensor chip and retum to baseline at the end of the injection. The 

carboxymethylated dextran surface of a CM5 Sensor Chip was then activated with an 

injection of 70 |il (10 fil/min) of a 1:1 mixture of 400 mM EDAC and 100 mM NHS, 

prepared immediately prior to injection. Once activated the protein was immediately 

injected until the desired amount (RU) of protein was coupled, in which HSA and HSA-

FcyRHa were at approximately equivalent molarity. Once the desired level of protein 

was coupled to the CM5 surface, any excess reacting groups were blocked by the 

injection of 100 |LI1 of 0.5 M ethanolamine, pH 8.5. The difference in basetine response 

(resonance units, RU) after coupling was used to assess the amount of protein coupled. 

3.2.5 Direct binding of individual phage clones to immobilised HSA-FcyRIIa: 

To test individual phage clones for direct binding to HSA/HSA-FcyRHa, the standard 

HBS (150 mM NaCl, 3 mM EDTA, 10 mM HEPES, pH 7.4, 0.005% surfactant p20, 

fihered) running buffer was replaced with PBS (Phosphate-buffered Saline), since 

surfactant p20 has been reported to disrupt the integrity of the phage (Rickles et al, 

1994). In addition, the flow rate was reduced to 5 jil/min to maximise the signal for the 

large, but relatively dilute phage particles. 

hidividual phage clones, selected for testing by SPR, were amplified (refer to Chapter 2: 

"Phage Propagation and Amplification") and the final pellet obtained was resuspended 

in 50 |j,l PBS rather than TBS, to best resemble the running buffer. Titers of the 

individual phage clones were determined by plaque-forming assays (Chapter 2). All 

samples of phage were then adjusted, by dilution in PBS, to contain IxlO'^ pfii/ml (ie. 

-1.6 nM phage, ''Technical Bulletin, Phage Display Questions'", NEB, January 2000). 

Each phage clone was injected over a 2-minute interval during which dissociation of 

bound phage could occur, followed by regeneration with a 2-minute injection of 1.5 M 

GuHCl containing 17% (v/v) isopropanol. The amount of phage bound was calculated 
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as the difference in response (resonance units, RU) between flow cell 2 (HSA-FcyRHa) 

and 1 (HSA), at the end of association. 

Testing of individual phage clones for binding to HSA-FcyRHa was also repeated using 

an Fl Sensor Chip (BIAcore, Uppsala, Sweden), which has a short carboxymethylated 

dextran matrix. The whole phage clones were tested for binding to HSA-FcyRHa using 

this sensor chip because having a shorter dextran matrix on its surface than the standard 

CM5 Sensor Chip it is more suitable for larger analytes such as cells and virus particles, 

hi the literature, the Fl Sensor Chip has been usefiil for studying the interaction 

between antibodies and the HIV-1 envelope (Env) protein (involved in the mediation of 

viral entry into cells) with the major HIV-1 coreceptors, CCR5 and CXCR4, which 

were incorporated into virus particles and immobilised onto the Fl Sensor Chip 

(Hoffman et al, 2000). 

HSA and HSA-FcyRHa were immobilised onto flow cells 1 and 2, respectively, of the 

Fl Sensor Chip surface by amine coupling, as described for the CM5 Sensor Chip. In 

addition, the conditions and general method used for testing direct binding of the 

individual phage clones, with the Fl Sensor Chip were as described previously for 

similarly testing the binding of whole phage clones on the CM5 Sensor Chip. 

3.2.6 Testing synthetic peptides for binding to immobilised HSA-FcyRIIa: 

To test for direct binding of synthetic peptides to immobilised HSA-FcyRHa, the 

constrained peptide, pep-C7Cl and the linear peptide, pep-12m6 (negative control) were 

injected at concentrations, up to 1 mM. The amount ofpeptide bound was calculated as 

the difference in response (resonance units, RU) between flow cell 2 (HSA-FcyRHa) 

and 1 (HSA). In addition, direct binding of pep-C7Cl to recombinant soluble FcyRH 

(rsFcyRHa) was also determined by SPR studies, with binding to recombinant soluble 

FcaRI (rsFcaRI) used as a negative control. Thus rsFcaRI and rsFcyRHa were 

immobilised to flow cells 3 and 4, respectively, at approximately equivalent molarity. 

The amount (molar) of peptide binding was calculated as the difference in response 

(resonance units, RU) between flow cell 4 (rsFcyRHa) and 3 (rsFcaRI), at the end of 

association. 
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Competition studies between IgG and pep-C7Cl, for binding to HSA-FcyRHa, were 

also performed, in which IgG was injected at the concentration required to produce 50% 

of the maximal binding response (ViRmax), in the absence and presence of pep-C7Cl. An 

injection with pep-C7Cl alone was also included as a control. 

3.2.7 ImmobiUsation of synthetic peptide, pep-C7Cl to a CMS Sensor Chip by 

amine coupling: 

SPR binding studies were also repeated using a different strategy, in which synthetic 

peptide, pep-C7Cl was immobilised to the CM5 Sensor Chip by amine coupling and 

HSA-FcyRHa was used as the analyte. This means of testing peptide binding to HSA-

FcyRHa was required since SPR analysis detects changes in the mass concentrations of 

molecules at the sensor surface and using low molecular weight analytes (-1 kDa), such 

as peptides, produces only small changes in the signal detection compared to higher 

molecular weight analytes (-100 kDa), such as proteins. Thus, for detection ofpeptide 

binding to immobilised HSA-FcyRHa, by SPR, a higher concentration ofpeptide (in the 

millimolar range) would be required in order to detect changes in resonance units 

(RUs). On the other hand, coupling peptide to the sensor chip would require lower 

concentrations (in the micromolar range) of HSA-FcyRHa, in order to detect changes in 

resonance units (RUs), since HSA-FcyRHa is a higher molecular weight analyte and 

would produce larger changes in resonance units (RUs). 

Immobilisation of synthetic peptide, pep-C7Cl to the sensor chip surface was carried 

out using the standard protocol for amine coupling of proteins, described earlier 

(Section 3.2.4). Since peptide, pep-C7Cl does not contain a lysine within its sequence 

but has an amide at its C-terminus, for amine-coupling, this method of immobilisation 

was not expected to interfere with binding of proteins (HSA-FcyRHa) to the 

immobilised peptide. Flow ceU 1 was activated with a 1:1 mix of 100 mM NHS and 400 

mM EDAC, and subsequently blocked with 0.5 M ethanolamine, pH 8.5, and this flow 

cell used as a chemically treated "Blank" (reference) flow cell. Pep-C7Cl 

(CWPGWDLNCGGGS-NH2) was immobilised to flow cell 2, at 1 mM in 100 mM 

EDTA, pH 8.0, to -300 RU, by amine coupling (Section 3.2.4). 
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After coupling pep-C7Cl to the sensor chip surface some baseline drift was detected, 

therefore the chip was left to stand ovemight with continuous flow of HBS buffer at 5 

|il/min, after which the baseline reached equilibrium and an appreciable amount of 

peptide was still coupled to the sensor chip. 

3.2.8 Testing HSA-FcyRIIa for specific binding to immobilised synthetic peptide, 

pep-C7Cl: 

HSA (negative control), HSA-FcyRHa and rsFcyRHa were tested for direct binding to 

amine-coupled pep-C7Cl, at multiple concentrations. To confirm the specificity of 

HSA-FcyRHa for pep-C7Cl, HSA-FcyRHa was injected over immobitised pep-C7Cl in 

the absence and presence of an excess of IgG (Sandoglobulin) and inhibition of HSA-

FcyRHa binding to amine-coupled pep-C7Cl by fluid phase IgG tested. 

3.2.9 Testing the cross-reactivity of synthetic peptide, pep-C7Cl for polyclonal IgG 

and various antibodies: 

Both polyclonal IgG (Sandoglobulin) and HAGG (heat-aggregated IgG) were tested for 

binding to immobilised pep-C7Cl, at multiple concentrations. In addition, various other 

antibodies were tested for binding to amine-coupled pep-C7Cl, also at multiple 

concentrations, to establish whether pep-C7Cl cross-reacts with the binding epitope of 

a range of antibodies. The antibodies tested included a Nav myeloma IgGl preparation, 

from a myeloma patient, and a recombinant human IgGl, bl2, specific for the HIV-1 

glycoprotein, gpl20 (Burton et al, 1994), IgMs Pot and Yvo, from patients with 

Waldenstrom's macroglobulinemia (Fan et al, 1992; Shaw et al, 2002), as well as 

polyclonal serum IgA, myeloma IgG2 and myeloma IgG3. Binding of antibodies to 

immobilised pep-C7Cl was calculated by subtracting the response of the chemically 

treated "Blank" (reference) flow cell. 

3.2.10 Affinity estimation of analyte (protein) binding to immobilised synthetic 

peptide, pep-C7Cl: 

Based on results from the direct binding of HSA-FcyRHa to amine-coupled pep-C7Cl 

and cross-reactivity of pep-C7Cl for various antibodies, the affinity of HSA-FcyRHa, 

Nav myeloma IgGl and IgM Yvo, for immobitised pep-C7Cl, was estimated. Proteins 

were diluted two-fold in HBS buffer to concentrations ranging from 39 ^M to 38 nM 
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(and a single injection of 51.3 \M) for HSA-FcyRHa, 13.3 )iM to 6.7 nM for Nav 

myeloma IgGl and 5.3 pM to 5.2 nM for IgM Yvo. frijections of 12.9 fiM HSA and 1.3 

fiM IgM Pot were also included in the set of injections for HSA-FcyRHa and IgM Yvo, 

respectively, as negative controls. In addition, both Nav myeloma IgGl and HSA-

FcyRHa were dialysed extensively against the running buffer. 

Proteins were injected, at the indicated concentrations, over immobilised synthetic 

peptide, pep-C7Cl, for 60 minutes, at a flow rate of 2 |j,l/min. Prior to each injection the 

surface of the chip was regenerated with a 1-minute pulse injection of 3 M GuHCl 

containing 17% (v/v) isopropanol, at a flow rate of 10 pl/min. 

For each protein analyte (HSA-FcyRHa, IgG, Nav myeloma IgGl and IgM Yvo) the 

binding affinity (KD) was estimated by plotting the equilibrium binding response (RU) 

against protein concentration, and fitting the data to a single-binding site model 

(BIApplications Handbook, Uppsala, Sweden, 1998): 

Req=B™axlC]/(KD+[C]) 

1 

where: Req=BIAcore response (RU) at equilibrium; Bmax^maximum binding 

capacity of the chip; C=concentration of analyte (protein); KD=equilibrium 

dissociation constant 
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3.3 Results: 

3.3.1 Specific binding of CWPGWDxxC phage clones to HSA-FcyRIIa: 

HSA and HSA-FcyRHa were coupled to the carboxymethylated dextran matrix of a 

CM5 Sensor Chip, by amine coupling, to 5,079 and 10,671 RU, respectively (Figure 

3.1). At these levels each protein was coupled to the sensor chip surface at 

approximately equivalent molarity. Amine coupling of HSA-FcyRHa resulted in a chip 

displaying immobilised HSA-FcyRHa, highly active in IgG binding (Figure 3.2a, 

-1,400 RU). 

Of the individual phage clones (pc) tested for direct binding to HSA-FcyRHa 

immobilised on a CM5 Sensor Chip, the strongest binding was detected for pc-C7Cl 

(CWPGWDLNC) with a 75-80 RU binding response detected (Figure 3.2b). Upon 

binding to HSA-FcyRHa, the pc-C7Cl was slow to dissociate, with -80% of phage still 

bound 930 seconds after the completion of the injection (Figure 3.3). In addition, a 

regeneration step was required to remove bound phage, indicating that this clone bound 

strongly to HSA-FcyRHa (Figures 3.2 & 3.3), while for the other phage clones (pc-

C7C2, pc-C7C6 and pc-C7C10), which differ to pc-C7Cl by only one to two residues, 

the binding response detected was just above background (-10 RU). In contrast, pc-St5 

(QTLTFAQLPREP) and pc-12ml (TPITQLL), obtained from panning the phage 

display linear peptide library on Streptavidin and HSA-FcyRHa, respectively, did not 

bind to HSA-FcyRHa, suggesting that the phage clones (pc-C7Cl, pc-C7C2, pc-C7C6 

and PC-C7C10) containing the consensus sequence, CWPGWDxxC. specifically bound 

to HSA-FcyRHa (Figures 3.2b and 3.3). 
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Figure 3.1. Coupling HSA-FcyRHa to a CM5 Sensor Chip on BIAcore. a. HSA was 

immobilised to flow cell 1 of a CM5 Sensor Chip, by amine coupling, to 5,079 RU. b . 

HSA-FcyRHa was immobitised to flow cell 2 of a CM5 Sensor Chip, by amine 

coupling, to 10,671 RU. 

Injections: 1. pre-concentration test of HSA/HSA-FcyRHa at 50 pg/ml 

2. activation with 1:1 mix of 100 mM NHS and 400 mM EDAC 

3. coupling HSA/HSA-FcyRHa (50 jag/ml) to activated dextran matiix 

4. blocking with 0.5 M ethanolamine, pH 8.5 

Conditions: flow rate: 10 pl/min, HBS running buffer 
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Figure 3.2. Testing phage clones for binding to HSA-FcyRHa on BIAcore. a. Direct 

binding of IgG and individual phage clones (pc) to HSA-FcyRHa (HSA subtracted) 

immobilised on a CM5 Sensor Chip b . phage clone binding magnified lOx Injections: 

PBS, 100 jiig/ml IgG, phage clones (pc): pc-St5 (QTLTFAQLPREP) from Streptavidin 

panning; pc-12ml (TPITQLL) from panning phage linear peptide library on HSA-

FcyRHa; PC-C7C1 (CWPGWDLNC), pc-C7C2 (CWPGWDLLC), pc-C7C6 (CWPGWDMAC) 

and PC-C7C10 (CWPGWDEMC) from panning phage disulphide-constrained peptide 

library on HSA-FcyRHa 

Conditions: phage titers were adjusted to 1 x lO'^ pfii/ml (-1.6 nM phage particles); 

flow rate 5 j^l/min., PBS running buffer. Regeneration (R): 1.5 M GuHCl + 17% (v/v) 

isopropanol 
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Figure 3.3. Direct binding of pc-C7Cl (CWPGWDLNC) to immobitised HSA-FcyRHa 

and HSA (subtracted), as compared to pc-C7C6 (CWPGWDMAC), which differs by only 

two residues. As shown, pc-C7Cl was slow to dissociate; phage titers were adjusted to 

1 X lO'^ pfii/ml (-1.6 nM phage particles) 

Conditions: flow rate 5 pl/min., PBS running buffer. Regeneration (R): 1.5 M GuHCl + 

17% (v/v) isopropanol 
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hidividual phage clones were also tested for binding to HSA-FcyRHa, coupled to a Fl 

Sensor Chip, which has a short dextran matrix compared to the CM5 Sensor Chip, for 

testing larger analytes such as virus particles. HSA and HSA-FcyRHa were amine-

coupled to 2,509 and 3,185.8 RU, respectively, to the surface of an Fl Sensor Chip, 

giving an 1:1 molar ratio of HSA and HSA-FcyRHa coupled to different flow cells 

(Figure 3.4). 

When this chip was used, binding was detected for the phage clones containing the 

peptide consensus sequence (CWPGWDxxC). including pc-C7Cl (CWPGWDLNC). 

PC-C7C2 (CWPGWDLLC). pc-C7C6 (CWPGWDMAC) and pc-C7C10 

(CWPGWDEMC). when injected at an equal titer of 1 x lO'^ pfii/ml (ie. -1.6 nM phage 

particles) (Figure 3.5). However, there was some difference in the levels of binding of 

the consensus sequence containing phage clones (pc-C7Cl, pc-C7C2, pc-C7C6 and pc-

C7C10) to HSA-FcyRHa, compared to that observed with the CM5 Sensor Chip and the 

phage capture assay (Chapter 2), in particular with a higher level of binding seen for 

phage clones, pc-C7C6 (-100 RU) and pc-C7C10 (-140 RU), than pc-C7Cl (-80 RU) 

on the Fl Sensor Chip (Figures 3.5 and 3.6). This may have occurred as a result of a 

difference in the level of HSA-FcyRHa coupled to each of the sensor chips (Figure 3.1 

and 3.4), with higher levels of HSA-FcyRHa bound to the CM5 Sensor chip, which may 

have influenced the accessibility of the peptide within the phage clone to bind to 

FcyRHa. 

Nonetheless, binding of the consensus-sequence containing phage clones pc-C7C2, pc-

C7C6, PC-C7C10, and in particular pc-C7Cl, to HSA-FcyRHa, was not caused by 

"stickiness" of the Ml 3 bacteriophage for the sensor chip surface since the phage clone 

pc-12ml (TPITQLL), obtained from panning the "Ph.D.-12" phage display linear 

peptide library (NEB) on HSA-FcyRHa, showed binding to HSA-FcyRHa just above 

background (-10 RU) (Figures 3.5 and 3.6). Furthermore, compared to the standard 

CMS Sensor Chip, the Fl Sensor Chip appeared to provide consistently better binding 

of whole phage clones to HSA-FcyRHa (Figure 3.5). 
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Figure 3.4. Coupling HSA-FcyRHa to an Fl Sensor Chip on BIAcore. a. HSA was 

immobitised to flow cell 1 of an Fl Sensor Chip, by amine coupling, to 2,509 RU. b . 

HSA-FcyRHa was immobitised to flow cell 2 of an Fl Sensor Chip, by amine coupling, 

to 3,185.8 RU. 

Injections: I. pre-concentration test of HSA/HSA-FcyRHa at 50 pg/ml 

2. activation with 1:1 mix of 100 mM NHS and 400 mM EDAC 

3. coupling HSA/HSA-FcyRHa (50 ^g/ml) to activated dexfran matrix 

4. blocking with 0.5 M ethanolamine, pH 8.5 

Conditions: flow rate: 10 pl/min, HBS running buffer 
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Figure 3.5. Direct binding of IgG and individual phage clones (pc) to HSA-FcyRHa 

(HSA subfracted) immobitised on an Fl Sensor Chip. 

Injections: PBS, phage clones (pc): pc-12ml (TPITQLL) from panning phage linear 

peptide library on HSA-FcyRHa; pc-C7Cl (CWPGWDLNC), pc-C7C2 (CWPGWDLLC), 

PC-C7C6 (CWPGWDMAC) and pc-C7C10 (CWPGWDEMC) from paiming phage disulphide-

constrained peptide library on HSA-FcyRHa 

Conditions: phage titers were adjusted to 1 x lO'^ pfii/ml (-1.6 nM phage particles); 

flow rate 5 pl/min., PBS running buffer. Regeneration (R): 1.5 M GuHCl + 17% (v/v) 

isopropanol 
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Figure 3.6. BIAcore responses from binding of individual phage clones (pc) to HSA-

FcyRHa, amine-coupled to an Fl Sensor Chip. Phage were injected at equivalent titers, 

at 1 X lO'^ pfii/ml (-1.6 nM phage particles); Response values (RUs) are the mean from 

n=4 experiments +/- S.D. 

Phage clones (pc): pc-12ml (TPITQLL) from panning phage linear peptide library on 

HSA-FcyRHa; pc-C7Cl (CWPGWDLNC), pc-C7C2 (CWPGWDLLC), pc-C7C6 

(CWPGWDMAC) and pc-C7C10 (CWPGWDEMC) from panning phage disulphide-

constrained peptide library on HSA-FcyRHa 
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hi addition, despite the difference in the molar ratio of HSA and HSA-FcyRHa, amine-

coupled to the two flow cells of the CM5 (1:1.8) and Fl (1:1) Sensor Chips, there was 

no appreciable difference in the binding responses detected, with the binding of 

consensus-sequence (CWPGWDLxC) containing phage clones, in particular pc-C7Cl 

(CWPGWDLNC). 

3.3.2 Direct binding of synthetic peptide, pep-C7Cl to immobilised HSA-FcyRIIa: 

HSA and HSA-FcyRHa were coupled to the carboxymethylated dextran matrix of a 

CM5 Sensor Chip, by amine coupling, to 4,201 and 9,525 RU, respectively (Figure 3.7) 

giving an -1:1.8 molar ratio of HSA and HSA-FcyRHa coupled to the two flow ceUs. 

High levels of protein (HSA and HSA-FcyRHa) were immobilised to the sensor chip 

surface so that appreciable binding could be detected despite the low molecular weight 

(-1 kDa) of the synthetic peptide, pep-C7Cl, which can limit the level of response units 

(RU) obtained. In addition, to test for binding of pep-C7Cl to recombinant soluble 

FcyRHa (rsFcyRHa), FcaRI (control) and rsFcyRHa were amine-coupled to flow cells of 

a CMS Sensor Chip, to 579.7 RU and 871 RU, respectively, giving a -1:1.4 molar ratio 

of FcaRI (control) and rsFcyRHa coupled to the sensor chip flow cells. 

The peptide, pep-C7Cl was selected for synthesis on the basis of capture and direct 

binding to HSA-FcyRHa, as determined from the phage capture assay (Chapter 2) and 

the SPR studies (Figures 3.2 & 3.3). The pep-C7Cl was chemically synthesised to be 

disulphide-constrained between Cys^ and Cys^ since it was derived from a phage display 

constrained peptide library, in which random 7-mer peptides are constrained by two 

flanking conserved Cys residues (CXyC; where X is any amino acid) that form a 

spontaneous disulphide bond. In addition, the C-terminus of pep-C7Cl was extended by 

a -GGGS linker and was amidated to block the carboxyl group, which would otherwise 

have a negative charge that was not present in the phage-displayed peptide. Thus pep-

C7C1 (CWPGWDLNCGGGS-NH?) was synthesised to retain the properties of the 

corresponding phage-displayed peptide and was tested for direct binding to amine-

coupled HSA-FcyRHa. 

Binding of the synthetic peptide, pep-C7Cl, to immobilised HSA-FcyRHa, was 

concentration-dependent, but bound with low affinity since high concentrations of 
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peptide, up to 1 mM, were required in order to obtain an appreciable response (Figure 

3.8). Also indicative of a low affinity interaction, was a rapid dissociation of pep-C7Cl 

from HSA-FcyRHa, in which no regeneration of the protein layer was necessary (Figure 

3.8). 
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Figure 3.7. Coupling HSA-FcyRHa to a CM5 Sensor Chip on BIAcore. a. HSA was 

immobitised to flow ceU 1 of a CM5 Sensor Chip, by amine coupling, to 4,201 RU. b . 

HSA-FcyRHa was immobitised to flow cell 2 of a CM5 Sensor Chip, by amine 

coupling, to 9,525 RU. 

Injections: I. pre-concentration test of HSA/HSA-FcyRHa at 50 pg/ml 

2. activation with 1:1 mix of 100 mM NHS and 400 mM EDAC 

3. coupling HSA/HSA-FcyRHa (50 pg/ml) to activated dexfran matrix 

4. blocking with 0.5 M ethanolamine, pH 8.5 

Conditions: flow rate: 10 pl/min., HBS running buffer 
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Figure 3.8. Direct binding of synthetic peptides, pep-alaC7Cl (ACWPGWDLN 

CGGGS-NHi) and pep-C7Cl (CWPGWDLNCGGGS-NH?) to immobitised HSA-

FcyRHa (HSA subtracted). Injections: HBS, pep-alaC7Cl (80% pure) and pep-C7Cl 

(>95% pure) at indicated concentrations; Conditions: flow rate: 10 pl/min., HBS 

mnning buffer 
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At the concentrations tested (10 pM to 1 mM) the binding detected (HSA subtracted) 

was within 10 and 100 RU. fri contrast, binding of the corresponding phage clone, pc-

C7C1 was detected at 1 x 10̂ ^ pfu/ml (ie. -1.6 nM phage particles) (Figure 3.2b). As a 

control, pep-12m6 (SHTAATLVGGGS-NH2), obtained from panning the "Ph.D.-12" 

phage display linear peptide library (NEB) on HSA-FcyRHa (Chapter 2), was tested for 

direct binding to immobitised, HSA-FcyRHa, and unlike pep-C7Cl, did not bind to 

HSA-FcyRHa coupled to the sensor chip (Figure 3.9). The synthetic peptide, pep-C7Cl 

was also tested for direct binding to FcaRI (negative control) and sFcyRHa (soluble 

FcyRHa). Binding of pep-C7Cl to sFcyRHa (FcaRI subtracted) was also concentration-

dependent, except the binding response was reduced (-30%) compared to binding to 

HSA-FcyRHa (Figures 3.8 and 3.10), not surprising since there was -2.4-fold less 

rsFcyRHa coupled to the sensor chip and than there was HSA-FcyRHa. 

One possibility for the observed low affinity binding of the synthetic peptide, pep-C7Cl 

(CWPGWDLNCGGGS-NH2) is that in the phage-displayed peptide (pc-C7Cl) an 

alanine immediately precedes the N-terminal Cys of the mature peptide-g3p fusion, 

displayed on the phage surface. Therefore it was necessary to determine whether this 

additional residue influenced the binding of pep-C7Cl. Binding of the peptide variants, 

pep-C7Cl and pep-alaC7Cl (ACWPGWDLNCGGGS-NH7) to HSA-FcyRHa and 

sFcyRHa was compared for these peptide variants and the results indicated that there 

was not an appreciable difference in the binding of these peptides to HSA-FcyRHa and 

sFcyRHa (Figures 3.8 and 3.10). 

Furthermore, in competition studies between the synthetic peptide, pep-C7Cl and IgG, 

by SPR, pep-C7Cl did not appear to inhibit IgG binding to HSA-FcyRHa (data not 

shown). However, it is possible that inhibition was not detected due to the low affinity 

nature of the peptide compared to IgG (KA «10^ -10^ M"'). 
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Figure 3.9. Testing for direct binding of synthetic peptide, 12m6 

(SHTAATLVGGGS-NH2) to immobitised HSA-FcyRHa (HSA subtracted). 

Conditions: flow rate: 10 pl/min., HBS running buffer 
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Figure 3.10. Direct binding of synthetic peptides, pep-alaC7Cl 

(ACWPGWDLNCGGGS-NH.) and pep-C7Cl (CWPGWDLNCGGGS-NH2) to 

immobilised sFcyRHa (FcaRI subtracted). Injections: HBS, pep-alaC7Cl (80% pure) 

and pep-C7Cl (>95%) pure) at indicated concentrations; Conditions: flow rate: 10 

pl/min., HBS rurming buffer 
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3.3.3 Direct binding of HSA-FcyRIIa to immobilised synthetic peptide, pep-C7CI: 

Synthetic peptide, pep-C7Cl was immobitised to flow cell 2 of a CM5 Sensor Chip, by 

amine coupling, to 1,584 RU (Figure 3.11). HSA, HSA-FcyRHa and sFcyRHa were 

tested for direct binding to immobilised pep-C7Cl ("Blank" reference flow cell 

subtracted), at multiple concentrations. For HSA-FcyRHa, response units increased 

28.1, 18.4 and 3.8 RU when injected at 5 pM, 2.5 pM and 1.25 pM, respectively 

(Figure 3.12). Similarly, for sFcyRHa, response units increased 22.1 RU at 5.8 pM. In 

contrast, binding of HSA, at similar concentrations was not detected (Figure 3.12). 

These results indicate that both HSA-FcyRHa (97.5 kDa) and sFcyRHa (21.5 kDa) bind 

with low affinity to immobilised pep-C7Cl since high concentrations of these proteins 

were required to detect such changes in response units (RUs). 

In order to fiirther confirm the specificity of HSA-FcyRHa for pep-C7Cl, HSA-FcyRHa 

was injected over immobilised pep-C7Cl in the absence and presence of an excess of 

IgG (Sandoglobulin) and inhibition of HSA-FcyRHa binding to amine-coupled pep-

C7C1 by fluid phase IgG tested. Interestingly, when establishing conditions for this 

experiment and polyclonal IgG (Sandoglobulin at -66 |iM) was injected over 

immobitised pep-C7Cl, IgG itself showed a strong (600 RU) binding response to the 

pep-C7Cl (Figure 3.13). Thus the peptide, pep-C7Cl showed not only measurable 

binding activity to FcyRHa on BIAcore but also showed binding to polyclonal IgG. 
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Figure 3.11. Immobitisation of chemically synthesised peptide, pep-C7Cl 

(CWPGWDLNCGGGS-NH?) to flow cell 2 of a CM5 Sensor Chip, by amine coupling, 

to 1,584 RU. 

Injections: 1. activation with 1:1 mix of 100 mM NHS and 400 mM EDAC 

2. coupling 1 mM pep-C7Cl to the activated dextran matrix 

3. blocking with 0.5 M ethanolamine, pH 8.5 

Conditions: flow rate: 10 pl/min., HBS running buffer 
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Figure 3.13. Binding specificity of HSA-FcyRHa for immobitised pep-C7Cl (Flow 

cell 2). Flow ceU 1 was a chemically treated "Blank" flow ceU. 

Conditions: flow rate: 10 pl/min., HBS running buffer 
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3.3.4 Affinity estimation of HSA-FcyRIIa binding to immobilised pep-C7Cl: 

hi order to determine an estimate of the binding affinity of HSA-FcyRHa for pep-C7Cl, 

the peptide was again amine-coupled to a CM5 Sensor Chip, to 299.5 RU (Figure 3.14). 

The affinity (KD) of HSA-FcyRHa for pep-C7Cl was 101 pM, which confirms findings 

from the binding of synthetic peptide, pep-C7Cl to amine-coupled HSA-FcyRHa that 

these molecules interact with relatively low affinity. Furthermore, from this affinity 

study, the binding of HSA-FcyRHa to pep-C7Cl was shown to be specific since no 

appreciable binding of HSA was detected even when a high concentration of HSA (12.9 

pM) was included with the set of binding curves of HSA-FcyRHa (Figure 3.15a). 
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Figure 3.14. Immobilisation of chemically synthesised peptide, pep-C7Cl 

(CWPGWDLNCGGGS-NH2) to flow ceU 4 of a CM5 Sensor Chip, by amine coupling, 

to 299.5 RU. 

Injections: 1. activation with 1:1 mix of 100 mM NHS and 400 mM EDAC 

2. coupting 1 mM pep-C7Cl to the activated dextran matrix 

3. blocking with 0.5 M ethanolamine, pH 8.5 

Conditions: flow rate: 10 pl/min., HBS running buffer 
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Figure 3.15. Affinity determination of HSA-FcyRHa for synthetic peptide, pep-C7Cl, 

amine-coupled to a CM5 Sensor Chip. a. Equilibrium binding curves of HSA-FcyRHa, 

at indicated concentrations, to immobitised pep-C7Cl; single injections with HBS and 

12.9 pM HSA (Control) were also included, b . Plot of response (RU), when HSA-

FcyRHa binding reached a steady state (60 min.), as a function of HSA-FcyRHa 

concentration, and fit to a single-binding site model (r = 0.993). 
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3.3.5 Cross-reactivity of the synthetic peptide, pep-C7Cl for various antibodies: 

a. Concentration-dependent binding of poly clonal IgG to synthetic peptide, pep-C7Cl: 

Since pep-C7Cl was found to cross-react with polyclonal IgG (Sandoglobulin) (Figure 

3.13), this antibody was injected, at multiple concentrations, over immobilised pep-

C7C1, to determine whether binding was concentration-dependent. Bindmg of 

polyclonal IgG to pep-C7Cl was in fact concentration-dependent, however, IgG bound 

with low affinity since relatively high concentrations of IgG were required to detect 

binding and for this reason the binding affinity (KD) was not quantitated (Figures 3.16a 

and 3.17a). Also indicative of low affinity was the rapid dissociation of IgG from 

amme-coupled pep-C7Cl, with IgG being almost completely dissociated from pep-

C7C1, within seconds of association (Figure 3.16a). 

To determine whether IgG binding was influenced by avidity, HAGG (heat-aggregated 

IgG) was tested for binding to amine-coupled pep-C7Cl, and these binding responses 

compared to those obtained with polyclonal IgG. HAGG did indeed bind to pep-C7Cl, 

in a concentration-dependent manner and was slow to dissociate from pep-C7Cl 

(Figures 3.16). In fact, HAGG bound more strongly to pep-C7Cl than polyclonal IgG, 

with low concentrations of HAGG sufficient to detect binding and maximal binding 

(saturation) achieved with 250-500 }ig/ml of HAGG; slower dissociation was also 

evident by the shape of the binding curves (Figures 3.16). 
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Figure 3.16. Binding of polyclonal IgG and HAGG to pep-C7Cl. a. Concentration-

dependent binding of polyclonal IgG to immobitised pep-C7Cl ("Blank" subfracted). b . 

Concentration-dependent binding of HAGG (heat-aggregated IgG) to immobilised pep-

C7C1 ("Blank" subtracted); mean from n=3 experiments +/- S.D. 

Conditions: flow rate: 10 pl/min., HBS miming buffer. Regenerations (R): 1.5 M 

GuHCl + 17% (v/v) isopropanol 
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b. Concentration-dependent binding of various antibodies to immobilised pep-C7Cl: 

Since synthetic peptide, pep-C7Cl was found to cross-react with polyclonal IgG 

(Sandoglobulin), able to recognise multiple binding epitopes, pep-C7Cl was then tested 

for cross-reactivity with the binding epitope of various monoclonal antibodies These 

included, a preparation of Nav myeloma IgGl, a recombinant human IgGl, bl2, 

specific for the HIV-1 glycoprotein, gpl20 (Burton et al, 1994), and IgMs (Pot and 

Yvo), from patients with Waldenstrom's macroglobulinemia (Fan et al, 1992; Shaw et 

al, 2002). In addition, another class of polyclonal immunoglobulin, IgA, as well as 

other subclasses of IgG including IgG2 and IgG3 were tested for binding to pep-C7Cl. 

hiterestingly, the monoclonal antibody, Nav myeloma IgGl, bound to immobilised pep-

C7C1 with considerably strong concentration-dependent binding, in which Nav 

myeloma IgGl was slow to dissociate upon binding to pep-C7Cl, with -80% of Nav 

myeloma IgGl still bound after exchange of the analyte (Nav myeloma IgGl) with 

miming buffer (HBS) and a regeneration step was required to remove pep-C7C 1 bound 

Nav myeloma IgGl (Figure 3.17). 

In addition, a recombinant human IgGl, bl2, specific for the HIV-1 glycoprotein, 

gpl20, also bound to immobilised pep-C7Cl in a concentration-dependent manner, 

however, did not bind as strongly as Nav myeloma IgGl, with almost complete 

dissociation from pep-C7Cl within seconds of binding (Figure 3.19). In fact, the 

binding responses of recombinant human IgGl, bl2, resembled closely those obtained 

with polyclonal IgG (Sandoglobulin) (Figures 3.16a and 3.19), suggesting similarly low 

affinity binding of this antibody to pep-C7Cl. 
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Figure 3.18. Concentration-dependent binding of Nav myeloma IgGl to immobilised 

pep-C7Cl (Flow ceU 2). Flow ceti 1 was a chemically treated "Blank" flow cell. 
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Figure 3.19. Concentration-dependent binding of a recombinant human IgGl, bl2, 

specific for the HIV-1 glycoprotein, gpl20, to immobitised pep-C7Cl (Flow cell 2). 

Flow cell 1 was a chemically treated "Blank" flow cell. 

Conditions: flow rate: 10 pl/min., HBS running buffer 

183 



Of the IgMs tested for binding to amine-coupled pep-C7Cl, only IgM Yvo was detected 

to bind pep-C7C 1 in a concentration-dependent manner, while IgM Pot did not bind to 

peptide (Figure 3.20). Although the binding curves of IgM Yvo were similar to those 

obtained for polyclonal IgG (Sandoglobulin) and the recombinant human IgGl, bl2, 

with almost complete (-90%)) dissociation of IgM Yvo from pep-C7Cl, within seconds 

of binding pep-C7Cl (Figure 3.20), 4-fold lower concentrations of IgM Yvo were 

required to obtain comparable responses to these antibodies, suggesting that IgM Yvo 

may bind with higher affinity than these antibodies (polyclonal IgG and IgGl bl2). In 

contrast, measurable binding of polyclonal antibody, IgA, and other subclasses of IgG, 

including IgG2 and IgG3, was difficult to detect because at the maximum concentration 

(1.67 pM) of these antibodies, available for testing, no appreciable binding was 

observed (data not shown). 

In addition, although BIAcore detects changes in the mass concentrations of molecules 

at the sensor surface in response to binding, when testing both HSA-FcyRHa and the 

various antibodies (polyclonal IgG, HAGG, Nav myeloma IgGl, IgGl bl2 and IgMs 

Yvo and Pot) for binding to pep-C7Cl (Sections 3.3.5a/b), binding responses obtained 

were considerably low, despite the high molecular weight of HSA-FcyRHa (-98 kDa) 

and the antibodies (IgG -150 kDa and IgM -970 kDa). In the literature, similarly low 

binding responses were also seen for low affinity binding of FcyRIH (-20 kDa) to 

immobitised peptides, based on the lower hinge region of IgG, on BIAcore (Radaev and 

Sun, 2001b). Thus the low level binding responses detected, of the high molecular 

weight proteins (HSA-FcyRHa, polyclonal IgG, HAGG, Nav myeloma IgGl, IgGl b 12 

and IgMs Yvo and Pot) to the small, low molecular weight peptide, pep-C7Cl (-1 

kDa), are also indicative of low affinity binding of these proteins to immobilised pep-

C7C1, on BIAcore. 
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Figure 3.20. Binding of IgMs, Yvo and Pot to pep-C7Cl. a. Concentration-

dependent binding of IgMs (Pot and Yvo) to immobilised pep-C7Cl ("Blank" 

subtracted). Conditions: flow rate: 10 pl/min., HBS running buffer, b . Binding of IgMs 

(Pot and Yvo) to immobitised pep-C7Cl; mean from n=4 experiments +/- S.D. 
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c. Affinity estimation of Nav myeloma IgGl and IgM (Yvo) binding to synthetic peptide, 

pep-C7Cl: 

To determine the specificity of the synthetic peptide, pep-C7Cl for FcyRHa, the affinity 

(KD) of Nav myeloma IgGl and IgM Yvo for pep-C7Cl, was determined and compared 

to that of HSA-FcyRHa for pep-C7Cl (Section 3.3.4). The affinity (KD) of Nav 

myeloma IgGl for pep-C7Cl was determined by plotting equilibrium binding responses 

(RU) against protein concentration, and fitting the data to a single-binding site model. 

However, even at the highest concentration of antibody tested (13.3 pM) the plot of 

steady-state binding responses, as a fimction of Nav myeloma IgGl concentration, did 

not reach saturation (Bmax) (Figure 3.21b). Thus, with only an apparent concentration of 

Nav myeloma IgGl measured, due to the presence of residual albumin (-1 % of the 

total protein) in the Nav myeloma IgGl preparation, and the failure of the binding 

responses to reach complete saturation, only an estimate of the affinity (KD) of Nav 

myeloma IgGl for pep-C7Cl could be determined, which based on this data was -32.9 

pM. Nonetheless, this estimate suggests that once again Nav myeloma IgGl binds to 

pep-C7Cl with higher affinity than HSA-FcyRHa (KD -101 pM) (Section 3.3.4). 

Moreover, the binding curves used to determine the affinity of Nav myeloma IgGl for 

pep-C7Cl suggest that Nav myeloma IgGl binds to pep-C7Cl with relatively high 

affinity, with slow dissociation of Nav myeloma IgGl from pep-C7Cl, at the end of the 

60-minute association phase, when the analyte (Nav myeloma IgGl) was replaced with 

HBS buffer (Figure 3.21a). 

In contrast, based on the single binding site model the affinity of (KD) of IgM Yvo for 

pep-C7Cl was 72.9 pM (Figure 3.22), which suggests that IgM Yvo also binds to pep-

C7C1 with relatively high affinity and binds with higher affinity than HSA-FcyRHa 

(Section 3.3.4). Nonetheless, binding of IgM Yvo was shown to be specific from this 

affinity study, since once again no appreciable binding of IgM Pot (2.7 pM) was 

detected even when injected at a single high concentration (Figure 3.22a). 
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Figure 3.21. Affinity determination of Nav myeloma IgGl for immobilised synthetic 

peptide, pep-C7Cl. a. Equilibrium binding curves of Nav myeloma IgGl, at indicated 

concentrations, to immobitised pep-C7Cl; a single injection with HBS was included, b . 

Plot of response (RU), when binding of Nav myeloma IgGl reached a steady state (60 

min.), as a function of Nav myeloma IgGl concenfration, and fit to a single-binding site 

model (?= 0.988). 
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Figure 3.22. Affinity determination of IgM Yvo for immobitised synthetic peptide, 

pep-C7Cl. a. Equilibrium binding curves of IgM Yvo, at indicated concenfrations, to 

immobitised pep-C7Cl; single injections with HBS and 2.7 pM IgM Pot (Confrol) were 

included, b . Plot of response (RU), when IgM Yvo binding reached equilibrium (60 

min.), as a function of IgM Yvo concentration, and fit to a single-binding site model 

(r̂ = 0.946). 
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3.4 Discussion: 

Based on SPR studies on BIAcore, whole phage clones containing the peptide 

consensus sequence (CWPGWDxxC), selected by paiming the "Ph.D.-C7C" phage 

display constrained peptide library (NEB) on HSA-FcyRHa, bound to amine-coupled 

HSA-FcyRHa. These findings support those from the phage capture assay (Chapter 2), 

in which phage clones containing the peptide consensus sequence (CWPGWDxxC). in 

particular the phage clone, pc-C7Cl (CWPGWDLNC). were captured on HSA-FcyRHa. 

Thus a synthetic disulphide-constrained peptide, pep-C7Cl (CWPGWDLNCGGGS-

NH2), corresponding to the phage clone, pc-C7Cl, and containing a -GGGS linker and 

being amidated at the C-terminus, to best resemble the phage displayed peptide, was 

tested for binding to HSA-FcyRHa on BIAcore. 

The synthetic peptide, pep-C7Cl was found to bind to amine-coupled HSA-FcyRHa, on 

BIAcore, but with low affinity, in which a high concentration ofpeptide (1 mM) was 

required in order to detect an appreciable binding response. In addition, in competition 

studies between the synthetic peptide, pep-C7Cl and IgG, for binding to HSA-FcyRHa, 

inhibition of IgG binding to HSA-FcyRHa was not detected, however, may have been a 

result of the lower affinity binding of pep-C7Cl for HSA-FcyRHa, compared to that of 

IgG (KA «10^ -10^ M"'). In contrast, measurable binding of the whole phage clone, pc-

C7C1, from which this synthetic peptide was derived, was detected at a phage titer of 1 

X 10'^ pfii/ml (-1.6 nM phage particles). These differences in binding suggest that direct 

binding of the consensus sequence containing phage clone, pc-C7Cl (CWPGWDLNC) 

to HSA-FcyRHa, may have been influenced by removal of the peptide from the phage 

protein framework. In particular, since phage display 3-5 copies of the peptide-minor 

coat protein (g3p) fiision on their surface, the whole phage clone (pc-C7Cl) is likely to 

bind more avidly to HSA-FcyRHa, than the synthetic peptide (pep-C7Cl). Furthermore, 

when fiised to the phage, the conformations, which the peptide is tikely to adopt are 

more restricted and may also be influenced by interactions with nearby residues in the 

phage minor coat protein, hi the literature, phage avidity and removal of the peptide 

from the phage protein framework have been suggested to contribute to a drastic 

reduction in the binding of synthetic peptides, derived from phage display libraries, to 

target proteins upon which they have been panned (Cwiria et al, 1990; Chirinos-Rojas 

et al, 1999; Ferrieres et al, 2000; Zwick et al, 2001). 
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Since BIAcore detects changes in the mass concentrations of molecules at the sensor 

surface in response to binding, the low molecular weight of the synthetic peptide, pep-

C7C1 (-1 kDa) made detection of a measurable binding response somewhat difficuti. 

Furthermore, since this peptide (pep-C7Cl) bound to amine-coupled HSA-FcyRHa with 

low affinity, high concentrations of pep-C7Cl (1 mM) were required in order to detect 

an appreciable binding response with this peptide. To overcome difficulties in detecting 

peptide binding to HSA-FcyRHa an alternative approach was utilised, in which peptide 

was immobilised to the chip by amine coupling, and HSA-FcyRHa used as the analyte. 

In a similar study, in which peptides derived from the lower hinge region of IgG were 

tested for binding to FcyRIH, this approach was also found to provide more meaningful 

binding responses (Radaev and Sun, 2001b). When FcyRIH was amine-coupled to the 

sensor chip, millimolar concentrations of peptide were required in order to detect 

appreciable binding responses, yet when peptide was immobilised to the sensor chip 

surface appreciable binding was detected with micromolar concentrations of FcyRIH 

(Radaev and Sun, 2001b; Ford et al, 2003). Similarly, when HSA-FcyRHa was coupled 

to the chip, millimolar concentrations (1 mM) ofpeptide (pep-C7Cl) were required to 

detect appreciable binding, yet when pep-C7Cl was coupled to the sensor chip and 

HSA-FcyRHa was used as the analyte, appreciable binding responses were detected 

with micromolar concentrations of HSA-FcyRHa (51.3 pM). Based on the single-

binding site model, the affinity (KD) of HSA-FcyRHa for pep-C7Cl was 101 pM, which 

confirmed that HSA-FcyRHa bound pep-C7Cl with low affinity. Nonetheless, no 

appreciable binding was detected even when a high concentration of HSA (12.9 pM) 

was tested for binding to pep-C7Cl, suggesting that pep-C7Cl binds to FcyRIIa. 

Interestingly, polyclonal IgG (Sandoglobulin) was also found to bind to amine-coupled 

pep-C7Cl, when tested for its ability to inhibit HSA-FcyRHa binding to pep-C7Cl, 

however, the affinity of polyclonal IgG for pep-C7Cl was relatively low. Due to the 

low affinity natiire of polyclonal IgG binding to pep-C7Cl and the exceptionally high 

concentrations of polyclonal IgG needed to detect a binding response, the binding 

affinity (KD) of polyclonal IgG for pep-C7Cl was not determined. Moreover, it was 

found that IgG bound more favourably when tested in an aggregated form (HAGG), 

however, since the nature of the multimeric HAGG preparation is not well defined, the 

binding affinity (KD) of HAGG for pep-C7Cl could not be accurately quantitated. 
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Nonetheless, these findings suggest that avidity effects are likely to influence binding of 

polyclonal IgG to pep-C7Cl, in which this antibody binds to pep-C7Cl more avidly in 

its multimeric aggregated form. 

Furthermore, given that polyclonal IgG was found to bind to amine-coupled pep-C7Cl, 

various other antibodies were tested for binding to pep-C7Cl to establish the degree of 

cross-reactivity of this peptide, these included Nav myeloma IgGl, purified from a 

myeloma patient, a recombinant human IgGl, bl2, specific for the HPV-l glycoprotein, 

gpl20 (Burton et al, 1994); as well as polyclonal serum IgA, myeloma IgG2, myeloma 

IgG3 and IgMs Pot and Yvo, from patients with Waldenstrom's macroglobulinemia 

(Fan et al, 1992; Shaw et al, 2002). Of these antibodies tested, Nav myeloma IgGl and 

IgM Yvo were found to bind with relatively high affinity, with affinities (KD) of-32.9 

pM and 72.9 pM, respectively. However, it is of important consideration that the 

pentameric nature of IgM Yvo is likely to have contributed to avidity effects in the 

binding of this antibody to pep-C7Cl. Moreover, with residual albumin (-1% of the 

total protein) present in the purified Nav myeloma IgGl preparation (Boume, 2003), it 

is not known whether this may have a stabilising effect on this antibody, which favours 

binding to pep-C7Cl. The presence of the residual albumin may have also led to only 

an apparent concentration of antibody to be measured thereby causing the degree of 

binding to be potentially underestimated. 

Interestingly, the "Ph.D.-7" phage display peptide library (NEB), has also been 

previously parmed on Nav myeloma IgGl, in the lab in which it was originally purified, 

to identify potential binding peptides to this antibody (Boume, 2003) and despite having 

been panned with a linear phage display peptide library, the peptide consensus 

sequence, HWGMWSY identified, shared some similarity to the peptide consensus 

sequence (CWPGWDxxC) obtained from panning on HSA-FcyRHa (Chapter 2). hi 

addition, while the disulphide-constrained peptide, pep-C7Cl was found to bind to Nav 

myeloma IgGl with relatively high affinity (KD ~32.9 pM) on BIAcore, binding of the 

linear peptide (HWGMWSY) to Nav myeloma IgGl was difficuh to estabtish (Boume, 

2003), suggesting that perhaps it bound with lower affinity, outside measurable ranges. 

Nonetheless, the conservation of the WxxW (where x is any amino acid) in both peptide 
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consensus sequences suggests that this is potentially an important feature for peptide 

binding to Nav myeloma IgGl. 

In terms of binding to our target, HSA-FcyRHa, overall the consensus sequence 

(CWPGWDxxC) containing phage clones, in particular pc-C7Cl (CWPGWDLNC) 

bound to HSA-FcyRHa, from which these phage clones were recovered (Chapter 2), on 

BIAcore. Furthermore, the corresponding synthetic peptide, pep-C7Cl 

(CWPGWDLNCGGGS-NH2) also bound to HSA-FcyRHa and soluble FcyRHa, on 

BIAcore, albeit with low affinity. Although the affinity of HSA-FcyRIIa for pep-C7Cl 

was particularly low it provides a novel lead for the development of inhibitors of 

FcyRHa. Of particular interest is the possibility of improving the low affinity of pep-

C7C1 for FcyRHa, especially given the significant adverse effects seen in binding upon 

removing the peptide from the phage. It is possible that when presented in the phage, 

the peptide conformation is stabilised by the surrounding environment leading to more 

favourable binding and is further presented in a multivalent (3-5 copies) manner, 

leading to potential avidity effects, which may further contribute to stronger binding. 

Thus, to establish whether the phage environment contributed to the stronger binding of 

phage displayed peptide (pc-C7Cl) to FcyRHa, compared to the synthetic peptide (pep-

C7C1), a recombinant protein was developed based on domain 1 of the minor coat 

protein (g3p-Dl) from bacteriophage Ml3, which included the peptide insert sequence 

corresponding to the peptide binder, C7C1 (CWPGWDLNC) and this protein (g3p-Dl 

C7C1) was tested for binding to FcyRHa on BIAcore, and compared to that of the phage 

displayed and synthetic peptide containing the corresponding sequence (Chapter 4). 

In addition, it would also be of interest to gain a better understanding of the mode in 

which pep-C7Cl interacts with FcyRHa, such as on a structural level, in order to 

optimise the affinity and specificity of the peptide for FcyRHa. Therefore the solution 

stmcture of the synthetic peptide, pep-C7Cl was solved by NMR spectroscopy and 

molecular modelling (Chapter 5) and the structure compared to the NMR structure of 

peptides identified from phage panning on Fc Receptor, FceRI (Nakamura et al, 2001; 

Nakamura et al, 2002), which shares -50% homology with the FcyRs (Sondermann et 

al, 2001). With the recent crystal structtire of the FcsRI-peptide complex having also 

been solved and binding found to closely resemble an interaction common to the 
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binding of Ig(Fc) to Fc receptors, the "Proline Sandwich," the structure of pep-C7Cl 

may give insight into whether this peptide shares a similar mode of binding (Nakamura 

et al, 2001; Nakamura et al, 2002; Stamos et al, 2004). 
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Chapter 4 - The development of recombinant minor coat 

protein, g3p displaying the FcyRIIa-binding peptide, C7C1. 

4.1 Introduction: 
While Surface Plasmon Resonance (SPR) studies on BIAcore (Chapter 3) revealed that 

the phage displayed peptide clone, pc-C7Cl and the corresponding chemically 

synthesised peptide, pep-C7Cl, bound to FcyRHa, the synthetic peptide did not appear 

to bind FcyRHa, as well as the phage displayed peptide. To address whether the low 

affinity binding of synthetic peptide to FcyRHa, on BIAcore was a result of the 

removing the peptide from the phage, a recombinant protein of domain 1 of the minor 

coat or gene HI protein (g3p-Dl), of bacteriophage Ml 3, clone C7C1 (CWPGWDLNC) 

(Figure 4.1), was developed and tested for binding to FcyRHa on BIAcore. It is possible 

that once removed from the surrounding phage environment, the peptide is likely to 

adopt a more flexible conformation, which does not quite resemble that of the peptide 

displayed on the phage, thereby reducing its ability to bind to FcyRHa as well as the 

phage displayed peptide. In addition, since phage display 3-5 copies of the g3p protein 

on their surface, it is also possible that avidity effects influenced binding of the phage 

displayed peptide to FcyRHa. Monovalent display of the peptide on the surface of the 

recombinant g3p-Dl would also establish whether this was in fact the case. 

In the literature, removal of phage display derived peptide binders from the phage 

environment has been shown to adversely affect the binding of the peptide, in some 

cases disrupting peptide binding altogether (Cwiria et al, 1990; Chirinos-Rojas et al, 

1999; Ferrieres et al, 2000; Zwick et al, 2001). hi one such study, a phage display 

library of random 15-mer peptides, fiised to the N-terminus of the minor coat protein 

(g3p), was panned direcfly on recombinant tumour necrosis factor-a (TNF-a) to identify 

peptide antagonists (Chirinos-Rojas et al, 1999). A peptide was identified from this 

phage display screen, however, while the phage displayed peptide bound and inhibited 

TNF-a activity in vitro, the free peptide did not bind to TNF-a, as determined by SPR, 

and inhibited TNF-a activity only weakly (Chirinos-Rojas et al, 1999). 
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hi another study, a set of phage display libraries, with peptides fused to the major coat 

or gene protein VIH (pVHI or gp8), of which -200 copies of this protein are displayed 

on the phage, were panned on the human monoclonal antibody (mAb) bl2, which 

recognises an epitope that overlaps with the CD4 binding site of the HIV-1 envelope 

glycoprotein, gpl20 (Zwick et al, 2001). Two peptide clones, Edl and Ed2 were 

identified, which shared some sequence homology, but differed by two and one 

cysteines in their sequences, respectively (Zwick et al, 2001). Based on these peptides a 

second generation of directed phage display libraries was generated and screened on 

mAb bl2; of the clones identified peptide B2.1 was the strongest binding clone (Zwick 

et al, 2001). The condition of the single cysteine, of the phage-displayed peptide B2.1, 

was investigated and membrane fractions containing the B2.1-pVIH fusion analysed by 

SDS-PAGE to determine whether the single cysteine in the sequence of this peptide was 

involved in dimer formation. Interestingly, the peptide indeed was found to exist as a 

homodimer and additionally the presence and location of the cysteine involved in 

forming the homodimer was found to be critical in the peptide's reactivity with bl2 

(Zwick et al, 2001). In contrast, clones containing two cysteines, in their peptide 

sequences, were found to predominantly form monomers and were suggested to be 

disulphide-constrained; these bound to bl2 only weakly (Zwick et al, 2001). 

Moreover, when displayed on the phage, peptide B2.1 bound to mAb bl2 with almost 

equivalent affinity to the native gpl20, with KDS in the nanomolar range, while the 

corresponding synthetic peptide B2.1, prepared as a homodimer, did not bind bl2 as 

strongly, binding bl2 with an estimated KD of 2.5 pM (Zwick et al, 2001). These 

results suggest that reactivity of the peptide with bl2 was influenced by presentation of 

the peptide on the phage surface, in particular in relation to avidity, with the phage 

displaying -200 copies of the peptide on its surface. In order to further establish 

whether the surrounding phage environment also confributed to stabilising the 

conformation of the peptide and thus binding to b 12, a soluble form of the B2.1-pVin 

fiision would need to be developed and the bl2 binding of this monovalent form of 

peptide B2.1 compared to that of the phage displayed and synthetic peptide. 

The following study aims to address the limitation ofpeptide binding by phage display. 

Primers were designed based on g3p-Dl from bacteriophage Ml3 clone C7C1 

(CWPGWDLNC). which contains the peptide insert demonstrated to bind FcyRHa. The 
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g3p leader sequence was also included in the design of the recombinant g3p-Dl C7C1 

expression construct, to direct expression of the mature g3p-Dl to the periplasm 

(Nilsson et al, 2000), which simptifies protein purification (Le and Trotta, 1991; Choi 

and Lee, 2004). In addition, directing protein expression to the periplasm has several 

other advantages including, reduced degradation by proteases and an increased 

likelihood of the protein being in the correctly folded conformation by providing an 

oxidising environment for the formation of stabilising disulphide bonds (Le and Trotta, 

1991; Missiakas and Raina, 1997; Choi and Lee, 2004). The primers were then used to 

amplify g3p-Dl C7C1 by PCR, and for protein expression the product was ultimately 

cloned into a pET-26(+) vector (Novagen), which incorporates a C-terminal His6-tag, 

for ease of purification. The recombinant g3p-Dl C7C1 was expressed in E.coli BL21 

cells (Novagen), extracted from the periplasm, purified and tested for binding to 

FcyRHa by BIAcore. 
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10 * 20 30 

MKKLLFAIPLVVPFYSHSAETVESCLAKPH 
40 50 60 

TENSFTNVWKDDKTLDRYANYEGCLWNATG 
70 80 

VVVCTGDETQCYGTWVPIGLAIPEN 

Domain 1: 1-18 leader sequence, 19-85 mature protein 
* for phage linear peptide libraries (NEB), -X^GGGS- inserted between residues 18-19, where: 

X= random residue; n= number of residues and n= 7 for Ph.D.7. phage library and 

n= 12 for Ph.D.12. phage library; for phage constrained peptide library (NEB), -ACX^CGGGS-

inserted between residues 18-19, where n= 7 for Ph.D.-C7C phage library 

Figure 4.1. Schematic representation of the minor coat or gene HI protein (g3p) of 

bacteriophage Ml3, which is comprised of three major domains (Dl, D2 and D3). The 

first 18 residues of domain 1 (Dl) are comprised of the g3p leader sequence, which is 

cleaved upon secretion to release the mature g3p protein. The random peptide insert, 

engineered into the phage display libraries (NEB), is located at the N-terminus of Dl of 

g3p, just following the g3p leader sequence. 
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4.2 Materials: 

4.2.1 General Reagents: 

MgCl2«6H20 (Magnesium Chloride), NaCl (Sodium Chloride), CHsCOONa (Sodium 

acetate), glycerol, methanol and acetic acid were purchased from Merck (Kilsyth, Vic, 

Australia); Tris-HCl (Tris-Hydrogen Chloride), Tris-Base, Tris-borate, Ampicitiin, 

Kanamycin, were purchased from Sigma (St Louis, MO, USA). 

4.2.2 Construction of protein expression vector: 

Domain 1, g3p (g3p-Dl) M13 bacteriophage primers: 1 (5'-GCCATATGAAAAAA 

TTATTATTCGCAATTCC-3') and 2 (3'-GCGGCCGCATTTCAGGGATAGCAA 

GCCC-5) and T7 reverse primer (3'-GATATCACTCAGCATAA-5') were purchased 

from SigmaGenosys (NSW, Australia); 2.5 mM deoxynucleotide 5' triphosphates 

(dNTPs), 2.5 Units Pwo Polymerase, Ix Pwo Buffer, AmpliT^j'̂  DNA Polymerase and 

Ix PCR Buffer and BDT (Big Dye Terminator) Version 3.0 were purchased from 

Apptied Biosystems (Foster City, CA, USA); restriction endonucleases: Nde I, Not I, 

EcoK V (with lOx Buffer 3 supplied), T4 DNA ligase, Ix T4 DNA tigase buffer, BSA 

(Bovine Serum Albumin) and Bst^ H digested X DNA was purchased from New 

England Biolabs, NEB (Beverly, MA, USA); pBluescriptH SK (+) was from Stratagene 

(La Jolla, CA, USA); pET-26b(+) His6 and E.coli BL21 (DE3) cells were purchased 

from Novagen, an affiliate of Merck (Kilsyth, Vic, Australia). 

Agarose (DNA-grade) were from Progen (Darra, Qld, Australia); Ethidium Bromide 

was purchased from Sigma (St Louis, MO, USA); Aerosol resistant pipette tips were 

from Sarstedt (Germany); PCR tubes and caps (MicroAmp) were purchased from 

Applied Biosystems (Foster City, CA, USA); plasmid DNA and DNA gel exfraction kit 

were purchased from QIAGEN (Hilden, Germany). 

4.2.3 Protein expression and purification: 

Reagents used to make 2xYT media: Bacto-Tryptone and Bacto-Yeast Extract were 

purchased from Becton Dickinson (BD) (Sparks, MD, USA); IPTG (isopropyl p-D-

thiogalactoside) was from Progen (Darra, Qld, Ausfralia); EDTA 

(Ethylenediaminetetraacetic acid, disodium salt), NaH2P04 (Sodium dihydrogen 

orthophosphate), SDS (Sodium Dodecyl Sulfate) and Sucrose were from BDH Lab 
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Supplies (Poole, England); Tricine (A^-Tris(hydroxymethyl)-methylglycine) was 

purchased from Sigma (St Louis, MO, USA); 29% (w/v) Acrylamide: 1% (w/v) bis-

acrylamide, ammonium persulphate, TEMED (7V,A/,A '̂,7V'-tetramethylethylenediamine), 

Coomassie Brilliant Blue R250 and Bromophenol Blue were purchased from Bio-Rad 

(Hercules CA, USA); BenchMark Pre-stained protein ladder was purchased from 

hivitrogen (San Diego, Catifomia). Dialysis membrane (3,500 Da MWCO) was from 

SpectraPor (Rancho Dominguez, CA, USA); Ni"̂ ^ spin columns were purchased from 

QIAGEN (Hilden, Germany). 

4.2.4 Surface Plasmon Resonance (SPR) analysis on BIAcore: 

HEPES (N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) sodium salt) was 

purchased from Fluka (Switzerland). EDAC (N-ethyl-N'-(3-

dimethylaminopropyl)carbodiimide hydrochloride), NHS (N-hydroxysuccinimide) and 

GuHCl (Guanidinium Hydrochloride) were purchased from Sigma (St Louis, MO, 

USA); EDTA (Ethylenediaminetetraacetic acid, disodium salt) and NiCla (Nickel 

Chloride), were from BDH Lab Supplies (Poole, England); Surfactant p20, NTA 

(nitrilotriacetic acid), CM5 (carboxylmethylated dextran matrix) and Fl (short dextran 

matrix) sensor chips were purchased from BIAcore (Upssala, Sweden). HSA (Human 

Serum Albumin) was from the CSL (Parkville, Australia) and HSA-FcyRHa (M. Powell 

PhD Thesis 1996) was manufactured by Biotech (Australia). 

4.3 Methods: 

4.3.1 Construction of expression vector of g3p-Dl C7C1: 

a. Polymerase Chain Reaction (PCR) ofg3p-Dl C7C1: 

The N-terminal domain 1 (Dl) of the minor coat protein (g3p), of bacteriophage Ml3 

(residues Met'-Asn^^), including the g3p leader sequence, Met'-Ser'^ (Figure 4.1), to 

direct protein expression to the periplasm, was amplified using PCR (Polymerase Chain 

Reaction). The clone (C7C1) containing the disulphide-constrained peptide insert, 

ACWPGWDLNCGGGS was used as a template for PCR amptification, in which -10 

ng DNA from the Ml 3 phage clone C7C1 was amptified with -100 ng of primer 1 (5'-

GCCATATGAAAAAATTATTATTCGCAATTCC-3') and 2 (3'-

GCGGCCGCATTTCAGGGATAGCAAGCCC-5), 2.5 mM dNTPs and 2.5 Units Pwo 

Polymerase in Ix Pwo Buffer (as supplied by the manufacturer). The standard PCR 
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protocol was used with 1 cycle at 96°C for 10 s and 30 amplification cycles ofi 30 s at 

94°C, 30 s at 50°C, 90 s at 72°C, and was held at 4°C upon completion (PTC-200 

Peltier Thermal Cycler). 

b. Sub-cloning g3p-DI C7CI into cloning vector, pBluescript II SK (+): 

The PCR product was first purified by gel extraction according to the manufacturer 

(QIAGEN) and sub-cloned into pBluescriptH SK (+) by ligation into EcoR V digested 

pBluescriptH SK (+) (Figure 4.2); in a reaction mix containing T4 DNA ligase, 10 mM 

ATP, EcoR V (20 Units), Ix Buffer 3, Ix T4 DNA ligase buffer (supplied by the 

manufacturer) and BSA (Bovine Serum Albumin) at a final concentration of 100 pg/ml, 

and incubated at 25°C ovemight. The plasmid was then transformed into E.coli RbCl 

competent cells (Sambrook et al, 1989), and the presence of the insert confirmed by 

Colony PCR. 

c. Screening vector constructs for g3p-Dl C7C1, by Colony PCR: 

Bacterial colonies from the transformation of the vector construct, g3p-Dl C7C1 in 

pBluescript H SK (+), were individually picked and PCR amptified using a primer for 

the vector (pBluescript H SK (+)) and the insert (g3p-Dl C7C1), to detect positive 

clones with the correct insert. Each colony was picked with a aerosol resistant pipette 

tip and placed into a PCR tube, in a reaction mix containing 5 mM MgCl2, 20 mM 

dNTPs (G, A, T, C), 0.5 Units AmptiTa^ DNA Polymerase, Ix PCR Buffer (as supptied 

by the manufacttirer), 60-90 ng T7 reverse primer (3'-GATATCACTCAGCATAA-5') 

and -100 ng of either primer 1 (5'-GCCATATGAAAATTATTATTCGCAATTCC-3') 

or 2 (3'-GCGGCCGCATTTTC AGGGATAGCAAGCCC-5) of g3p-Dl C7C1. hi 

addition, the colonies were streaked onto an Amp-resistant plate to recover any positive 

colonies. The standard PCR protocol was used, except with an initial extended 

denattiration step to sufficiently lyse the bacteria for release of the plasmid, with 1 cycle 

at 96°C for 3 min and 30 amplification cycles of: 30 s at 94°C, 30 s at 50°C, 1 min 30 s 

at 72°C and was held at 4°C at completion (PTC-200 Peltier Thermal Cycler). 

Positive clones from the Colony PCR were then sequenced, as described previously 

(Chapter 2, Section 2.2.2/?) except with T7 reverse primer (3'-

GATATCACTCAGCATAA-5'). 
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d. Cloning g3p-Dl C7CI into expression vector, pET-26b(+): 

The g3p-Dl fragment was then digested with restriction endonucleases Nde I and Not I, 

purified by gel extraction according to the manufacturer (QIAGEN) and ligated into 

Nde I and Not I digested, and gel purified, pET-26b(+) Hise (Figure 4.2); in a reaction 

mix containing T4 DNA ligase, 10 mM ATP, Ix T4 DNA ligase buffer (supplied by the 

manufacturer) and BSA at a final concentration of 100 pg/ml, and incubated at 16°C 

ovemight. The plasmid was then first transformed into E.coli RbCl competent cells 

(Sambrook et al, 1989), and subsequently extracted and transformed into E.coli BL21 

(DE3) cells for expression of g3p-Dl C7C1. To confirm that constructs contained the 

insert (g3p-Dl fragment), clones were picked, DNA extracted and digested with 

restriction endonucleases Not I and Nde I. 

e. Restriction digests of expression vector constructs ofg3p-Dl C7C1 cloned into pET-

26b(+): 

Bacterial colonies from the transformation of g3p-Dl C7C1 ligated into pET-26b(+) 

were picked, the DNA extracted using a plasmid DNA kit and -10 pg of this DNA 

digested in a reaction mix containing 10 Units each of restriction endonucleases. Not I 

and Nde I, Ix Buffer 3 (supplied by manufacturer) and BSA at a final concenfration of 

100 pg/ml. Digests were incubated ovemight at 37 °C and then run on a 1% (w/v) 

agarose gel (containing ethidium bromide), in 1 X TBE (89 mM Tris-borate, 2 mM 

EDTA, pH 8.3) (Sambrook et al, 1989), by gel electrophoresis and visualised by UV 

illumination. 

4.3.2. Expression of recombinant protein, g3p-Dl C7C1 (rg3p-Dl C7C1): 

a. Expression ofrg3p-DI C7C1 in E.coli BL21 (DE3) cells: 

For protein expression, bacterial cultures were grown in 2xYT medium (11: 16 g Bacto-

Tryptone, 10 g Bacto-Yeast extract and 5 g NaCl) (Sambrook et al, 1989) containing 

20 mg/1 Kanamycin (2xYT-Kan). An ovemight culture was set up from a single colony 

and incubated at 37°C, 200 rpm for -16 hours. This was then diluted 1:100 in 2xYT-

Kan medium and incubated at 37°C, 200 rpm, to an OD600 of 0.5 (2-3 hours). Protein 

expression was then induced by addition of IPTG to a final concentration of 1 mM and 

the culture incubated at 37°C, 200 rpm for a fiirther 3 hours. 
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Figure 4.2. The steps involved in the construction of expression vector for g3p-Dl 

C7C1. 
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hi an attempt to optimise protein expression levels, altemative conditions were also 

used in the induction of the expression cultures, these included an induction time course 

(2, 3,4, 5 and 16 hrs) and incubating induced cultures at lower temperatures (30°C). 

b. Periplasmic Extraction ofrg3p-Dl C7C1 from E.coli BL21 (DE3) cells: 

The ceUs were then peUeted by centrifiigation at 10,000 rpm (Sorvall SS-34 rotor), at 

4°C, for 10 minutes. Recombinant g3p-Dl C7C1 was extracted from the periplasm by 

resuspending the cell pellet (2 ml/g cell pellet) in 30 mM Tris pH 8.0, 20% (w/v) 

sucrose, containing 1 mM EDTA and incubating for 20 min, with gentle stirring at 4°C. 

The cells were pelleted, the supematant collected, and the cell pellet resuspended in 5 

mM MgCl2 and incubated for a fiirther 20 min, with gentle stirring at 4°C. The cells 

were again pelleted and the supematant collected. The supematant (periplasmic lysate) 

collected from each spin down was pooled and then dialysed against 50 mM NaH2P04, 

300 mM NaCl, pH 8, prior to purification, to remove EDTA, which would interfere 

with the Ni^^ column used to purify the lysate. 

An altemative strategy was also used to extract expressed protein from the periplasm, 

which involved incubating the cell pellet (2 ml/g cell pellet) in periplasmic extraction 

buffer (50 mM NaH2P04, 100 mM NaCl, 1 mM EDTA, pH 7.0) for 20 min, with gentie 

stirring at 4°C. The cells were then pelleted by centrifiigation at 13,000 rpm (SorvaU 

SS-34 rotor), at 4°C, for 15 minutes and the supematant collected for purification. 

4.3.3 Purification of rg3p-Dl C7C1 (His6-tagged): 

The dialysed periplasmic lysate was purified with Ni"̂ ^ spin columns and a step-wise 

gradient elution, with 50 mM, 100 mM, 150 mM, 200 mM, 250 mM and 500 mM 

imidazole, was used to determine the optimal concentration at which the protein was 

eluted. Protein expression and purity were monitored by SDS-PAGE analysis. 

4.3.4 Tricine Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-

PAGE) of rg3p-Dl C7C1: 

The molecular weight and purity of recombinant g3p-Dl C7C1 (rg3p-Dl C7C1) was 

analysed by Tris-Tricine SDS-PAGE (Schagger and von Jagow, 1987), which is used 

for resolving low molecular weight proteins in the 1 to 100 kDa range. The cmde 
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periplasmic lysate, flow-through, washes and purified protein was mn on a 4% stacking 

(13.27%) of a 29%) (w/v) Acrylamide: 1%) (w/v) Z)w-acrylamide solution; 24.78% of 3 M 

Tris, 0.3% (w/v) SDS, pH 8.45; 2.4% of 10% (w/v) ammonium persulphate and 0.08% 

TEMED and 15%) resolving (50% of a 29% (w/v) Acrylamide: 1% (w/v) Z?/5-acrylamide 

solution; 33% of 3 M Tris, 0.3% (w/v) SDS, pH 8.45; 13% glycerol; 0.33% of 10% 

(w/v) ammonium persulphate and 0.03%) TEMED) gel. SDS-PAGE was carried out 

under non-reducing conditions, in which samples were diluted 2-fold in 2x non-

reducing loading buffer (100 mM Tris-HCl, pH 6.8, 4% (w/v) SDS, 0.2% (w/v) 

Bromophenol Blue, 20%) (v/v) glycerol), boiled for 5 minutes and then loaded. The 

protein gel was mn in a tank, in which the inner reservoir (cathode) was filled with 

cathode buffer (200 mM Tris, 200 mM Tricine, 0.2% (w/v) SDS, pH 8.25) and the outer 

reservoir (anode) was filled with anode buffer (400 mM Tris-HCl, pH 8.8). Gels were 

mn at 70 mA for -3 hours at room temperature. Gels were fixed (50% (v/v) methanol, 

10% (v/v) acetic acid in dH20) for 30 minutes and Coomassie blue stained (10% (v/v) 

acetic acid and 0.25% (w/v) Coomassie Brilliant Blue R250 in dH20) for -2 hours. The 

gels were then destained (50% (v/v) methanol, 10% (v/v) acetic acid in dH20), for 

several hours until bands could be clearly seen. 

4.3.5 Surface Plasmon Resonance (SPR) analysis of rg3p-Dl C7C1 on BIAcore: 

For binding studies by Surface Plasmon Resonance (SPR) a proportion of the eluate was 

dialysed against 20 mM sodium acetate, pH 4.8, for immobitisation of the rg3p-Dl 

C7C1 onto a CM5 sensor chip, by amine coupling. In addition, a proportion of eluate 

was also dialysed against PBS for coupling to an NTA chip. Dialysis was carried out 

using dialysis membrane with a 3,500 Da molecular weight cut off, to prevent loss of 

protein. 

SPR experiments were generally carried out on a BIAcore 2000 instmment (BIAcore, 

Uppsala, Sweden), using continuous flow of standard HBS buffer (150 mM NaCl, 3 

mM EDTA, 10 mM HEPES, pH 7.4, 0.005% (v/v) surfactant p20; filtered) as the 

coupling and mnning buffer, at a flow rate of 10 pl/min, unless otherwise stated. The 

experiments were carried out at a constant temperature, maintained at 20°C, by the 

instmment. 
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For testing of direct binding to coupled HSA-FcyRHa, PBS (control), chemically 

synthesised peptide, pep-C7Cl (described in Chapter 3) or recombinant g3p-Dl C7C1 

were injected over a 2-minute interval during which dissociation of bound 

peptide/protein could occur, which was followed by regeneration with a 2-minute 

injection of 1.5 M GuHCl containing 17% (v/v) isopropanol. The amount of 

peptide/protein bound was calculated as the difference in response (resonance units, 

RU) between flow cell 2 (HSA-FcyRHa) and 1 (HSA). In addition, recombinant g3p-Dl 

C7C1 was tested for direct binding to HSA and HSA-FcyRHa, coupled by amine 

chemistry to an Fl sensor chip (BIAcore, Uppsala, Sweden) (Chapter 3, Section 3.2.5). 

The Fl sensor chip was used because it has a short dextran matrix compared to the CMS 

chip and is better suited for testing larger analytes, such as cells and vims particles. 

Thus this chip was used to compare recombinant g3p-Dl C7C1 binding to HSA-

FcyRHa, to that of whole phage clone, pc-C7Cl, containing the corresponding peptide 

sequence (CWPGWDLNC). as well as synthetic peptide (CWPGWDLNCGGGS-NH7. 

Chapter 3). 

4.3.6 Immobilisation of g3p-Dl C7C1 (Hise-tagged) to an NTA Sensor Chip: 

Recombinant g3p-Dl C7C1 (Hise-tagged) was immobilised to an NTA (nitrilotriacetic 

acid) sensor chip (BIAcore, Uppsala, Sweden), which when activated with NiCb, 

couples His6-tagged proteins (BIAcore: Application Note 12, September 2002). 

Experiments were carried out using PBS as the mnning buffer since HBS contains 3 

mM EDTA, which would bind to the Ni^^-activated NTA surface. Flow cell 1 of the 

NTA chip was activated with 10 pl of 500 pM NiCl2 and was used as a control for non

specific binding to the Ni^'^-activated NTA surface. Flow cell 2 was also injected with 

10 pl of 500 pM NiCl2, followed immediately by a 30 pl injection of 22 pM rg3p-Dl 

C7C1 (in PBS). Flow cell 4 was left untreated to control for non-specific binding to the 

NTA surface. To remove coupled rg3p-Dl C7C1 from the NTA surface, the chip was 

regenerated with a 10 pl injection of 350 mM EDTA. 

4.3.7 Immobilisation of g3p-Dl C7C1 (His6-tagged) to a CMS Sensor Chip by 

amine coupling: 

Recombinant g3p-Dl C7C1 (rg3p-Dl C7C1) was immobitised to a CM5 sensor chip by 

amine coupling. The protein was dialysed in 20 mM sodium acetate, pH 4.5 and 
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injected over flow ceti 4, at 22 pM, at different volumes to establish a suitable 

concentration for the protein to accumulate on the sensor chip and retum to baseline at 

the end of the injection. The carboxymethylated dextran surface of a CM5 sensor chip 

was then activated with an injection (10 pl/min) of 70 pl of a 1:1 mixture of 400 mM 

EDAC and 100 mM NHS, prepared immediately prior to injection. Once activated the 

protein was immediately injected until the desired amount (RU) of protein was coupled. 

Once coupling was complete and the desired level of protein was coupled, any excess 

reacting groups were blocked by injecting 100 pl 0.5 M ethanolamine, pH 8.5. The 

change in baseline response (resonance units, RU) after coupling gave the amount of 

protein coupled. 
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4.4 Results: 

4.4.1 Construction of expression vector of g3p-Dl C7C1: 

a. Polymerase Chain Reaction (PCR) ofg3p-Dl C7C1: 

DNA from clone C7C1 (CWPGWDLNC) was PCR amplified with primers for the start 

and end of domain 1 (Dl), of the minor coat protein (g3p), of Ml 3 bacteriophage, and a 

band corresponding to the expected size of 297 base pairs (bp) was identified (Figure 

4.3). A second band, smaller sized band was also observed, which was removed upon 

gel purification. The purified PCR product (g3p-Dl C7C1) was then sub-cloned into 

pBluescript H SK (+). 

b. Screening vector constructs for g3p-Dl C7C1, by Colony PCR: 

To identify positive clones from the tigation of the PCR product (g3p-Dl C7C1) into 

pBluescript H SK (+), Colony PCR was carried out with a primer for the vector 

(pBluescript H SK (+)), T7 reverse primer, and a primer for the start (Pl) or end (P2) of 

g3p-Dl C7C1. Two clones #4 and #10 were positive for the insert (g3p-Dl C7C1), with 

visible bands at the expected size (351 bp) for the T7 (reverse) and P2 (end) primers 

(Figure 4.4), the insert being in the reverse orientation. Sequencing these clones (#4 and 

#10) confirmed the sequence of the insert (g3p-Dl C7C1) and further established that 

insert had been successfully ligated. These clones were therefore used to digest and 

purify the g3p-Dl C7C1 for cloning into the expression vector pET-26b(+). 

c. Restriction digests of expression vector constructs of g3p-Dl C7C1 cloned into 

pET26b(+): 

Positive clones from the tigation of the g3p-Dl C7C1 insert into the expression vector 

pET26b(+) were identified by digestion with restriction endonucleases. Not I and Nde I, 

with bands at the expected sizes of 297 bp and 5,238 bp, corresponding to the g3p-Dl 

C7C1 insert and the digested pET-26b(+) vector, respectively (Figure 4.5a). However, it 

was also possible that the product of the digestion of g3p-Dl C7C1 in pBluescript H SK 

(+), with Not I and Nde I could be either of two products and that the small difference in 

thefr sizes would make them difficult to distinguish by gel electrophoresis analysis 

(Figure 4.5b). The results from the restriction digests were therefore further confirmed 

by sequencing the positive clones, in which the correct insert was indeed cloned, and 
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whereby the g3p-Dl C7C1 insert had been digested at the correct Not I site, in the 

pBluescript H SK (+), for ligation into pET26b(+) (Figure 4.5b). 
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a. b. 

147 

111/110 

Figure 4.3. Gel electrophoresis (2% (w/v)) analysis of the PCR amptified product of 

g3p-Dl of Ml3 bacteriophage from phage clone, pc-C7Cl (CWPGWDLNC). a. Lane 

1: DNA standard BstE H digested A, DNA, where bp= base pairs, and Lanes 2-3: PCR 

product b . Lane I: Hpa H digested pUC19, and Lane 2: PCR product gel purified from 

panel a. lanes 2 and 3 
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Figure 4.4. Gel electrophoresis (2% (w/v)) analysis of Colony PCR products from 

screening vector constmcts for g3p-Dl C7C1. Lanes I & 2: DNA standards BstE H 

digested X DNA and EcoR I digested Spp-1 bacteriophage, where bp=base pairs, and 

Lanes 3-16: Colony PCR products of g3p-Dl C7C1 sub-cloned into pBluescript H SK 

(+). Positive clones #4 (lane 14) and #10 (lane 17) were picked with the T7 reverse 

primer (T7) and primers for the start (Pl) or end (P2) of g3p-Dl C7C1, with visible 

bands at the expected size of 351 bp for the T7+P2 primer PCR product. 
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Figure 4.5. Restriction digests of expression vector constmcts from cloning g3p-Dl 

C7C1 into pET26b(+). a. Gel electrophoresis (0.7% (w/v)) analysis of restriction 

digests of expression vector constmcts, g3p-Dl C7C1 cloned into pET26b(+), cut with 

Not I and Nde I. Lane 1: DNA standard BstE H digested X DNA, where bp= base pairs, 

and Lanes 2-7: clones from the ligation of g3p-Dl C7C1 into pET26b(+) digested with 

restriction endonucleases Not I and Nde I, with positive clones having bands at the 

expected sizes of 297 bp (g3p-Dl C7C1 insert) and 5,238 bp (cut vector) b . Diagram of 

the DNA fragments from digesting cloning vector constmcts, g3p-Dl C7C1 sub-cloned 

into pBluescript H SK (+), with restriction endonucleases Not I and Nde I, for cloning 

into expression vector pET26b(+). 
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4.4.2 Expression and purification of recombinant g3p-Dl C7C1 (rg3p-Dl C7C1): 

The constmct containing the insert for recombinant g3p-Dl C7C1 (rg3p-Dl C7C1) 

expression was transformed into E.coli BL21 (DE3) cells and then expressed in these 

cells. Protein expression of rg3p-Dl C7C1 was induced with a final concentration of 1 

mM of IPTG and in an attempt to optimise induction conditions it was found that 

incubation of induced cultures at 37°C, for 3 hours gave the highest yields of protein 

(Data not shown). Since the constmct included the g3p leader sequence, Met'-Ser'^ 

(Figure 4.1), protein expression was expected to be directed to the periplasm and was 

therefore extracted from the cells by periplasmic extraction using two strategies, with 

successful periplasmic extraction achieved only when periplasmic exfraction buffer 

containing sucrose was used. However, when this cmde periplasmic lysate from the 

cells expressing rg3p-Dl C7C1 was analysed by Tris-Tricine SDS-PAGE and 

Coomassie staining, only low levels of the protein were expressed (0.5-1 mg per litre of 

culture). Nonetheless, the periplasmic lysate was purified with Ni exchange columns 

and eluted using a step-wise gradient with 50 mM, 100 mM, 150 mM, 200 mM, 250 

mM and 500 mM imidazole, in which purified protein was obtained with 200 mM to 

500 mM imidazole, as analysed by Tris-Tricine SDS-PAGE and Coomassie blue 

staining (Figure 4.6b). Thus eluate collected from elution with 200 mM, 250 mM and 

500 mM imidazole were pooled, dialysed and used for analysis on BIAcore. 

The theoretical molecular weight of rg3p-Dl C7C1 (Figure 4.6a) was calculated using 

the Expasy Compute pI/Mw tool for calculation of protein molecular weight based on 

amino acid sequence and was calculated to be 10,038 Da, for the mature recombinant 

g3p-Dl C7C1 protein, which undergoes cleavage of the g3p leader sequence following 

g3p protein secretion (Phage Display Peptide Library kit Instruction Manual, NEB). 

This theoretical molecular weight corresponded to the protein expressed and purified, 

and analysed by Tris-Tricine SDS-PAGE and stained with Coomassie blue (Figure 4.6). 

212 



a. 

10 20 30 40 

ACWPGWDLNC GGGSAETVES CLAKPHTENS FTNVWKDDKT 
50 60 70 80 

LDRYANYEGC LWNATGVVVC TGDETQCYGT WVPIGLAIPE 
90 

NAALEHHHHH H 

Figure 4.6. Expression and Ni purification of recombinant g3p-Dl C7C1 (Hise-

tagged). a. Amino acid sequence of the mature recombinant g3p-Dl C7Cl-His6, 

cleaved of its g3p leader sequence upon secretion (Phage Display Peptide Library kit 

Instruction Manual NEB), b . Tris-Tricine SDS-PAGE of expression and Ni^^ 

purification of His6-tagged g3p-Dl C7C1. Samples were mn under non-reducing 

conditions and separated in 15% Acrylamide, and the gel stained with Coomassie blue. 

Lane 1: Molecular weight protein ladder. Lane 2: cmde periplasmic lysate. Lane 3: 

flow-through. Lane 4: wash buffer. Lanes 5-10: protein elution with 50 mM, 100 mM, 

150 mM, 200 mM, 250 mM and 500 mM imidazole, respectively. Recombinant g3p-Dl 

C7C1 ran in the correct range -10 kDa, which corresponded to theoretical molecular 

weight calculated by the Expasy Mw calculation tool. 
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4.4.3 Coupling rg3p-Dl C7Cl-His6 to an NTA Sensor Chip and testing for FcyRIIa 

binding: 

The recombinant g3p-Dl C7Cl-His6 was coupled to flow cell 2 of an NTA 

(nitrilotriacetic acid) sensor chip (BIAcore, Uppsala, Sweden) to 1,774.4 RU (Figure 

4.7a). Once bound, the coupled rg3p-Dl C7Cl-His6 slowly dissociated from the chip, 

nonetheless there was a sufficient amount coupled to test for HSA-FcyRHa binding. 

When HSA and HSA-FcyRHa were injected at 12.9 pM and 10.3 pM, respectively, 

non-specific binding to the untreated NTA surface (flow cell 4) and Ni^"^-activated NTA 

surface (flow cell 1 & 3) was detected for both proteins, in particular HSA-FcyRHa 

binding to the unfreated NTA surface (Figure 4.7b). In contrast, binding was not 

detected to recombinant g3p-Dl C7C1 coupled to flow cell 2 (Figure 4.7b). Non

specific binding is often a problem associated with the NTA chip because while NTA 

binds specifically to the Hise-tag, it can also bind to single histidine residues in proteins 

(BIAcore Application Note 12, September 2002). This may explain the reason for the 

binding of HSA and HSA-FcyRHa to the NTA surface. In addition, while some Hise-

tagged proteins are stable when coupled to the NTA surface, and can still bind to ligand, 

others are not (BIAcore Application Note 12, September 2002), which therefore might 

explain why HSA-FcyRHa binding to coupled rg3p-Dl C7C1 was not detected. Thus 

binding to another sensor chip surface was carried out to overcome this potential 

problem (Section 4.4.4). 

4.4.4 Amine-coupling rg3p-Dl C7C1 (Hise-tagged) to a CMS Sensor Chip and 

testing for direct FcyRIIa binding: 

Recombinant g3p-Dl C7C1 (rg3p-Dl C7C1) was next immobilised to a CM5 Sensor 

Chip by amine coupling since within its sequence there are three lysine (K) residues 

present capable of amine coupling (Figure 4.6a), which are not present in the consensus-

sequence containing peptide, C7C1 (CWPGWDLNC) and therefore once coupled are 

not likely to dismpt the ability of HSA-FcyRHa to bind rg3p-Dl C7C1. Recombinant 

g3p-Dl C7C1 was coupled to flow ceti 4 of a CM5 chip to 2,834.5 RU (Figure 4.8a). 

However, binding of HSA and HSA-FcyRHa, at various concenfrations, to immobitised 

rg3p-Dl C7C1 was not detected (Figure 4.8b). However, coupling of recombinant g3p-

Dl C7C1 to the chip, may have positioned the peptide in such a way that was 

unfavourable for binding of HSA-FcyRHa. 
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Figure 4.7. Coupling recombinant g3p-Dl C7Cl-His6 to an NTA Sensor Chip and 

testing for direct binding of HSA-FcyRHa. a. Coupling recombinant Hise-tagged g3p-

Dl C7C1 protein to the activated Nî "̂  surface of an NTA Sensor Chip. b . Testing for 

direct binding of 12.9 pM HSA (control) and 10.3 pM HSA-FcyRHa to immobitised 

rg3p-Dl C7C1 (flow ceU 2). Flow rate: 10 pl/min, PBS mnning buffer. 
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Figure 4.8. Coupling recombinant g3p-Dl C7Cl-His6 to a CM5 Sensor Chip and 

testing for direct binding of HSA-FcyRHa. a. Coupling 22 pM recombinant g3p-Dl 

C7Cl-His6 protein to flow cell 4 of the activated surface of a CM5 Sensor Chip; 

activation: 1:1 ratio of 400 mM EDAC and 100 mM NHS; blocking: 0.5 M 

ethanolamine, pH 8.5 b . Testing for direct binding of HSA-FcyRHa and HSA to 

immobitised rg3p-Dl C7C1 ("Blank" subtracted). HSA and HSA-FcyRHa were 

dialysed against HBS buffer; Flow rate: 10 pl/min, HBS mnning buffer. 

216 



4.4.5 Amine-coupling HSA-FcyRIIa to an Fl Sensor Chip and preliminary testing 

of rg3p-Dl C7C1 binding to HSA-FcyRIIa: 

The recombinant g3p-Dl C7C1 (rg3p-Dl C7C1) was then tested for direct binding to 

HSA and HSA-FcyRHa immobilised by amine coupling to flow cells 1 and 2, 

respectively, of an Fl sensor chip. HSA and HSA-FcyRHa were coupled to 2,509 RU 

and 3,185.8 RU, respectively, which is a 1:1 molar ratio of HSA and HSA-FcyRHa 

coupled to the two flow cells (Chapter 3, Section 3.3.1, Figure 3.4). 

til preliminary tests, 22 pM of rg3p-Dl C7C1 was found to bind to HSA-FcyRHa with 

-38.8 RU of binding detected (Figure 4.9a); this was the highest possible concentration 

of rg3p-Dl C7C1 tested because there was insufficient material to concentrate and test 

due to low levels of protein expression. Upon binding to HSA-FcyRHa, rg3p-Dl C7C1 

was slow to dissociate, with -80%o of protein still bound (600 seconds) after the 

completion of the injection. In addition, a regeneration step was required to remove the 

bound protein, indicating that rg3p-Dl C7C1 bound strongly to HSA-FcyRHa (Figure 

4.9a). In contrast, the chemically synthesised disulphide-constrained peptide, pep-C7Cl 

(CWPGWDLNCGGGS-NH2), also bound to HSA-FcyRHa but a higher concentration 

ofpeptide (1 mM) was required in order to obtain an appreciable response, indicating it 

bound with low affinity. Furthermore, dissociation of pep-C7Cl from HSA-FcyRHa 

was also indicative of the low affinity of this peptide for binding HSA-FcyRHa (Figure 

4.9a). 

Moreover, binding of rg3p-Dl C7C1 to HSA-FcyRHa was also compared to that of 

HSA-FcyRHa binding of whole phage clones, pc-12ml (TPITQLL), pc-C7Cl 

(CWPGWDLNC) and pc-C7C2 (CWPGWDLLC). identified from panning phage 

display libraries on HSA-FcyRHa (Chapter 2). While only -38.8 RU of HSA-FcyRHa 

binding was detected for rg3p-Dl C7C1 at 22 pM (Figure 4.9a), the corresponding 

whole phage clone, pc-C7Cl bound to HSA-FcyRHa with -80 RU of binding detected 

at a phage titer of 1 x lO'^ pfii/ml (Figure 4.9b), which is equivalent to -1.6 nM phage 

particles ("Technical Bulletin, Phage Display Questions", NEB, January 2000). Of the 

other phage clones, pc-12ml and pc-C7Cl, tested for binding to HSA-FcyRHa, binding 

was detected at -10 and -70 RU, respectively, for these phage clones at a phage titer of 

1 x 10'^ pfii/ml, equivalent to -1.6 nM phage particles (Figure 4.9b). 
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Figure 4.9. Preliminary tests for the direct binding of synthetic peptide pep-C7Cl, 

recombinant g3p-Dl C7C1, and phage clones pc-12ml, pc-C7Cl and pc-C7C2, to 

immobitised HSA-FcyRHa (HSA subtracted). Injections: a. PBS, synthetic peptide, 

pep-C7Cl (CWPGWDLNCGGGS-NH2), recombinant g3p-Dl C7C1 and phage clone, 

pc-12ml (TPITQLL) and b . phage clones: pc-C7Cl (CWPGWDLNC) and pc-C7C2 

(CWPGWDLLC), from panning phage display libraries on HSA-FcyRHa (Chapter 2); 

phage titers were adjusted to 1 x lO'^ pfii/ml (-1.6 nM phage particles). 

Conditions: Flow rate: 5 pl/min, PBS miming buffer; Regeneration (R): 1.5 M GuHCl 

+ 17%o (v/v) isopropanol 
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4.5 Discussion: 

Thus far, disulphide-constrained peptides of the consensus sequence, CWPGWDxxC 

(where x is any amino acid) have been identified from screening the "Ph.D.-C7C" 

Phage Display Peptide Library (NEB) on FcyRHa and the most promising of these 

peptides, C7C1 (CWPGWDLNC) has been shown to be captured on FcyRHa by phage 

capture assay (Chapter 2) and SPR studies on BIAcore (Chapter 3). However, when 

binding of whole phage clone, pc-C7Cl to FcyRHa was compared to binding of the 

corresponding synthetic form of this peptide, pep-C7Cl (CWPGWDLNCGGGS-NH2) 

there was an appreciable difference in the binding of pc-C7Cl and pep-C7Cl to 

FcyRHa, with pep-C7Cl exhibiting only low affinity binding to FcyRHa (Chapter 3). 

This suggested that when removed from the context of the phage, binding of the 

peptide, C7C1 to FcyRHa is consequently dismpted due to a change in the surrounding 

environment in which the peptide is being displayed and/or the potential for an avidity 

effect, with 3-5 copies of the minor coat protein (g3p)-fiised peptide being displayed on 

the surface of phage. Therefore a recombinant minor coat or gene HI protein (g3p), 

containing the peptide insert from phage clone, pc-C7Cl (CWPGWDLNC) was 

developed to address whether being presented on the phage surface influences the 

binding ofpeptide, C7C1 to FcyRHa. 

In the literature, phage display has been widely used to identify peptide binders of target 

proteins, however, although binding of the phage-displayed peptide to the target protein 

was detected, equivalent binding with the corresponding synthetic peptide could not be 

achieved. These have included panning of phage display peptide libraries on 

recombinant tumour necrosis factor-a (TNF-a) (Chirinos-Rojas et al, 1999), human 

monoclonal antibodies, including bl2, which recognises the HIV-1 envelope 

glycoprotein, gpl20 (Zwick et al, 2001), 3-E7, which is specific for the N-terminus of 

P-endorphin (Cwiria et al, 1990) and 11E12, which is reactive to human cardiac 

troponin I (Ferrieres et al, 2000). These studies fiuther confirmed the importance of the 

phage protein framework and/or avidity effects on phage-displayed peptide binding, in 

which these factors were suggested to contribute to improved binding of phage-

displayed peptides to target proteins compared to that of the corresponding synthetic 

peptide. 
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In the following study, recombinant g3p-Dl C7C1 was not expressed at sufficient levels 

(0.5-1 mg/litre of culture) for more thorough testing, and stmcture determination by x-

ray crystallography, which would have allowed fiirther investigation into the effect of 

the phage protein framework on binding of the phage-displayed peptide, C7C1 to 

FcyRHa. Nonetheless, the development of rg3p-Dl C7C1 provided insight into the 

potential for the phage protein framework to play a role in binding of phage-displayed 

peptides to protein targets, since there was preliminary evidence that the recombinant 

g3p-Dl C7C1 bound to immobilised FcyRHa on BIAcore, with higher affinity than the 

chemically synthesised peptide, pep-C7Cl (CWPGWDLNCGGGS-NH2). Perhaps 

when the peptide is presented on the phage, the phage protein framework stabilises the 

peptide so that it is presented in a more favourable conformation for binding to FcyRHa, 

which cannot be achieved with synthetic peptide, pep-C7Cl despite it being disulphide-

constrained and therefore restricted to adopt fewer, yet more favourable conformations 

for binding to FcyRHa. Moreover, comparison of FcyRHa binding of rg3p-Dl C7C1 to 

that of the whole phage clone, pc-C7Cl, from which this protein was based, indicated 

that avidity effects are also likely to have influenced the binding of phage-displayed 

peptide, C7C1 to FcyRHa, in which phage clone, pc-C7Cl bound more strongly 

(>1000-fold) to FcyRHa than rg3p-Dl C7C1. 

The low levels of recombinant protein, g3p-Dl C7C1 expressed in the periplasm 

suggests that the protein may have been directed to other locations in the cell, such as 

the cytoplasm, formed insoluble aggregates (inclusion bodies), or was secreted into the 

medium by leaky expression where it may be toxic to the cells, or the protein was 

possibly degraded by proteases (Novagen, pET System Manual, 10 Edition, 2002). 

hideed high levels of expression are often suggested to cause expression of the target 

protein to aggregate and form insoluble inclusion bodies, which are difficult to extract 

often requiring solubilization and re-folding (Novagen, pET System Manual, 10 

Edition, 2002). It has been suggested that slowing down the rate of expression can 

potentially reduce inclusion body formation by the protein being expressed, hi this 

study, to minimise the potential of g3p-Dl C7C1 being expressed in inclusion bodies, 

the temperature (37°C to 30°C) and the time of induction (2, 3, 4, 5 and 16 hrs) were 

varied, however, these changes did not appear to improve protein expression being 

directed to the periplasm as the levels of protein being expressed in this cellular 
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compartment were not greatly improved. Nonetheless, based on these variations in 

protein expression conditions, an optimal induction temperature of 37°C and time of 3 

hours, for protein expression, albeit at low levels, was established. Furthermore, 

different strategies for periplasmic extraction were attempted in order to establish 

whether periplasmic extraction using sucrose contaming buffer was satisfactory at 

extracting the expressed protein from the periplasm. However, it appeared that 

extraction of expressed protein (g3p-Dl C7C1) from the periplasm was only successful 

using periplasmic extraction buffer containing sucrose and that protein yields could not 

be improved by using altemative periplasmic protein extraction strategies. 

In order to improve the yields of recombinant g3p-Dl C7C1 being obtained it would 

perhaps be necessary to improve the overall expression of protein being directed into 

the periplasm, which in future may be done by re-engineering the expression constmct 

with an altemative leader sequence, such as the pelB leader sequence, which has been 

demonstrated to direct protein expression to the periplasm (Kipriyanov et al, 1997; 

Matthey et al, 1999). In the literature, the pelB leader sequence was used to direct 

protein expression of the native domain 1 of the minor coat protein (g3p-Dl) of phage 

fd, to the periplasm, with reasonably high yields (20 mg/1) of purified protein obtained 

(Holtiger and Riechmann, 1997). Nonetheless, with improvements in the level of 

expression of recombinant g3p-Dl C7C1, this protein could serve as a promising tool 

for monovalent display of peptides such as C7C1, that bind FcyRHa, and could be 

fiirther used for mutagenesis and stmctural studies, to better understand the binding 

interactions made between peptide C7C1 and FcyRHa, as well as the importance of 

conformational stability of the peptide for binding FcyRHa. 
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Chapter 5 - Structure determination of synthetic peptide, pep-

C7C1 by nuclear magnetic resonance spectroscopy (NMR) 

and molecular modelling. 

5.1 Introduction; 

Panning of phage display peptide libraries on FcyRHa has identified peptides with the 

consensus sequence, CWPGWDxxC (where x is any amino acid), which bind to 

FcyRHa. In particular, the phage clone, pc-C7Cl (CWPGWDLNC) has been shown to 

bind to FcyRHa by affinity capture and surface plasmon resonance (SPR) studies on 

BIAcore. Furthermore, the corresponding synthetic form of this peptide, pep-C7Cl 

(CWPGWDLNGGGGS-NH?). synthesised as a disulphide-constrained peptide with a -

GGGS linker incorporated at the C-terminus and the C-terminal carboxyl group 

amidated, to best resemble the phage-displayed peptide, was also shown to bind to 

FcyRHa on BIAcore, albeit with low affinity. In order to understand the binding of 

peptide, pep-C7Cl to FcyRHa, the solution stmcture of the synthetic peptide, pep-C7Cl 

(CWPGWDLNCGGGS-NH?) was solved by nuclear magnetic resonance spectroscopy 

(NMR) and computational methods. 

In the literature, panning of phage display peptide libraries on FcsRI, which shares 50% 

sequence homology in its extracellular domain with the FcyRs (Sondermann et al, 

2001), has identified a family of disulphide-constrained peptides that bind to FceRI with 

affinities in the micromolar and nanomolar range (Nakamura et al, 2001; Nakamura et 

al, 2002). hiterestingly, a p-hairpin peptide, IgE06 ( N ' L P R C T E G P W G W V C M ' ^ ) 

(IC50: 1.8 pM), identified from parming on FceRI, contains several similar residues to 

those in the consensus sequence obtained from phage display paiming on FcyRHa, in 

particular within the disulphide-constrained region of the peptide. In addition, NMR 

spectroscopy and mutagenesis studies on IgE06 have identified the residue, Pro^ to be 

most important for binding to FceRI (Nakamura et al, 2001; Stamos et al, 2004). 

Similarly another higher affinity peptide, el31 ( V ' Q C ^ P H F C V E L D Y E L C ' ^ P D V 

C'^YV^'-NHa) (IC50: 0.032 pM), identified from panning on FceRI, also contained a 

proline (Pro ) within the disulphide-constrained region of its sequence, which based on 
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NMR spectroscopy and mutagenesis studies was also found to be critical for binding to 

FceRI (Nakamura et al, 2002; Stamos et al, 2004). Based on these findings it was 

proposed that the hairpin (IgE06) and "zeta" peptide (el31) bind to a similar site on 

FceRI and was likely to involve the common proline (IgE06: Pro^ and el31: Pro'^), 

critical for the binding of each of these peptides to FceRI (Nakamura et al, 2001; 

Nakamura et al, 2002; Stamos et al, 2004). In particular, the hairpin peptide, IgE06 

and a "zeta" peptide, el09 (closely related to el31), were found to compete for binding 

to FceRI, suggesting that the hairpin and "zeta" peptides bind to the same site on FceRI 

(Stamos e? a/., 2004). 

In the crystal stmcture of the FceRI-IgE(Fc) complex, proline Pro^^^ from the FG loop 

of IgE(Fc) is tightly positioned between two tryptophan residues, Trp^^ and Trp''° from 

FceRI, forming a so-called "Proline Sandwich," also found to be formed in the crystal 

stmcture of the FcyRIH-IgGl(Fc) complex (Figure 5.1) (Garman et al, 2000; 

Sondermann et al, 2000; Radaev et al, 2001a). Given that Pro^^^ and Trp^^ and Trp"° 

are conserved in IgE (and all IgG subclasses) and FceR (and FcyRs), respectively, it was 

suggested that the "Proline Sandwich" is conserved in the binding of the Fc portion of 

immunoglobulins (Ig) to Fc Receptors, including the different classes of FcyRs and 

FceR (Garman et al, 2000; Sondermann et al, 2000; Sondermann et al, 2001; Radaev 

et al, 2001a). Similarly, it was proposed that the peptide el31 (and IgE06) also bound 

to FceRI using this same binding interaction (Stamos et al, 2004). Therefore, peptide 

el31 was tested for binding to alanine mutants of FceRI, in which several residues 

known to be involved in the binding of IgE(Fc) to FceRI, including the tryptophan 

residues, Trp^^ and Trp"°, said to be involved in the so-called "Proline Sandwich," were 

substituted with alanine (Stamos et al, 2004). When either Trp^^ or Trp"° were 

substituted with alanine, binding of el31 to FceRI was significantly reduced compared 

to binding to wild-type FceRI and other alanine mutants of FceRI, thereby suggesting 

that these residues do indeed play a role in the binding of el31 to FceRI (Stamos et al, 

2004). 

In addition, the stmcture of the FceRI-peptide complex, for the higher affinity binding 

"zeta" peptides, el31 was solved by x-ray crystallography and hightighted the 
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importance of the proline, Pro'^ in the binding of the el31 to FceRI, in support of 

previous findings from the solution NMR stmcture and mutagenesis of this peptide 

(Stamos et al, 2004). hi particular, Pro'^ of el31 was indeed involved in a "Proline 

Sandwich"-like interaction when el31 was bound to FceRI (Stamos et al, 2004). 

Moreover, a hairpin peptide, IgE32, homologous to IgE06, but containing a lactone at 

its C-terminus, was docked on FceRI and the critical Pro^ of IgE32 was similarly found 

to be involved in a "Proline Sandwich"-like interaction when IgE32 was bound to FceRI 

(Stamos e? a/., 2004). 

In this investigation, the solution stmcture of the synthetic peptide, pep-C7Cl 

(CWPGWDLNGGGGS-NH?), identified from panning phage display peptide libraries 

on FcyRHa, is solved by NMR spectroscopy and computational methods. Once solved 

the NMR stmcture of pep-C7C 1 is fiirther compared to the peptides identified from 

parming phage display libraries on FceRI (Nakamura et al, 2001; Nakamura et al, 

2002), which in the sequence of its extracellular domain, shares -50% homology with 

FcyRHa (Sondermann et al, 2001). Furthermore, with the presence of a "Proline 

Sandwich"-like interaction, in the binding of the P-hairpin (IgE06) and "zeta" peptides 

(el31) to FceRI (Stamos et al, 2004), which is conserved in Ig(Fc) binding to Fc 

Receptors (Garman et al, 2000; Sondermarm et al, 2000; Sondermarm et al, 2001; 

Radaev et al, 2001a), it is of interest to estabtish whether pep-C7Cl too shares this 

interaction. In addition, with insight into the crystal stmcture of the FceRI-el31 

complex, pep-C7Cl is modeUed into the proposed proline-binding site to identify other 

potential residues, which may also play an important role in binding of this peptide to 

FcyRHa, with the aim of optimising the pep-C7Cl to improve its binding affinity and 

specificity for FcyRHa. 
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Figure 5.1. The x-ray crystal stmcture of the complex between FcyRIH (green) and 

the Fc portion of IgGl (blue), solved at 3.0 A (PDB: 1T89, Radaev, 2001a), showing 

the important binding region, the so-called "Proline Sandwich," which is conserved in 

the binding of Ig(Fc) to Fc receptors (Garman et al, 2000; Sondermann et al, 2000; 

Sondermann et al, 2001; Radaev et al, 2001a). 
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5.2 Materials and Methods; 

5.2.1 Peptide Synthesis: 

The peptide, pep-C7Cl (CWPGWDLNCGGGS-NH.) was synthesised by AUSPEP 

(Parkville, Vic, Australia) to >95% purity (identity confirmed by mass spectrometry). 

The peptide was synthesised with a disulphide-consfraint between Cys' and Cys^ and 

the C-terminus contained a -Gly-Gly-Gly-Ser linker and was amidated, in order to 

make the peptide resemble closely the phage-displayed peptide from which it was 

based. 

5.2.2 Nuclear magnetic resonance (NMR) spectroscopy: 

hiitially, the synthetic peptide, pep-C7Cl (CWPGWDLNCGGGS-NH2) (>95% purity) 

was dissolved in 92% H20/8% D2O, at 2 mM, and ID and 2D ' H NMR data was 

collected. However, in this solvent difficulties with resolving and assigning the peaks 

were encountered, therefore another sample of pep-C7Cl was prepared in which a new 

batch of peptide (>95% purity) was dissolved in distilled 92% H2O/ 8% (v/v) 

acetonitrile-c/3 (Cambridge Isotype Laboratories, MA. USA) containing 0.02% (w/v) 

sodium azide (Ajax Chemicals, Sydney, Australia). The peptide was made up to a final 

concentration of 6 mM and NMR experiments repeated. 

All NMR spectra were acquired on a Bmker Avance 400 MHz NMR Spectrometer at 

the Department of Chemistry, La Trobe University, Bundoora, Vic, Australia, in 

collaboration with Associate Professor Bob Brownlee. All experiments were carried out 

at 300 K and included one-dimensional (ID) ' H NMR and '^C NMR Dept-135 

(Distortionless enhancement by polarization transfer with 135 degree decoupler pulse) 

experiments. Two-dimensional (2D) NMR experiments included: DQF-COSY (double-

quantum-filtered correlated spectroscopy) (Derome and Williamson, 1990), TOCSY 

(total coherence spectroscopy), using MLEV17 spin-lock sequence (Bax and Davis, 

1985a) with a 160 ms mixing time, ROESY (rotating frame Overhauser effect 

spectroscopy), using a cw pulse sequence for spin-lock (Bax and Davis, 1985b) and a 

500 ms mixing time, and ' H - ' ^ C HSQC (heteronuclear multiple quantum coherence 

specfroscopy) (Bax et al, 1990). A NOESY (nuclear Overhauser effect spectroscopy) 

was also carried out using a 500 ms mixing time but few NOEs were detected, which 

may have resulted due to the rate of rotational tumbling, expressed as the rotational 
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correlation time (xc), which for low molecular weight, smaU molecules, like peptides, 

approaches a negative maximum NOE. Thus a ROESY NMR spectmm was used to 

overcome this problem. 

Since a major component of the solvent was water based (92%) H2O) and at this 

concentration the proton (^H) portion of the water is at -90 M, this would produce a 

water signal -15,000 times bigger than that contributed by the protons from the peptide 

at 6 mM. Therefore the water signal needed to be suppressed to prevent it from 

interfering with the peaks from the peptide protons. This was achieved with 

WATERGATE (water gradient-tailored excitation) suppression, using a W5 pulse 

sequence and gradients using double echo (Piotto et al, 1992; Liu et al, 1998). 

5.2.3 Assignment of Resonance Peaks: 

Complete ' H resonance assignments were made in Sparky (version 3.110) (Goddard and 

Kneller, 2004) from 2D ' H TOCSY and ROESY NMR spectra, hi addition, data from a 

2D ' H - ' ^ C HSQC NMR spectmm was used to make complete '^C resonance 

assignments and was also used to confirm ' H resonance assignments. In addition, a ID 

C NMR Dept-135 spectmm, which shows peaks from primary (CH3) and tertiary (CH) 

carbons upright and secondary (CH2) carbons upside down, was used in the 

identification of the side-chain '^C resonance assignments. In particular. Since the 

assignment of peaks from the aromatic side-chain of tryptophan, Trp and Trp could 

not be assigned unambiguously from the 2D TOCSY and ROESY ' H NMR spectra, 

additional data was used from both ID '^C Dept-135 and 2D ' H - ' ^ C HSQC NMR 

spectra, with reference to '^C resonance assignment data for L-tryptophan from the 

'Tntegrated Spectral Data Base System for Organic Compounds," (SDBS Website 

(2004): http://www.aist.go.jp/RIODB/SDBS/menu-e.html). 

The 2D ' H ROESY NMR spectmm was also used to distinguish between a cis and trans 

isomer of Pro^ whereby a strong NOE cross-peak between "H^ of proline and ' H " of the 

preceding residue is indicative of the proline being in the trans configuration, whereas a 

strong NOE cross-peak between 'H"" of proline and ' H " of the preceding residue 

indicates that the proline is in the cis configuration (Wuthrich, 1986; Craig et al, 1998). 

The configuration of Pro^ as a cis or trans isomer, was also confirmed from the C 
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chemical shifts, in particular based on the distance between the proline '̂ C*̂  and ^^C 

chemical shifts, with distances >8 ppm for cw-proline and distances <6 ppm for trans-

proline (Siemion et al, 1975). 

5.2.4 Structure Determination: 

a. Calculation of structures using CNS: 

The three dimensional stmcture ofpeptide, pep-C7Cl was calculated using molecular 

dynamics and simulated annealing protocols available in the software suite. 

Crystallography and NMR System (CNS) (version 1.0) (Bmnger et al, 1998). NOE 

cross-peaks from the ROESY (500 ms mixing time) NMR spectmm were characterised 

as strong, medium, weak, and were used to set the upper bound distance restraints of 

2.9, 4.0 and 5.5 A, respectively; lower bound distance restraints were set to 1.8 A, the 

sum of the Van der Waals radii of two protons. An extended stmcture of the peptide 

C7C1 (CWPGWDLNCGGGS) was first calculated and this starting stmcture was used 

to calculate 200 initial accepted stractures by restrained molecular dynamics (torsion 

angle dynamics) and simulated armealing. The stmctures were finally minimised by 

2000 steps of Powell conjugate gradient minimisation. The 20 lowest energy stmctures 

were then selected and minimized by a further 200 steps of conjugate gradient 

minimisation, in the absence of experimental constraints. 

b. Validation of structures: 

The stmctures were validated for good geometry by comparing parameters for ideal 

geometry, including bond length and angles, as established by Engh and Huber (Engh 

and Huber, 1991), by calculating the root mean square (rms) deviations for these 

parameters in CNS (Brunger et al, 1998). The peptides stmctures were also vatidated 

for good stereochemistry by establishing whether dihedral angles, Phi (cp) and Psi (\|/) 

(Figure 5.2), were within sterically "allowed" regions according to Ramachandran 

(Ramachandran and Sasisekharan, 1968) and the percentage of residues (except Cys ) in 

the "allowed" region of the Ramachandran plot calculated for the complete set of 

stmctures. Moreover, a separate plot was considered for the glycines since the range of 

dihedral angles permitted by glycine are much greater because not having a side-chain 

allows it to occupy more orientations. 
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Figure 5.2. Schematic representation ofpeptide bonds and angles, showing important 

torsion angles along the peptide backbone, including omega (co) and the dihedral angles. 

Phi (cp) and Psi (\|/). 
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Stmctiires were displayed and analysed for good stereochemistry, according to 

Ramachandran (Ramachandran and Sasisekharan, 1968), and closeness of fit, as a rms 

deviation (RMSD), in MOLMOL (version 2.6) (Koradi et al, 1996). Computer 

modelling of the peptide and Fc receptor (FceRI, FcyRHa and FcyRHI) NMR and x-ray 

crystal stmctures was also carried out in MOLMOL (version 2.6) (Koradi et al, 1996); 

molecular surfaces were visualised in WebLab ViewerLite (version 3.20) (Molecular 

Simulations Inc., 1998). Coordinates of the stmctures modelled were obtained from the 

"RCSB Protein Data Banie' (RCSB PDB Website (2004): http://www.rcsb.org/pdb). 

Stmctures included: FceRI-binding peptides, IgE06 (PDB: IJBF) (Nakamura et al, 

2001) and el31 (PDB: IKCO) (Deshayes et al, 2002); the FceRI-peptide (el31) 

complex (PDB: IRPQ) (Stamos et al, 2004), the FceRI-IgE(Fc) complex (PDB: 1F6A) 

(Garman et al, 2000) and the FcyRHI-IgG(Fc) complex (PDB: 1T89) (Radaev et al, 

2001a); tigand-free FceRI (PDB: 1F2Q) (Garman et al, 1998) and FcyRHa (PDB: 

1H9V) (Sondermann et al, 2001). 
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5.3 Results; 

5.3.1 Nuclear magnetic resonance (NMR) spectroscopy: 

a. ID and 2D 'HNMR spectroscopy: 

In the first set of NMR spectra collected for peptide, pep-C7Cl 

(CWPGWDLNCGGGS-NH2) dissolved in 92% H20/8% D2O, there were more peaks 

present than would be expected for the number of protons present in this peptide. This 

suggested that two possible species, a "major" and "minor" conformer (3:2) were 

present in the sample as a result of proline cis-trans isomerisation about the Pro^ of pep-

C7C1. During protine cis-trans isomerisation the proline undergoes rapid conversion 

from the trans to the cis configuration, whereby rotation occurs about the peptide bond, 

defined by the torsion angle omega (CD), this angle being +/- 180° in the trans and 0° in 

the cis configuration (Figure 5.3). This rapid conversion leads to the presence of 

multiple conformers because it not only alters the orientation of the proline side-chain 

but also the peptide backbone (Figure 5.3). In addition, over the course of acquiring data 

there was evidence that in this preparation the peptide was undergoing changes with line 

broadening and peak convergence observed in the ID ' H NMR spectmm, possibly 

attributed to degradation or aggregation over time and upon exposure to varying 

temperatures during data acquisition. 

Thus it was decided that the stmcture of the peptide in this preparation was too difficult 

to solve due to the presence of multiple peaks, contributed by the "major" and the 

"minor" conformer, and peak overlap, which would have made complete ' H assigrmient 

problematic and therefore stmcture determination difficult. A new batch of peptide 

(pep-C7Cl: CWPGWDLNCGGGS-NH?) was therefore prepared with acetonitrile-Ja 

(8% (v/v)) included in the solvent. Acetonitrile-(i3 was added to the solvent to reduce 

line broadening and proline cis-trans isomerisation and favour the "major" conformer of 

the peptide, hi addition, sodium azide was added to the solvent to prevent microbial 

growth, which may have led to degradation of the peptide in the initial sample 

preparation. 

Indeed in the ID ' H NMR spectmm (Figure 5.4) of this peptide preparation, line 

broadening was reduced and the proportion of "major" to "minor" peptide conformer 

(4:1), present in the sample, was increased (Figure 5.5). In addition, an increase in the 
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concentration of peptide in this preparation, to a final concentration of 6 mM, 

contributed to improved sensitivity of spectra collected and improved peak detection in 

the spectra, with an increase in the number of peaks and NOE (nuclear Overhauser 

effect) cross-peaks detected in the ID and 2D (ROESY) ' H NMR spectra, respectively 

(Figures 5.4 and 5.6), making complete ' H assignment possible. 

Furthermore, water suppression was achieved with WATERGATE suppression with the 

water peak at -4.3 ppm being almost completely removed (Figure 5.4), thereby not 

interfering with peptide proton peak detection. 
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Trans Cis ^ ^ 

R1 H O. /N 
u • \ / ±180" c — C , , r ^ H 

N ^cAu : C H ^ ^ / C - C 

/C^ o / \ J, ': ! ctfN c 

Figure 5.3. Cis-trans isomerisation about the proline peptide bond. As shown proline-

isomerisation is influenced by the torsion angle omega (co) and can alter the orientation 

of not only the proline side-chain but also the peptide backbone causing the peptide to 

be present in multiple conformations in solution. 
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b. Assignment of H and C resonance peaks: 

Data acquired from 2D TOCSY and ROESY ' H NMR spectra (Figures 5.6, 5.7 and 5.8) 

was used to make complete H resonance assignments. Initial assignments were made 

for H^-H" and H^-H"^ cross peaks in the "fingerprint" region of the TOCSY (data not 

shown) and ROESY NMR spectra (Figure 5.6). First, Leu^ was assigned based on its 

H^-methyl cross peak, which identified its H^ at -7.91 ppm (C02) and also its H'^-H" 

cross peak, on the same line (Figure 5.6). A second less intense H^-methyl cross peak 

was detected for Leu^, with its H^ identified at -7.96 ppm (©2) (Figure 5.6), which was 

likely to have been contributed by the presence of a "minor" conformer in the peptide 

preparation. The next peaks assigned were those of Trp and Trp , the only residues 

with cross peaks at -9-10 ppm (C02) fi'om their side-chain -NH (Figures 5.5 and 5.7), 

which made possible their assignments based on coimectivity with their respective H'^ 

in the "fingerprint" region. Minor peaks for the side-chain protons, -NH of Trp and 

Trp^ were also observed in the region -9-10 ppm (©2) of the ROESY NMR spectmm 

(Figures 5.5 and 5.7), once again indicative of the presence of a "minor" conformer in 

the peptide preparation. The line for Trp^ in the "fingerprint region" also had 

connectivity with the H" of Cys' (Figure 5.6); the H^ for Cys' was absent since it is 

located at the N-terminus and its H^ is likely to form part of the N-terminal amine. 

From here, peaks in the "fingerprint" region, for the remaining residues, were assigned 

by working in both directions (H"<-^H^) from Trp^ and Leu^, which share connectivity 

with Gly^ and Asp^, and Asp^ and Asn^ respectively (Figure 5.8). Assignment of peaks 

from the side-chain proton, H^ of each residue (except Pro^ Gly'̂ , Gly*°, Gly and 

Gly'^), was made by connectivity with H" and H^ in the "fingerprint" region of the 

spectmm (Figure 5.6). The remaining assignments of peaks from side-chain protons, H^ 

and H ,̂ in particular for Leu^ (Figure 5.6) and Pro^ were made by connectivity with 

proton peaks in the "fingerprint" region of the spectmm. Furthermore, data from a 2D 

'H- ' ^C HSQC NMR spectmm (data not shown), used to make complete '^C resonance 

assignments, confirmed the ' H resonance assignments and together with data from the 

ID '^C Dept-135 NMR spectmm allowed peaks from the aromatic side-chain of 

tryptophan, Trp^ and Trp^ to be unambiguously assigned. Complete ' H and C 

resonance assignments are summarised in Tables 5.1 and 5.2. 
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•J 

In terms of the configuration of the proline. Pro there was strong evidence it was in the 

trans configuration based on observation of a strong NOE cross peak between 'H^ of 

proline, Pro^ and ' H " of the preceding residue, Trp^, in the ROESY NMR spectmm 

(Figure 5.9). In addition, the presence of a very weak NOE cross peak between 'H'^ of 

proline, Pro^ and ' H " of the preceding residue, Trp^ (Figure 5.9), likely to have been 

contributed by the "minor" peptide conformer, suggested that Pro was in the cis 

configuration for the "minor" conformer of the peptide. Further indicative of the trans-

proline, Pro^ was the calculated distance between the proline '^C^ and '̂ C^ chemical 

shifts, which was 4.25 ppm (<6ppm) (Table 5.1). 
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8.4 8.2 

(Dj-^H (ppm) 

Figure 5.6. "Fingerprint" region of the 2D ' H ROESY (500 ms mixing time) NMR 

spectmm of pep-C7Cl at 6 mM (92% H2O/ 8% (v/v) acetonitrile-Js containing 0.02% 

(w/v) sodium azide) showing cross peaks for H^, H" and tf, of all residues from #1-13 

of pep-C7Cl. Data was acquired on a Bmker Avance 400 MHz NMR spectrometer at 

300 K. 
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Figure 5.7. Region 9.84 to 10.08 ppm ((02) of the 2D ' H ROESY (500 ms mixing 

time) NMR spectmm of pep-C7Cl (6 mM in 92% H2O/ 8% (v/v) acetonitrile-Js, 0.02%) 

(w/v) sodium azide; 300 K; 400 MHz) showing the side-chain -NH resonance cross 

peaks of Trp^ and Trp^. 
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Figure 5.8. "Fingerprint" region of the 2D 'H ROESY (500 ms mixing time) NMR 

spectmm of pep-C7Cl (6 mM in 92% H2O/ 8% (v/v) acetonitrile-t/s, 0.02% (w/v) 

sodium azide; 300 K; 400 MHz) showing connectivity between cross peaks from H° of 

one residue and H of the subsequent residue, working from residue 1 to 13, of pep-

C7C1. 
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Figure 5.9. Region 4.86 to 5.32 ppm ((02) of the 2D ' H ROESY (500 ms mixing time) 

NMR spectmm of pep-C7Cl (6 mM in 92% H2O/ 8% (v/v) acetonitrile-Js, 0.02% (w/v) 

sodium azide; 300 K; 400 MHz) showing strong NOE cross peaks between from Ĥ  of 

Pro^ and H" of Trp^ indicating that Pro^ is in the trans configuration. 
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5.3.2 3D Structure determination: 

a. Structure calculations with CNS: 

Stmctures were calculated in CNS using a total of 116 NOE-derived distance restraints, 

including 66 intra-residue, 36 sequential and 14 non-sequential, medium-range NOEs 

(Figure 5.10), obtained from the 2D ' H ROESY NMR spectmm. However, the number 

of NOEs was somewhat lower than expected given the number of protons present in this 

peptide and there were no long-range NOEs detected in the spectmm. This was despite 

numerous efforts taken to improve the sensitivity and increase the number of NOEs 

detected by changing experimental conditions, including increasing the peptide 

concentration from 2 mM to 6 mM, and mnning the sample on a Bmker Avance 500 

MHz NMR spectrometer (CSIRO, Clayton, Vic). In addition, there were no medium or 

long-range NOEs in the C-terminal tail region of the peptide (Figure 5.10a), located 

outside of the disulphide-constraint, which may have been characteristic of the higher 

degree of flexibility in this region of the peptide compared to the constrained region. 

This is not surprising since this region of the peptide is free of any constraining force, 

such as that made by the disulphide-constraint, and it is comprised of three consecutive 

glycines, which without side-chains have a higher degree of motional freedom than 

other residues. 

Nonetheless, from the data that could be obtained 200 accepted stmctures were 

calculated using the distance restraints as experimental input and the best 20 stmctures 

were selected based on lowest overall energy and this ensemble of stmctures was 

selected to represent the solution stmcture of peptide, pep-C7Cl. In addition, a 

representative stmcture (#3) of the ensemble was selected based on lowest rms 

deviation (RMSD) to the mean coordinates of the ensemble. 

b. Structure validation: 

The best 20 stmctures, validated for good geometry by comparison with the ideal bond 

and angle parameters described by (Engh and Huber, 1991), calculated as an rms 

deviation in CNS, were within the expected ranges for good geometry and are 

summarised in Table 5.3. In addition, for the complete stmctural ensemble, 83.3% of 

dihedral angles (Table 5.3) were within sterically "allowed" regions according to 

(Ramachandran and Sasisekharan, 1968), a validation for good stereochemistry. 
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Figure 5.10. Overview of the number of NOEs obtained from the 2D ' H ROESY 

NMR spectmm for 6 mM pep-C7Cl in 92% H2O/ 8% (v/v) acetonitrile-fifa. a. Number 

of NOEs obtained for pep-C7Cl including intra-residue, sequential and non-sequential, 

medium-range NOEs for each residue (#1-13) of pep-C7Cl. b . Schematic 

representation of pep-C7Cl (Trp^-Pro^-Gly^), showing examples of infra-residue (I-R), 

sequential (S) and non-sequential, medium-range (N-S, M-R) NOEs. 

245 



Table 5.3. Stmctural statistics for the ensemble of NMR stmctures (20) of peptide, 

pep-C7Cl and a representative stmcture (#3) from the ensemble selected based on 

lowest rms deviation to the mean coordinates of the stmctural ensemble. 

Average from 20 

stmctiires (+/- S.D.) 

Representative 

stmcture (#3) 

rms deviation from experimental 

NOE distance restraints, A 

rms deviations from idealised 

geometry^ 

Bonds, A 

Angles, ° 

Energies (kcal-mol"')** 

t̂ bond 

t̂ angle 

EvdW 

F 

^improper 

Etotal 

Stereochemistry/dihedral angles" 

% allowed 

0.030 +/- 0.001 

0.0042 +/- 0.0004 

0.62 +/- 0.054 

3.17+/-0.53 

17.97+/-3.21 

-12.97+/-3.64 

1.45+/-0.31 

-60.88 +/- 47.74 

2.64 

15.53 

-11.65 

1.64 

-72.24 

83.3 

0.029 

0.0039 

0.57 

75.0 

"according to (Engh and Huber, 1991); **as calculated in CNS (Bmnger et al, 1998) 

*according to Ramachandran Plot (Ramachandran and Sasisekharan, 1968), calculated 

in MOLMOL (Koradi et al, 1996) 
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c. The structural ensemble ofpep-C7Cl: 

In light of the data from the ROESY NMR spectmm ofpeptide, pep-C7Cl (Cvs'-Tro^-

Pro^-Glv'-TrD^-Asp'-Leu'-Asn^-Cvs'-Glv'°-G1v"-G]y'^-Ser'3\ the absence of medium 

to long-range NOEs in the C-terminal tail "linker" (Gly'°-Gly''-Gly'^-Ser'^) of the 

peptide (Figure 5.10a), which was indicative of the high flexibility of the C-terminal tail 

relative to the disulphide-constrained region (Cys'-Cys^) of the peptide, suggested that 

the C-terminal tail "linker" played a minimal role in stabilising the stmctiire of the 

peptide, til addition, given that the C-terminal tail "linker" (Gly'°-Gly"-Gly'^-Ser'^) 

was only included in the synthesis of the peptide to allow the peptide to resemble the 

phage-displayed peptide, it was generally not considered to be an important feature of 

the peptide. Therefore the stmctural ensemble ofpeptide, pep-C7Cl, calculated based 

on data obtained from NMR spectroscopy, was superimposed on the basis of the 

backbone atoms (N, C" and C) within the disulphide-constrained (Cys'-Cys^) region of 

the peptide (Figures 5.11 and 5.12). 

When superimposed, the stmctural ensemble of pep-C7Cl showed a high degree of 

variability in the C-termmal tail "linker" of the peptide (Gly'°-Gly"-Gly'^-Ser'^) 

compared to the disulphide-constrained region of the peptide (Cys'-Cys^) (Figures 5.11 

and 5.12), confirming the highly flexible nature of the C-terminal tail "linker" of the 

peptide. Variation between the set of twenty superimposed stmctures was also 

calculated in MOLMOL (Koradi et al, 1996) and show quantitatively that the stmctures 

diverge most in the C-terminal tail "linker" (Gly'°-Gly"-Gly'^-Ser'^) of the peptide 

(Figure 5.13a). In particular, the closeness-of-fit between backbone atoms (N, C° and C) 

of the stmctures, for residues between Cys'-Cys^ and Cys'-Ser'^, calculated as an 

average rms deviation (RMSD) from the mean stmctural coordinates, were 0.82 and 

2.41 A respectively (Figure 5.13a); the stmctural ensemble showing good fit between 

Cys'-Cys^, with RMSDs for the backbone and heavy atoms of 0.82 and 1.32 A, 

respectively (Figure 5.13a). 

Furthermore, the variation between backbone and heavy atoms of the stmctural 

ensemble, for each of the individual residues, was also determined, calculated as an 

average RMSD from the mean stmctural coordinates (Figure 5.13b), and showed the 

closest fit between residues Trp^ and Trp^, located within the disulphide constraint. In 

contrast, the highest degree of variation was found between the C-terminal tail residues. 
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Gly'° and Ser'^ (Figure 5.13b), with few NOEs having been detected in this region of 

the peptide, a characteristic of its relatively high flexibility. Overall these findings 

emphasise the importance of the disulphide-constraint in restricting the number of 

conformations the peptide is likely to adopt in solution and stabilising the conformation 

of the peptide. 

Interestingly, the ensemble of stmctures was found to form a beta turn (P-tum) about 

the region between Trp and Trp (Trp , Pro , Gly and Trp ), which was also the region 

which showed the least variation between backbone and heavy atoms for the complete 

set of stmctures (Figure 5.13b). In support of P-tum formation, there is the potential for 

a hydrogen bond to be formed between the carbonyl of Trp"̂  (position / of the p-tum) 

and H^ of Trp^ (position z+4 of the p-tum) (Figure 5.14b), which is suggested to 

stabitise the p-tum stmcture (Craig et al, 1998). In the literature, proline has been found 

to have a strong preference for position i+l of type n P-tums, while glycine was 

favoured at position i+2 of type n P-tums (Hutchinson and Thomton, 1994), suggesting 

that a type n p-tum is formed in this peptide, hi addition, the Phi ((p) and Psi (\|/) torsion 

angles, calculated as an average from the set of twenty stmctures, were (p= -67° +/- 5° 

and v|/= 85° +/- 12° for proline (i+l) and (p= 120° +/- 11° and v|/= -25° +/- 11° for 

glycine (i+2), consistent with torsion angles described for type n p-tum formation, with 

(p= _60° and v= 120° for position i+l and (p= 80° and v|/= 0° for position i+2 (angles 

allowed to vary +/- 30° from these values) (Wuthrich, 1986; Hutchinson and Thomton, 

1994; Craig et al, 1998). Furthermore, data obtained from the ROESY NMR spectmm 

is also characteristic of a type fl beta tum being formed (Wuthrich, 1986; Craig et al, 

1998), about the region between Trp^ and Trp^ with a strong cross peak between the H** 

of Pro^ and H^ of Gly^, medium cross peak between protons, H^ of both Gly^ and Trp^ 

weak cross peak between H" of Pro^ and H^ of Trp^ (data not shown); these protons 

being situated in close proximity with formation of the beta tum (Figure 5.14). 

In addition, for the complete stmctural ensemble (20 stmctiires) of pep-C7Cl the 

average omega (co) torsion angle for proline, Pro^ was -179.2° +/- 0.5°, consistent with 

Pro^ being orientated in the trans configuration. Although the 3D stmcture of the 

"minor" conformer of the peptide could not be determined, based on the ROESY NMR 

spectmm it is likely that Pro^ was in the cis configuration and that the peptide was 

248 



therefore undergoing proline cis-trans isomerisation, leading to two species of the 

peptide being present in solution. Nonetheless, it is interesting to note that for the 

"major" peptide conformer. Pro was orientated in the trans configuration, similar to 

prolines (IgE06: Pro^ and el31: Pro'^) from peptides identified from parming on FceRI 

by phage display, which are critical for binding to FceRI (Nakamura et al, 2001; 

Nakamura et al, 2002; Stamos et al, 2004). 
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Figure 5.11. Ensemble of the 20 NMR stmctures of peptide, pep-C7Cl, 

superimposed between the disulphide-constrained region (Cys^-Cys^) due to the high 

degree of flexibility and poor fit in the tail region (residues Gly'°-Gly''-Gly'^-Ser'^) of 

the peptide, a. Backbone atom (N, C" and C) and b . Heavy atom (without hydrogens) 

display. 
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Figure 5.12. Ensemble of the 20 NMR stmctures (Cys'-Cys^ only) ofpeptide, pep-C7Cl, 

superimposed between the disulphide-constrained region (Cys'-Cys^). a. Backbone atom (N, 

C" and C) and b . Heavy atom (without hydrogens) display (left); representative stmcture (#3) 

(right), selected based on lowest RMSD from the mean coordinates of the peptide ensemble, 

also shown for clarity. 
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a. 

Residues: Cys'-Cys^ 

backbone (N,C,C") 

heavy 

Residues: Cys'-Ser'^ 

backbone (N,C,C") 

rms deviation (RMSD) to mean coordinates, A 

Average from 20 

structures (+/- S.D.) 

0.82 +/- 0.25 

1.32+/-0.24 

2.41 +/- 0.37 
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structure (#3) 
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1.95 
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Figure 5.13. Closeness-of-fit of backbone (N, C" and C) and heavy atoms (no 

hydrogens) for the set of NMR stmctiires ofpeptide, pep-C7Cl, calculated as an rms 

deviations (RMSD) in MOLMOL (Koradi et al, 1996). a. Calculated RMSDs for the 

average of twenty stmctures and a representative stmcture (#3), as compared to mean 

coordinates of the peptide stmctiiral ensemble, b . Calculated average RMSDs for 

individual residues from the complete set of twenty stmctiires, as compared to mean 

coordinates of the peptide stmctural ensemble. 
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Figure 5.14. Representative NMR stmcture (#3) ofpeptide, pep-C7Cl (Cys'-Cys^ 

only), selected based on lowest RMSD from the mean coordinates of the stmctural 

ensemble, showing the site of the type E P-tum. Main-chain atom (N, H^, CO, C" and 

H") display of peptide stmcture showing inter-proton distances (Pro^ H'̂ -Gly'̂  H", Gly"* 

H"-Trp^ H'^ and Pro^ H"-Trp^ H'^) and distance between the carbonyl oxygen of Trp^ 

and the H^ of Trp^, where there is potential for a hydrogen bond, which stabilises the P-

tum stmcture. 
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5.3.3. Comparison of pep-C7Cl and FceRI-derived peptide structures and 

computer modelling: 

a. Comparison ofpep-C7Cl peptide structure with the FceRI-derived peptide, IgE06: 

Like peptide pep-C7Cl, the solution stmcture of the FceRI-derived hairpin peptide, 

IgE06 has also been solved by NMR spectroscopy (Nakamura et al, 2001). Given the 

similarity in the amino acid sequences of the FcyRHa and FceRI phage-display derived 

peptides, pep-C7Cl (C^WPGWDLNCGGGS^^) and IgE06 ( N ' L P R C T E G P W G 

WVCM ), respectively, it was therefore interesting to establish whether the peptides 

are also stmcturally similar. In particular, both peptides are disulphide-constrained with 

a similar number of residues (7-8 residues) present between the constraint, and both 

peptides contain a common trans-proline in the disulphide-constrained regions of their 

sequences, which for IgE06 has been shown to be critical for binding to FceRI 

(Nakamura et al, 2001; Stamos et al, 2004). In addition, in docking studies of FceRI 

with the hairpin peptide, IgE32 (closely related to IgE06 but contains a lactone at its C-

terminus), the trans-proline (Pro^) was found to bind FceRI using a "Proline 

Sandwich"-like interaction, with Thr^ and Val'^ making additional contacts with 

hydrophobic residues in a shallow groove adjacent to the proline-binding site on FceRI 

(Stamos et al, 2004). An additional salt bridge was also proposed to form between Glu 

(hairpin peptide) and Asp"^ of FceRI (Stamos et al, 2004). 

Only the representative NMR stmctures of each peptide (pep-C7Cl: #3 and IgE06: #1), 

selected based on lowest RMSD to the mean coordinates of the peptide ensemble, were 

superimposed, for clarity, and were superimposed about the common trans-proline 

(pep-C7Cl: Pro^ and IgE06: Pro^), between W^PGW^ of pep-C7Cl and G ^ P W G " of 

peptide IgE06 (Figure 5.14). In this region, the peptides were found to have noticeably 

similar stmctures, with a backbone atom (N, C" and C) RMSD of 0.762 A (Figure 5.14). 

In support of the peptides sharing relatively similar stmctures, about the common 

proline (pep-C7Cl: Pro^ and IgE06: Pro^), both peptides also form p-tums, with pep-

C7C1 forming a type II p-tum between residues, W^PGW^ and the hairpin peptide 

IgE06 forming a type I p-tum between residues, P^WG^' (Nakamura et al, 2001). 

In addition to comparing the common trans-proline (pep-C7Cl: Pro and IgE06: Pro ), 

other residues of pep-C7Cl and IgE06 were compared for stmctural similarities, in 
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particular Thr^ and Val'^ of IgE06, which have been suggested to make hydrophobic 

interactions with residues in the peptide-binding site of FceRI and together with Pro^ 

form a groove for binding Trp^l Also compared was Glu^, proposed to form a potential 

salt bridge with Arg' ' ' of FceRI (Stamos et al, 2004). While pep-C7Cl does not share 

residues in common with Thr^ and Val'^ of IgE06, it shares two tryptophan residues 

with IGE06 (Trp"^ and Trp'^), however, when superimposed Trp'^ and Trp'^ of IgE06 

do not appear to be in the same positions as Trp^ and Trp^ of pep-C7Cl. Nonetheless, 

Trp and Trp of pep-C7Cl, together with Pro , appear to form a potential pocket for 

binding Trp^^ of the Fc Receptor (Figure 5.14), similar to that formed by Thr^, Pro^ and 

Val'^ of IgE06 for binding Trp^^ of FceRI; Trp'° and Trp'^ would also be expected to 

contribute to formation of the Trp -binding groove, since substitution of either of these 

residues with alanine caused an 82-and 120-fold reduction, respectively, in the affinity 

of IgE06 for FceRI (Nakamura et al, 2001). In addition, the side-chains of the 

negatively charged residues, Asp^ and G W of pep-C7Cl and IgE06, respectively, 

appear to be close to one another, suggesting that like Glu of IgE06, Asp of pep-C7Cl 

may also form a salt bridge upon receptor binding. 

In addition, like the NMR stmcture of pep-C7Cl, which had inadequate NMR data in 

the region of the peptide outside the disulphide-constraint (Gly -Ser ), an indication of 

the relatively high flexibility in this region, compared to the disulphide-constrained 

region (Cys'-Cys^) of the peptide, the NMR stmcture of the hairpin peptide, IgE06, was 

also poorly defined in the region between Asn'-Pro^, which lies outside the disulphide-

constraint. Thus indicating that this region of peptide IgE06 was more flexible than the 

disulphide-constrained region (Cys^-Cys''') of this peptide, in solution (Nakamura et al, 

2001). 
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lgE06:Pro9 i 
C7C1:Pro3 • 

lgE06: 
Trp12 

lgE06: 
Thr6 

Figure 5.15. Representative NMR stmctures ofpeptide, pep-C7Cl (#3) (blue, Cys'-

Cys^ only) and FceRI-binding hairpin peptide, IgE06 (#1) (green, Cys'̂ -Cys'"' only) 

(PDB: IJBF) (Nakamura et al, 2001), superimposed about the common proline (C7C1: 

Pro^ and IgE06: Pro^), between W^PGW^ of pep-C7Cl and G ^ P W G " ofpeptide IgE06 

(RMSD of 0.762 A). As shown the stmctures are both disulphide-constrained and share 

a common trans-proline, which forms a stabilising P-tum in both peptide stmctures. 

Also shown are Thr^ and Val'^, established to be important in the binding of IgE06 to 

FceRI, and Glu^, which is proposed to be involved in salt bridge formation with Arg'' ' 

of FceRI (Nakamura et al, 2001; Stamos et al, 2004). 
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b. Comparison of pep-C7Cl peptide structure with FcsRI-derivedpeptide, el31: 

The solution stmcture of another peptide identified from phage display panning on 

FceRI, the "zeta" peptide, el31 ( V ' Q C ¥ H F C ^ Y E L D Y E L C ' ^ P D V C ' ^ Y V ^ ' - N H 2 ) , has 

also been solved by NMR spectroscopy (Nakamura et al, 2002). Therefore, like the 

comparison of stmcture of pep-C7Cl to the hairpin peptide, IgE06, the stmcture of pep-

C7C1 was also compared to the "zeta" peptide, el31. The representative stmctures of 

pep-C7Cl (#3) and el31 (#1), again selected based on lowest RMSD to the mean 

coordinates of the peptide ensemble, were superimposed about the common trans-

proline, Pro'^ (el31) and Pro^ (C7C1), which like that of the hairpin peptide, IgE06 

(Pro^), has been shown to be important for the binding of el31 to FceRI (Nakamura et 

al, 2002; Stamos et al, 2004). However, apart from the common trans-proline there 

was generally no similarity in the stmctures (Figure 5.16), with el31 forming a stmcture 

resembling the Greek letter "zeta" (Q, containing two stabilising disulphide-bonds 

between Cys^ and Cys'^, and Cys^ and Cys'^ and a flexible linker between Leu'^ and 

Glu'^ and pep-C7Cl being stabitised by a type II P-tum and only a single disulphide-

bond between Cys' and Cys^ (Figure 5.16). Nonetheless, the FceRI-binding groove 

formed by Pro'', Phe^ and Pro'^ of el31 for binding Trp^ ,̂ observed in the crystal 

stmcture of the FceRI-el31 complex (Stamos et al, 2004), may similarly be formed in 

pep-C7Cl by Trp^ Pro^ and Trp^ (Figure 5.16). hi addition, Trp^ and Trp^ of pep-C7Cl 

may make similar contacts with FcyRHa, as those made by Pro and Phe of el31, 

which lie in a shallow groove formed largely by hydrophobic residues, adjacent to the 

proline-binding site of FceRI. 

In the literature it was proposed that, despite the difference in the NMR stmctures of the 

"zeta" peptide, el31 and the hairpin peptide, IgE06, these peptides share similar FceRI-

binding surfaces, based on an overlay of the two stmctures at the common FceRI-

contact residues, including Pro'^ (el31) and Pro^ (IgE06), Pro^ (el31) and Val'^ 

(IgE06), and Phe^ (el31) and The^ (IgE06), which in both peptides form a Trp^^ 

binding-groove (Figure 5.17) (Stamos et al, 2004). Manual overlay of the stmcture of 

pep-C7Cl onto el31 and IgE06, about the common trans-proline, indicated that in 
87 

addition to the common proline, pep-C7Cl may also share a pocket for binding Trp , 

of the Fc Receptor, formed by Trp^ Pro^ and Trp^ of pep-C7Cl (Figure 5.17); Trp^ and 

Trp^ also forming potential hydrophobic contacts with FcyRHa 
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e131 receptor binding surface 

/ e131 
Phe6 

Figure 5.16. Representative NMR stmctures ofpeptide, pep-C7Cl (#3) (blue, Cys'-

Cys only) and FceRI-binding "zeta" peptide, el31 (#1) (magenta, Cys^-Tyr^° only) 

(PDB: IKCO) (Deshayes et al, 2002) superimposed about the common trans-proline 

(el31: Pro'^ and C7C1: Pro^). The FceRI-binding surface formed by Pro\ Phe^and 

Pro'^ of el31 and the flexible linker, formed by residues between Leu'^ and Glu'^, are 

also shown. 
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Figure 5.17. Superposition of representative NMR stmctures of the FcyRHa-binding 

peptide, pep-C7Cl (#3) (blue, Cys'-Cys^ only) and the FceRI-binding hairpin peptide, 

IgE06 (#1) (green, Cys^-Cys'^ only) (PDB: IJBF) (Nakamura et al, 2001) and "zeta" 

peptide, el31 (#1) (magenta, Cyŝ -Tyr̂ *̂  only) (PDB: IKCO) (Deshayes et al, 2002). 

Stmctures were manually superimposed about the common proline (pep-C7Cl: Pro , 

IgE06: Pro^ and el31: Pro'^) and residues The^ and Val'^ of IgE06, and Pro^ and Phe^ 

of el31, which play an important role in the binding of these peptides (IgE06 and el31) 

to FceRI (Nakamura et al, 2001; Deshayes et al, 2002; Stamos et al, 2004). IgE06 and 

el31 are said to share similarities in the positions of their FceRI-binding contacts, which 

together form a groove in which Trp^'' can bind (Stamos et al, 2004). 
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c. Insight into the el31-binding site of FcsRI from the crystal structure of the FceR-

el3I complex: 

With the x-ray crystal stmcture of the FcyRHa-pep-C7Cl complex yet to be elucidated, 

the crystal stmcture of the FceRI-el31 complex (Stamos et al, 2004) is a usefiil 

template on which to model the NMR stmcture of pep-C7Cl and the crystal stmcture of 

FcyRHa, and propose the potential contacts that could be made between FcyRHa and 

pep-C7Cl, upon binding. Information gained from this model could then be used to 

potentially improve the affinity and specificity of pep-C7Cl for FcyRHa. However, this 

model is based on the assumption that like the hairpin and "zeta" peptides binding to 

FceRI (Stamos et al, 2004), and additionally Ig(Fc) binding to FcRs (Garman et al, 

2000; Sondermarm et al, 2000; Radaev et al, 2001a) from crystatiography and docking 

studies, pep-C7Cl also binds to FcyRHa using a "Proline Sandwich"-like interaction, 

with its shared trans-proline, Pro^, packed between Trp^^ and Trp"° of FcyRIIa. In 

addition, given that the stmctures that will be used in this model are those of unbound 

peptide, pep-C7Cl and FcyRHa (Sondermann et al, 2001), it also needs to be 

considered that upon binding each of these components would need to undergo minimal 

change in conformation for the model to best approximate a FcyRHa-pep-C7Cl 

complex. 

In the crystal stmcture of the FceRI-eBl complex, it was found that neither the peptide 

nor the receptor, in either complex was found to undergo major changes in their 

conformation upon binding (Stamos et al, 2004). When unbound and FceRI-bound 

peptide, el31 (Nakamura et al, 2002; Stamos et al, 2004), are superimposed between 

backbone atoms (N, C" and C) of Cys^-Tyr^ and Cys'^-Tyr^°, which contains the FceRI-

binding residues ofpeptide el31, the RMSD was 0.38 A, suggesting that peptide el 31 

did not undergo major changes in the conformation upon binding FceRI, in particular in 

the receptor binding regions. In addition, when the crystal stmctures of the ligand-

bound (el31) (Stamos et al, 2004) and unbound FceRI (Garman et al, 1998), are 
9.f\ 170 

superimposed by the backbone atoms (N, C" and C) of domain 2 (residues Asp -He ), 

the receptor domain involved in binding to el31 (Stamos et al, 2004), apart from the 

region between Leu'^^ and H'^"*, FceRI did not undergo major changes in its 

conformation upon binding receptor, with an RMSD of 0.44 A, for residues between 

Asp^Ula'2^ and Asn'^^-Ile'^^. 
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Based on these findings it is possible that like peptide, el31 binding to FceRI, binding 

of pep-C7C to FcyRHa would also not produce a major change in the conformation of 

either of these two molecules. Thus, the representative NMR stmcture of pep-C7Cl 

(#3) was manually superimposed onto FceRI-bound el31, about the common proline 

(pep-C7Cl: Pro^ and el31: Pro'^), in the FceRI-el31 complex (Stamos et al, 2004). 

The hairpin peptide, IgE06 was also superimposed on receptor-bound el31, about the 

common proline (pep-C7Ci: Pro^ el31: Pro'^ and IgE06: Pro^) in an orientation that 

was observed from docking studies of FceRI with the hairpin peptide, IgE32, which is 

homologous to IgE06 but contains a C-terminal lactone (Stamos et al, 2004). In the 

FceRI-IgE32 complex Pro^ was packed tightly between Trp^'' and Trp"° in a "Proline 

Sandwich"-like interaction, and Thr^ and Val'^ were positioned in a shallow pocket 

lined by hydrophobic residues Trp"^, Trp'^^, Leu'^^ and Tyr'^°, which is adjacent to the 

proline-binding site, on FceRI (Stamos et al, 2004). An additional salt bridge is also 

proposed to form between Glu^ of the hairpin peptide and Arg'' ' of FceRI (Stamos et 

a/., 2004). 

The crystal stmcture of the FceRI-el31 complex (Stamos et al, 2004) similarly 

revealed that the Pro'^ of el31 was packed between Trp^^ and Trp"^ of FceRI (Figure 

5.18), in the same way that Pro^^^ in the Fc portion of IgE (and IgG) forms the so-caUed 

"Proline Sandwich" with Trp^^ and Trp"° of FceRI (and Fey Receptors) (Garman et al, 

2000; Sondermann et al, 2000; Radaev et al, 2001a). In addition to this interaction, 

hydrophobic interactions are made by Pro'' and Phe^ of el31, which tie in a shallow 

pocket formed by Trp"^ Trp'^^ Leu'^^ and Tyr'^" of FceRI (Figure 5.18) (Stamos et 

al, 2004). Furthermore, in the FceRI-el31 complex, el31 also forms additional contacts 

with FceRI, including a hydrogen bond between the carbonyl of Leu' (el 31) and Trp 

of FceRI (Figure 5.19a) and a salt bridge between the side-chain of Asp'^ (el31) and 

Lys'^ of FceRI (Figure 5.19b) (Stamos et al, 2004). 
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pep-C7C1 

Figure 5.18. The binding site of the FceRI-el31 complex (PDB: IRPQ) (Stamos et 

.16 al, 2004), showing the Pro of el31 (green) packed between two tryptophan residues, 

Trp and Trp , from FceRI (magenta), as well as additional hydrophobic interactions 

formed by Pro'' and Phe^ (el31), which lie in a shallow pocket formed by Trp"^, Trp'^^, 

Leu'̂ ^ and Tyr'^° (FceRI) (Stamos et al, 2004). The representative NMR stmcture of 

pep-C7Cl (#3) (blue, Cys'-Cys^ only) and IgE06 (#1) (dark green, Cys^-Cys'^ only) 

(PDB: IJBF) (Nakamura et al, 2001) were manually superimposed on el31 about the 

common trans-proline (pep-C7Cl: Pro^ IgE06: Pro^ and el31: Pro'^), which are shown 

packed between the two tryptophan residues, Trp^^ and Trp"° (Stamos et al, 2004). 
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a. 

b. 

Figure 5.19. The binding site of the FceRI-el31 complex (PDB: IRPQ) (Stamos et 

al, 2004), again showing Pro'^ of el31 (green) packed between two tryptophan 

residues, Trp^'' and Trp"°, from FceRI (magenta), as well as a. formation of hydrogen 

bond between Leu"'' (el31) and Trp"° (FceRI) and b . a potential salt bridge formed 

between the side-chains of Asp'^ of el31 and Lys'^ of FceRI. The representative NMR 

stmctiire of pep-C7Cl (#3) (blue, Cys'-Cys^ only) and IgE06 (#1) (dark green, Cys"-

Cys'^ only) (PDB: IJBF) (Nakamura et al, 2001), superimposed on el31, are also 

shown. 
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Given the known binding interactions made by the hairpin peptide and the "zeta" 

peptides with FceRI, from docking studies and x-ray crystallography, it was next of 

particular interest to identify potential binding interactions, which could be made in the 

binding of pep-C7Cl to FcyRHa. Therefore the el31-binding site on FceRI was 

compared to that of the corresponding site on FcyRHa. The crystal stmcture of the 

unbound form of FcyRHa (Sondermarm et al, 2001) was superimposed onto the el31-

bound FceRI, from the FceRI-el31 complex (Stamos et al, 2004), by the backbone 

atoms (N, C" and C) of domain 2 (FcyRHa: Glu^^-Val'^^ FceRI: Asp^^-Val'^^) and 

based on this overlay, these stmctures share relatively similar conformations, with an 

RMSD of 0.78 A (Figure 5.20). In addition, the orientation of the side-chains from the 
87 r̂ ^ 110 

conserved tryptophan residues, Trp and Trp , are similarly shared (Figures 5.20 and 

5.21). Closer inspection of this site also indicated that there are predominantly 

hydrophobic residues (Phe/Leu'^, Leu^ ,̂ Leu"^, Val/Ile'^^), common to both receptors, 

which line the common proline-binding site (Figure 5.21), and may be involved in 

making additional contacts with the peptide. 

However, there are also several differences between the residues that surround the 

conserved tryptophan residues, Trp^^ and Trp'"^, of FceRI and FcyRHa, which may 

confer peptide affinity and specificity. In particular, the shallow pocket lined 

predominantly by hydrophobic residues Trp"^ Trp'^^ Leu'^^ and Tyr'^°, in the el31-

binding site of FceRI, which contact Pro'' and Phe^ of el31 (Stamos et al, 2004), differs 

in FcyRHa (Figure 5.21). hi FcyRHa, Gly'^^ is present in place of the bulky, 

hydrophobic residue, Trp'^^, present in FceRI, and the positively charged residue, 

Lys"^ is present in place of Trp"^ in FceRI (Figure 5.21). fri addition, there are two 

neighbouring positively charged residues, Lys'" and Lys"^ in FcyRHa, which are not 

shared with FceRI; a positively charged residue, Arg' ' ' is however replaced by Lys'' in 

FceRI. Moreover, although FcyRHa does not share a conserved Tyr'^° with FceRI it 

does share an aromatic residue, Phe'^", at this position (Figure 5.21). 
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Figure 5.20. Tube representation of the crystal stmctures of the FceRI-el31 complex 

(FceRI: magenta, el31: green) (PDB: IRPQ) (Stamos e? al, 2004) and unbound 

FcyRHa (red) (PDB: 1H9V) (Sondermann e/ al, 2001), superimposed by the backbone 

atoms (N, C*̂  and C), of domain 2 (D2), of each receptor; this receptor domain being 

involved in tigand (el31 and Ig(Fc)) binding (Garman et al, 2000; Sondermarm et al, 

2000; Radaev et al, 2001a; Stamos et al, 2004). As shown, the backbone conformation 

of domain 2, of each of these receptors, is relatively similar. More specifically, the 

receptors share the conserved tryptophan residues, Trp^^ and Trp"°, involved in the so-

called "Proline Sandwich," which are in similar orientations. Superimposed on el31 

(green) are peptides, pep-C7Cl (blue, Cys'-Cys^ only) and IgE06 (dark green, Cys -

Cys'^ only) (PDB: IJBF) (Nakamura et al, 2001), about the common proline (el31: 

Pro'^, pep-C7Cl: Pro^ and IgE06: Pro^), which is shown positioned between the 

tryptophan residues of FceRI and FcyRHa. 
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Figure 5.21. Crystal stmcture of the binding site ofpeptide el31 on FceRI (magenta) 

(PDB: IRPQ) (Stamos et al, 2004) and the corresponding site on FcyRHa (red) (PDB: 

1H9V) (Sondermarm et al, 2001), superimposed by the backbone atoms (N, C'* and C) 

of domain 2 (D2) (residues 86-169). As shown, the receptors share the conserved 
87 110 

tryptophan residues, Trp and Trp , in which the proline, common to el31, IgE 106 

and pep-C7Cl, is able to pack between. In addition, the proline-binding site is lined 
17 88 l i s 1SS 

with predominantly hydrophobic residues (Phe/Leu , Leu , Leu , Val/Ile ), 

common to both receptors, which may form additional hydrophobic contacts with 
87 il ? 0 

proline upon binding. Differences in the residues that surround Trp and Trp , in 
J I T 

FceRI and FcyRHa, are also shown, in particular with regard to the residues (Trp , 

Trp'^^, Leu'^^ and Tyr'^°) that line the shallow, hydrophobic pocket that neighbours the 

proline-binding site (Stamos etal, 2004). 
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5.3.4 Prediction of FcyRIIa and pep-C7Cl binding interactions: 

Having gained insight into the contacts made by el31 with FceRI, from the crystal 

stmcture of the FceRI-el31 complex, and fiirther established differences in the residues 

that surround the proposed peptide-binding site of FceRI and the corresponding, 

potential pep-C7Cl-binding site of FcyRHa, it may be possible to predict potential 

interactions that may be made upon binding of pep-C7Cl, specifically to FcyRHa. Thus, 

the representative NMR stmcture of pep-C7Cl (#3) was manually docked into the 

potential pep-C7Cl-binding site on FcyRHa, in which Pro^ of pep-C7Cl was positioned 
87 110 

between Trp and Trp . However, without additional stmctural information, such as 

NMR data of the bound peptide, it is not known how the bulk of the peptide is likely to 

be orientated in the binding site. Therefore, by studying the binding surfaces of peptide 

and receptor (Figure 5.22), the peptide orientation was approximated, based on its 

proline being packed between Trp^^ and Trp"^ of FcyRIIa, as well as potential 

electrostatic and hydrophobic interactions made between residues from the peptide and 

receptor, which surround the proline-binding site. 

Based on the surface representation of pep-C7Cl, Pro is positioned between the two 

hydrophobic, aromatic side-chains of Trp^ and Trp^ on one side, and the negatively 

charged Asp^ and disulphide-bonded Cys' on the other side (Figure 5.22a). At the 

surface of the potential peptide proline-binding site, on FcyRHa, there is a pocket 
87 110 

formed predominantly by the large aromatic side-chains of Trp and Trp , lined also 

by Ser̂ ^ and Gln'^ fri addition, neighbouring Trp^^ and Trp"", is the hydrophobic side-

chain of He'̂ ^ and the aromatic ring of Phe'^'', on the side facing Trp^ ,̂ and positively 

charged Lys'" and Lys"^ on the side facing Trp"° (Figure 5.22b). Thus, it was 

proposed that the peptide is likely to be orientated so that, in addition to the proline 

(Pro^) being packed between Trp^^ and Trp"°, its neighbouring negatively charged Asp 

is positioned near the positively charged residues, Lys'' ' and Lys , and the two side-

chains of Trp^ and Trp^ from the peptide, are in close proximity to the predominantly 

hydrophobic region comprised of Trp^ ,̂ He'^^ Tyr'^^ and Phe'^°. fri this orientation, the 

negatively charged Asp^ can form a potential salt-bridge with the positively charged 

Lys'", like that proposed to form between G W of IgE06 and Arg'" of FceRI, and the 

carbonyl of Cys' has the potential to form a hydrogen bond with the side-chain of Lys 

(Figures 5.23 and 5.24). Furthermore, in this orientation there is also the potential for a 
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hydrogen bond to form between the carbonyl of Pro^ (pep-C7Cl) and the amine from 

the side-chain of Trp^^ FcyRHa (Figure 5.23). 

Additionally, Trp^, Pro^ and Trp^ of pep-C7Cl have the potential to form a pocket in 

which Trp^^ can bind, and Trp^ and Trp^ also have the potential to form additional 

hydrophobic interactions with residues, Ile'^^, Tyr'^^ and Phe'^°, proximal to the 

proline-binding site (Figures 5.23 and 5.24), similar to that seen for the binding of the 

hairpin and "zeta" peptides to FceRI, from docking and crystallographic studies, 

respectively (Stamos et al, 2004). Of course, confirmation of these predicted 

interactions awaits the crystal structure of the FcyRHa-pep-C7Cl complex. 
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Figure 5.22. Molecular surfaces of the representative NMR stmcture of pep-C7Cl 

(#3) (Cys'-Cys^ only) and the crystal stmcture of FcyRHa (PDB: 1H9V) (Sondermann 

et al, 2001) showing the proposed peptide-receptor binding sites, a. Surface 
-5 

representation of the proposed receptor-binding site of pep-C7Cl, in which Pro is 

surrounded by the side-chains of Trp^ and Trp^, the negatively charged Asp^ and the 

disulphide-bonded Cys'. b . Surface representation of the proposed peptide-binding site 

on FcyRHa, showing the conserved tryptophan residues, Trp^^ and Trp"°, which form a 

binding pocket for Pro^ of the peptide. Surrounding this pocket are hydrophobic 
.155 .157 160 .113 residues. He , Tyr and Phe , and positively charged residues, Lys and Lys . 
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Figure 5.23. The crystal stmcture of FcyRHa (red) (PDB: 1H9V) (Sondermann et al, 

2001) showing the proposed peptide-binding site, with the representative NMR 

stmcture of pep-C7Cl (#3) (Cys -Cys ) manually docked into this site and its Pro 
87 110 

packed between Trp and Trp . Although the peptide can bind in one of many 

possible orientations, in this particular orientation, the peptide is predicted to form 

potential hydrogen bonds, electrostatic and hydrophobic interactions with the receptor, 

which are favourable to binding. 
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pep-C7C1 

Lys111 

Figure 5.24. Surface representation of the crystal stmcture of FcyRHa (PDB: 1H9V) 

(Sondermann et al, 2001) showing the proposed peptide-binding site, with the 

representative NMR stmcture of pep-C7Cl (#3) (Cys'-Cys^; ball and stick display) 
87 .110 manually docked into this site with Pro packed between Trp and Trp of FcyRHa. In 

this orientation, the peptide (Trp and Trp ) also forms hydrophobic interactions with 

residues in a pocket neighbouring the proline-binding site and together with Pro , the 

peptide forms a Trp^^-binding pocket, similar to that seen in the crystal stmcture of the 

FceRI-el31 complex (Stamos et al, 2004). In this orientation, Asp^ also has the 

potential to form a salt bridge with Lys'", like that proposed to form between Glu^ of 

IgE06 and Arg'" of FceRI (Stamos et al, 2004). 

271 



5.4 Discussion: 

In solving the solution stmcture of pep-C7Cl, initially, NMR spectra were collected 

with the peptide made up in an aqueous solvent and there was early evidence that there 

were two species ofpeptide present in the sample, at a ratio of-3:2, however, with the 

presence of a proline in its sequence it was suspected that cis-trans isomerization, about 

Pro^ was leading to the presence of a "major" and "minor" peptide conformer in the 

peptide preparation. To overcome this, a new batch of peptide, more concentrated than 

previously, was prepared in aqueous solvent containing acetonitrile, which increased the 

ratio of "major" to "minor" peptide conformer, to -4:1 and improved significantly the 

sensitivity of peak detection thus making it possible to solve the stmcture of the "major" 

peptide conformer by NMR spectroscopy and computer-assisted stmctural calculations. 

However, it is not known whether the presence of two peptide conformers would have 

influenced the binding of the synthetic peptide, pep-C7Cl to FcyRHa, particularly since 

the peptide-receptor binding studies were carried out in an aqueous buffer. 

Nevertheless, NMR spectra from the "major" peptide conformer suggested that the 

proline in this conformer was in the trans configuration, in particular based on the 

presence of strong NOE cross peaks between 'H^ of proline, Pro^ and ' H " of the 

preceding residue, Trp^, in the 2D ROESY ' H NMR spectmm, characteristic oi a trans-

proline (Wuthrich, 1986). However, very weak NOE cross peaks, characteristic of a c/5-

proline were also present, suggesting that proline of the "minor" peptide conformer was 

in the cis configuration. Another finding from the 2D NMR spectra of this peptide was 

the absence of non-sequential, medium and long-range NOE cross peaks for the C-

terminal tail "linker" (Gly'°-Ser'^) of pep-C7Cl, which lies outside the disulphide-

constraint of the peptide, suggesting that this region was relatively flexible. 

Nonetheless, this "linker" was present in the synthetic peptide, not through selection 

from phage display, but to allow the peptide to resemble the phage-displayed peptide, 

and was not considered to have a direct effect on the binding of pep-C7Cl to FcyRHa. 

fri the literature, a peptide mimetic of erythropoietin, identified from phage display, 

EMPl, was also synthesised with two C-terminal glycines that were not present through 

selection from phage display but because they were "linkers" in the phage system 

(Johnson et al, 1998). Interestingly, tmncation of these C-terminal glycines led to an 

increase in the activity of the synthetic peptide (Johnson et al, 1998), suggesting that 
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they may have had an indirect effect on the synthetic peptide, which was unfavourable 

to binding. While it is not known what implications the C-terminal "linker" in pep-

C7C1 might have had on binding, the results from NMR suggest that the presence of the 

"linker" may not directly interfere with peptide binding but may have an indirect effect 

that is potentially detrimental to binding. 

Following the complete assignment of ' H and '^C resonance cross peaks from the 2D 

NMR spectra, 116 NOE-derived distance restraints were calculated and used to 

computationally generate 200 stmctures. Of these, an ensemble of 20 stmctures were 

selected, and vatidated, to represent the solution stmcture of pep-C7Cl. In this 

ensemble ofpeptide stmctures, Pro^, of the "major" conformer, was indeed in the trans 

configuration, based on the average proline omega (co) torsion angle (-179°) of the 

stmctural ensemble. In addition, overlay of the set of peptide stmctures, between the 

disulphide-constrained region of the peptide (Cys'-Cys^), indicated that the C-terminal 

tail "linker" (Gly'°-Ser'^) of the peptide was highly flexible, in particular when 

compared to the disulphide-constrained region of the peptide, a reflection of the absence 

of non-sequential, medium and long-range NOE cross peaks in the 2D NMR spectra, for 

the "linker" region of the peptide. However, in general this feature is characteristic of 

unconstrained regions in the solution stmcture of disulphide-constrained peptides and 

was similarly seen for the NMR stmctural ensemble of the FceRI-derived hairpin 

peptide, IgE06, in which residues Asn'-Pro^, located outside the disulphide-constraint, 

were not weti defined by the NMR data (Nakamura et al, 2001). Moreover, with the 

critical binding region predominantly located within the disulphide-constraint of this 

peptide (Nakamura et al, 2001), these findings highlight the importance of the 

disulphide-constraint in restricting the conformation of the peptide stmcture to one that 

is generally more favourable for binding. 

Nonetheless, the presence of a single disulphide-constraint in peptides is not always 

sufficient to stabitise the stmcture of a synthetic peptide (Cochran et al, 2001). The 

presence of additional intra-molecular interactions, such as hydrogen bonds, in 

particular those that stabilise the secondary stmcture of proteins, such as p-tums and p-

strands, can also contribute to the stmctural stability of the peptide, and in some cases, 

may force the synthetic peptide to resemble, more closely, the region of the protein that 
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it is hoped to mimic (Cochran et al, 2001). It is of particular interest that panning of the 

phage disulphide-constrained peptide display library on FcyRHa, led to the discovery of 

a consensus sequence CWPGWDxxC. which was found to form a stabilising type H p-

tiim between Trp^-Pro^-Gly''-Trp^ as identified from solving the solution NMR 

stmcture of the synthetic peptide, pep-C7Cl, representing the consensus sequence. The 

presence of a type H p-tum was confirmed from both the 2D NMR spectra, which 

contained NOE cross peaks characteristic of a p-tum, and the stmctural ensemble of the 

peptide, which contained a stabilising hydrogen bond between the carbonyl of Trp^ (/) 

and the H^ of Trp^ (z+3), and Phi and Psi torsion angles (for Pro^ (/+1) and Gly'' (i+2)), 

characteristic of a type H p-tum (Wuthrich, 1986; Hutchinson and Thomton, 1994; 

Craig et al, 1998). Moreover, in the literature, proline and glycine at positions /+1 and 

i+2, respectively, of a P-tum, have a strong propensity to form a type H P-tum 

(Hutchinson and Thomton, 1994). 

In the literature, panning of phage display disulphide-constrained peptide libraries on 

FceRI, has led to the discovery of peptides that bind to FceRI and inhibit IgE(Fc) 

binding to FceRI, these include a P-hairpin peptide, IgE06 (IC50: 1.8 pM) 

( N ' L P R C T E G P W G W V C M ' ^ ) (Nakamura et al, 2001) and a higher affinity "zeta" 

peptide, el31 (IC50: 0.032 pM) ( V ' Q C ^ P H F C ^ Y E L D Y E L C ' ^ P D V C ' ^ Y V ^ ' - N H 2 ) 

(Nakamura et al, 2002). Mutagenesis and NMR studies on^these peptides indicated that 

a proline, common to both peptides (IgE06: Pro^ and el31: Pro'^), was critical in the 

binding of these peptides to FceRI (Nakamura et al, 2001; Nakamura et al, 2002; 

Stamos et al, 2004). Given that the sequence of the extracellular domain of FceRI 

shares -50% homology with that of the FcyRs (Sondermann et al, 2001), the stmcture 

of the pep-C7Cl, identified from panning phage display libraries on FcyRHa, was 

compared to the hairpin and "zeta" peptides, IgE06 and el31, respectively, identified 

from panning phage display libraries on FceRI (Nakamura et al, 2001; Nakamura et al, 

2002). Most similar were pep-C7Cl and IgE06, which share similarities both in 

sequence and stmcture, with both peptides being disulphide-constrained (pep-C7Cl: 

Cys'-Cys^; IgE06: Cys^-Cys'''), of similar length (13-15 residues), and sharing an 

almost indistinguishable backbone conformation about the shared P-tum between 

residues W'PGW^ (type H p-tum) of pep-C7Cl and G ^ P W G " (type I p-tum) of IgE06, 

which contains a common trans-pro\\ne (Nakamura et al, 2001). 
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Stmctiiral complexes of FceRI with the hairpin peptide, IgE32 (homologous to IgE06 

but with a lactone on the C-terminus) and the "zeta" peptide, el31, solved by docking 

and x-ray crystallographic stiidies, respectively, indicated that although these peptides 

are stmctiirally different, they both bind FceRI using a "Proline Sandwich"-like 

interaction, observed in the crystal stmctiire of the FceRI-IgE(Fc) complex and 

conserved in the binding of Ig(Fc) to Fc Receptors (Garman et al, 2000; Sondermann et 

al, 2000; Sondermann et al, 2001; Radaev et al, 2001a; Stamos et al, 2004). In 

particular, the common proline, critical for FceRI binding, was tightly packed between 

tryptophan residues, Trp^^ and Trp"° (Stamos et al, 2004). In addition, binding of 

peptide, el31 to alanine mutants of FceRI, in which either Trp^^ or Trp"° were 

substituted with alanine, was significantly reduced compared to el31 binding to wild-

type FceRI (Stamos et al, 2004). Moreover, in support of the hairpin and "zeta" peptide 

binding to the same site on FceRI, phage-displayed hairpin peptide (IgE06) was 

displaced from binding FceRI by a "zeta" peptide, el09, closely related to el31 (Stamos 

e/a/., 2004). 

Insight into the peptide-binding site on FceRI, from FceRI-peptide complexes, indicated 

that in addition to proline binding, other residues, including Thr^ and Val'^ of IgE06 and 

Pro'' and Phe^ of el31, bind in a shallow groove, formed by hydrophobic residues, 

which is adjacent to the proline-binding site on FceRI (Stamos et al, 2004). Additional 

interactions observed to occur in FceRI-el31 complex formation, included a hydrogen 

bond between Leu''' of el31 and Trp"° of FceRI, and salt bridge between Asp'^ of el31 
18 7 

and Lys of FceRI; a potential salt bridge was also proposed to form between Glu of 

IgE06 and Arg'" of FceRI (Stamos et al, 2004). Furthermore, based on a comparison 

of the surface stmctures of peptides, IgE06 and el31, it was proposed that although 

differing in their stmctural scaffolds, these peptides share similar binding surfaces, with 

Pro^ Thr^ and Val'^ of IgE06, and Pro^ Phe^ and Pro'^ of el31, forming a Trp^^-

binding groove (Stamos et al, 2004). Comparison of the stmcture of pep-C7Cl with 

IgE06 and el31, indicated that pep-C7Cl might also share a similar pocket for binding 

Trp^^ formed by Trp^ Pro^ and Trpl 

To determine whether pep-C7Cl shares similar binding interactions with FcyRHa, 

residues in the el31-binding site on receptor, FceRI and the corresponding proposed 
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peptide-binding site on FcyRHa were compared. While there were similarities in the 

peptide-binding site of these receptors, in particular with the conserved residues, Trp^^ 

and Trp"°, the presence of predominantly hydrophobic residues (Phe/Leu'^, Leu^^ 

Leu"^ Val/He'^^) lining the proline-binding site, and the presence of the hydrophobic 

residue, Tyr'̂ *̂  (FceRI) and Phe'^" (FcyRHa), in the groove adjacent to the proline-

binding site, there were also several differences noted, fri particular, the shallow, 

hydrophobic binding groove, proximal to Trp^^ and Trp"", in FceRI differed in FcyRHa, 

with the tryptophan residues, Trp'^^ and Trp"^ (FceRI) being replaced with Gly'̂ ^ and a 

positively charged residue, Lys"^ (FcyRHa), respectively. Nonetheless, the differences 

in residues that surround the proline-binding site for FceRI and FcyRHa, especially with 

a greater number of hydrophobic residues in this region for FceRI, may confer affinity 

and specificity for the different peptide binders. 

Interestingly, upon evaluation of the proposed peptide-binding site on FcyRHa, followed 

by manually docking of pep-C7Cl into this site, on FcyRHa, there were several 

residues, which were predicted to interact upon peptide-receptor binding. In particular, 

with Pro^ of pep-C7Cl packed tightly between Trp^^ and Trp"° of FcyRHa, Trp^ and 

Trp^ of pep-C7Cl form potential hydrophobic interactions with Ile'^^, Phe'^°, Tyr'^^ and 

Trp^ ,̂ of FcyRHa, similar to those observed for Thr^ and Val'^ of IgE06, and Pro'' and 

Phe^ of el31, with Trp"^ Trp'^^ Leu'^^ and Tyr'^°, of FceRI (Stamos et al, 2004); 

Trp'° and Trp'^ of IgE06, like Trp^ and Trp^ of pep-C7Cl, also appeared to form part of 

the FceRI-binding surface, likely contributing to hydrophobic interactions made with 

FceRI. In addition, with pep-C7Cl in this orientation, the carbonyl of Cys' forms a 

potential hydrogen bond with Lys"^, the carbonyl of Pro^ forms a potential hydrogen 

bond with Trp^^, and Asp^ forms a potential salt bridge with Lys'", similar to that 

proposed to form between G W of IgE06 and Arg'" of FceRI (Stamos et al, 2004). 

Elucidation of the crystal stmcture of the FcyRHa-pep-C7Cl complex would confirm 

whether these interactions do indeed occur, upon pep-C7Cl binding FcyRHa. 

7 8 

fri particular, it was unclear from these modelling studies whether Leu and Asn of pep-

C7C1 confribute to peptide-binding, especially since residues at these positions of the 

peptide consensus sequence CWPGWDxxC tended to vary, with C7C1: 
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CWPGWDLNC. C7C2: CWPGWDLLC. C7C6: CWPGWDMAC and C7C10: 

CWPGWDEMC. being selected from panning phage display libraries on FcyRHa 

(Chapter 2). Moreover, while each of these variants bound FcyRHa, in the phage capture 

assay C7C1 was most strongly captured on FcyRHa (Chapter 2) and on BIAcore, C7C1, 

C7C6 and C7C10 were the strongest binders to FcyRHa (Chapter 3). Thus it is not 

entirely clear how these C-terminal residues affect the buidmg of the peptide consensus 

sequence (CWPGWDxxC^ to FcyRHa and perhaps these residues have an indirect effect 

on binding, such as by altering the overall conformation of the peptide. Information 

gathered from both the crystal stmcture of the FcyRHa-pep-C7Cl complex and alanine 

scanning of the individual residues in pep-C7Cl and residues from the proposed 

peptide-binding site on FcyRHa, in particular Trp^^ and Trp"°, may be of benefit in 

revealing which residues are most important in the binding of pep-C7Cl to FcyRIIa and 

intum may assist in the development of higher affinity and more specific peptides for 

binding to FcyRHa. 

277 



Chapter 6 - Conclusion 

fri this study, three different "Ph.D." phage display peptide libraries (X7, X12 and CX7C: 

where X is any amino acid) were panned on FcyRHa, and of these phage libraries, the 

phage disulphide-constrained peptide library was most valuable at identifying the 

peptide consensus sequence, CWPGWDxxC (where x is any amino acid), for binding to 

FcyRHa (Chapter 2). Phage displaying this peptide consensus sequence were shown to 

bind to FcyRHa, using both a capture assay (Chapter 2) and surface plasmon resonance 

(SPR), on BIAcore (Chapter 3), and a synthetic peptide, pep-C7Cl 
1 1-3 

(C WPGWDLNCGGGS -NH2), representing one of the more favourable binders, was 

also found to bind FcyRHa, by SPR, although with low affinity (Chapter 3). In addition, 

the synthetic peptide, pep-C7Cl was also found to cross-react with various antibodies 

including polyclonal human IgG (Sandoglobulin), and monoclonal antibodies, Nav 

myeloma IgGl (Boume, 2003), a recombinant human IgGl bl2 (Burton et al, 1994) 

and IgM Yvo (Shaw et al, 2002). 

Attempts to improve the affinity of the synthetic peptide, pep-C7Cl, involved the 

development of a recombinant protein based on domain 1 of the minor coat protein, of 

bacteriophage Ml3, which contained the peptide C7C1 insert (g3p-Dl C7C1) (Chapter 

4). Preliminary binding data suggested that recombinant g3p-Dl C7C1 bound more 

strongly to FcyRHa, than synthetic peptide, pep-C7Cl, while whole phage, displaying 

peptide C7C1 (pc-C7Cl) bound most strongly to FcyRHa (Chapter 4). In addition, in 

order to gain insight into potential residues involved in binding FcyRHa, the solution 

stmcture of the synthetic peptide, pep-C7Cl (ClWPGWDLNCGGGS'^-NHj) was 

solved by nuclear magnetic resonance (NMR) spectroscopy & computational methods 

(Chapter 5). Based on resufrs from NMR spectra and the stmctural ensemble of pep-

C7C1, a "major" and a "minor" conformer of the peptide were present in solution, 

which resulted from cis-trans isomerisation about Pro . In particular. Pro of the 

"major" peptide conformer was in the trans configuration and was likely to be in the cis 

configuration in the "minor" peptide conformer. Another important structural feature 

revealed from the NMR spectra and stmctural ensemble was the presence of a type H P-

tum between Trp^-Pro^-Gly''-Trp^ which was stabilised by a hydrogen bond between 

the carbonyl of Trp^ and the H^ of Trp^ Furthermore, there was also evidence of high 
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flexibility in the C-terminal tail "linker" (Gly'°-Ser'^) of the peptide, compared to the 

disulphide-constrained region of the peptide (Cys -Cys^), based on an absence of non

sequential, medium- and long-range NOE cross peaks and high rms deviations 

(RMSDs) in this region of the peptide for the stmctural ensemble of pep-C7Cl. Thus, it 

appears that from panning phage display peptide libraries on FcyRIIa and stmctural 

characterisation of one such peptide identified from this panning, that there was a strong 

selection for disulphide-constrained peptides that contained residues, which confributed 

to a stmcturally stabilising type H P-tum. 

In the literature phage display peptide libraries were panned on polyclonal antibodies, 

hen eggwhite lysozyme (HEL) and worm myohemerythrin (MHr), and the sequences 

identified were found to have stmctural preferences that matched the stmctures of the 

epitopes on HEL and MHr (Craig et al, 1998). Indeed, a number of antigenic peptides 

have been found to have conformational preferences for tums and helices, in solution 

(Dyson and Wright, 1995). Thus, it is possible that the presence of the P-tum in pep-

C7C1 may have contributed to the cross-reactivity of this peptide with various 

antibodies (Chapter 3), with pep-C7Cl potentially having a preference for a stmcture 

that mimics the protein epitopes, against which the antibodies (polyclonal IgG, Nav 

myeloma IgGl, recombinant human IgGl bl2 and IgM Yvo) were raised. In addition, 

anti-peptide antibodies have been demonstrated to have "grooved" combining sites, 

which allows considerable interactions to be made with only a small number of residues 

of the peptide that binds (Craig et al, 1998). hiterestingly, a feature common to the 

antigen binding sites (Fabs) of Nav myeloma IgGl, recombinant human IgGl bl2 and 

IgM Yvo is the presence of an exposed 'groove' in the Fabs of these antibodies 

(Ramsland, unpublished data; Saphire et al, 2001; Boume, 2003; Zwick et al, 2003), 

which may also account for the cross-reactivity of pep-C7Cl with these antibodies; 

polyclonal IgG (Sandoglobulin) may also contain a small population of antibodies with 

an exposed 'groove' in their Fabs. 

With information gathered from binding studies and NMR spectroscopy, it appears that 

binding ofpeptide C7C1, to FcyRHa, is strongly influenced by the form in which the 

peptide C7C1 is presented for binding. In particular, whole phage clone (pc-C7Cl) 

demonstrated the strongest binding ofpeptide C7C1, to FcyRHa, when compared to 
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synthetic peptide (pep-ClCl) and the protein-peptide fiision (recombinant g3p-Dl 

C7C1), while synthetic peptide (pep-C7Cl) demonstrated the weakest binding of 

peptide C7C1, to FcyRHa. Given that the synthetic peptide, pep-C7Cl, was present as 

multiple conformers, in solution, as determined from NMR specfroscopy, it is expected 

that removal of peptide C7C1 from the phage had a detrimental impact on the 

conformation of the peptide and in tum the affinity of the peptide for FcyRHa, despite 

the synthetic peptide (pep-ClCl) having been disulphide-constrained and stmcturally 

stabilised by a p-tum. Thus it is possible that when presented on the surface of the 

phage, minor coat protein, the peptide (C7C1) was restricted to only a single conformer, 

which was likely to be the conformer more favourable for binding FcyRHa. In addition, 

binding ofpeptide C7C1 to FcyRHa, is also likely to have been influenced by avidity 

effects when presented on whole phage, since phage present 3-5 copies of the minor 

coat protein on their surface, which would account for the stronger binding of the 

peptide (C7C1) when presented on whole phage, compared to when it is presented fiised 

to a recombinant form of the minor coat protein (g3p-Dl C7C1) or in synthetic form. 

In parming phage display peptide libraries on FcyRHa, there was a strong selection for a 

proline in the peptide sequence, which was also common to the hairpin and "zeta" 

peptides, identified from parming phage display libraries on FceRI, and is critical for 

binding of these peptides to FceRI (Nakamura et al, 2001; Nakamura et al, 2002). 

Moreover, the recent stmcture determination of FceRI-peptide complexes, by docking 

studies and x-ray crystallography, revealed that the common proline of the FceRI-

derived peptides bound to FceRI using a "Proline Sandwich"-like interaction that is 

conserved in the binding of Ig(Fc) to Fc Receptors (Garman et al, 2000; Sondermarm et 

al, 2000; Sondermann et al, 2001; Radaev et al, 2001a; Stamos et al, 2004). fr was 

therefore speculated that pep-C7Cl might also bind to FcyRHa, using a "Proline 

Sandwich"-like interaction. Indeed inspection of the FG loop of IgGl(Fc), in which 

Pro^^^ is involved in the so-caUed "Proline Sandwich" interaction with Trp^^ and Trp"° 

of FcyRIH, in the FcyRIH-IgG(Fc) complex (Sondermann et al, 2000; Radaev et al, 

2001a), revealed that this loop also contains a P-tum between N KAL of the FG 

loop (IgGl(Fc)), which may influence the orientation of Pro^^^ for packing between 

Trp^^ and Trp"° of FcyRHI; similarly the FG loop of IgE(Fc), in which Pro^^^ is 

involved in the so-called "Proline Sandwich" interaction with Trp^^ and Trp"° of FceRI, 
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in the FceRI-IgE(Fc) complex (Garman et al, 2000), contains a P-tum between 

jj325ppjĵ 328 (nunibering according to Radaev, S. et al, 2001a). Perhaps panning of the 

phage display libraries on FcyRHa and FceRI, which share high sequence homology in 

their extracellular domains and are stmcturally similar, selected for peptides with 

proline located at the tum end of the peptide, like that of Pro^^^ present at the tum end of 

the FG loop of IgGl (Fc) and IgE(Fc), for binding FcyRs and FceRI, respectively. 

Manual docking of pep-C7Cl with FcyRHa, using a "Proline Sandwich"-like 

interaction, in which Pro^ is packed between Trp^^ and Trp"° of FcyRHa, indicates that 

there is the potential for hydrogen bonding, hydrophobic and electrostatic interactions 

upon binding of pep-C7Cl to this proposed site on FcyRHa, which involve primarily the 

consensus peptide residues, Cys', Trp^, Pro^, Trp^ and Asp^ of pep-C7Cl. The crystal 

stmcture of the FcyRHa-pep-C7Cl complex is now required to confirm whether these 

interactions do indeed occur and to establish whether these residues are critical for 

binding to FcyRHa. In particular, residues of pep-C7Cl could be modified in the 

FcyRHa-pep-C7Cl complex, using computer-aided molecular modetiing, to identify 

residue changes in pep-C7C 1, which may be necessary to introduce more residues that 

have potential to make contacts with FcyRHa, and form more peptide intra-molecular 

interactions (eg. hydrogen bonds), which rigidity the conformation of the peptide to 

make it more stmcturally stable. These changes may then contribute to improving the 

affinity, and possibly the specificity, of this pep-C7Cl for FcyRHa. Alanine scanning of 

individual residues within pep-C7Cl (CWPGWDLNC) or FcyRHa (Trp^^ and Trp"°) 

may also be useful to ascertain whether pep-C7Cl binds FcyRHa using a "Proline 

Sandwich"-like interaction, and to identify residues critical for binding of pep-C7Cl to 

FcyRHa, both directly and indirectly, by altering the conformation of the peptide. 

fri order to improve the affinity of pep-C7Cl for FcyRHa, it may be necessary to 

generate new directed phage display peptide libraries for panning on FcyRHa, in which 

residues such as Trp^, Trp^ and Asp^ predicted to form interactions with FcyRHa, are 

randomised (CXPGX4C; where X is any amino acid), fri addition, it may also be usefiil 

to identify new families of peptides for binding to FcyRHa, by panning more diverse 

phage display peptide libraries, such as phage libraries with random disulphide-
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constrained peptides of varying length (CXnC; where X is any amino acid). Moreover, 

generating phage display peptide libraries with peptide motifs (eg. CXgC; where X is 

any amino acid) that incorporate symmetry in the disulphide-constrained region of the 

peptide, may force more stmcturally stable, P-hairpin forming peptides to be selected, 

which could potentially increase the affinity of the peptides identified for binding 

FcyRHa. 

Phage display libraries engineered to present single-chain peptide dimers on their 

surface may also show promise in identifying higher affinity peptide binders of FcyRHa, 

as was the case for panning phage display peptide libraries, of the general motif, 

X2CX3CX2GGK X2CX3CX2 (where X is any amino acid), on FceRI, which ultimately 

led to a highly stable, nanomolar affinity peptide (el31) being identified (Nakamura et 

al, 2002). Interestingly, this motif was designed based on the finding that a synthetic 

form of one of the more active peptides (el01), identified from panning phage display 

libraries on FceRI, changed from a disulphide-constrained monomer to a covalent, anti-

parallel homodimer, in solution (el08) (Nakamura et al, 2002). Perhaps, when panned 

on FceRI, the phage display peptide libraries selected for peptide dimers that when 

removed from the phage, maintain their conformation and therefore bind with higher 

affinity. Similarly, in the literature, parming of phage display peptide libraries on 

interleukin-5 (IL-5) also selected for a peptide that spontaneously forms a disulphide-

linked, parallel dimer in solution, and inhibits IL-5 binding to IL-5Ra (extracellular 

domain) with an IC50 of 0.55 nM (England et al, 2000). 

Moreover, new families of peptides for binding to FcyRHa, might yield higher affinity 

peptides for binding FcyRHa and may be identified by using an altemative approach to 

panning, in which the phage display peptide library, is panned in solution, using affinity 

capture of the fiised protein target, fri this case, FcyRHa would be biotinylated, pre-

complexed with the phage display library, captured on Streptavidin-coated plates (or 

agarose beads) and then eluted with either a ligand specific for FcyRHa (IgGl), non

specific buffer (glycine, pH 2.2) or DTT (disulphide-constrained peptide libraries); 

Streptavidin-binding phage are eliminated by pre-eluting with Biotin. This approach 

overcomes the potential for the target protein to degrade when coated directly on the 
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plastic plate surface and in the case of affinity bead capture, can also increase the 

accessibility of binding surfaces on the protein target. 

Overall, in this study phage display peptide libraries were panned on FcyRHa and 

selected for a peptide consensus sequence (CWPGWDxxCl that bound to FcyRHa, and 

was stmcturally stabilised by a disulphide-bond and a type H P-tum between Trp^ and 

Trp . fri addition, the phage display libraries selected for a peptide consensus with a 

proline (Pro^), which potentially bind s to FcyRHa, using an interaction that is conserved 

in the binding of Ig(Fc) to Fc Receptors (Sondermann et al, 2001) and FceRI-peptide 

binding (Stamos et al, 2004). Thus, panning phage display peptide libraries on FcyRHa 

has proven successful in the identification of a novel, lead peptide consensus sequence 

for binding to FcyRHa. Based on this sequence several approaches can now be taken to 

aid in the development of higher affinity and more specific peptides for binding 

FcyRHa, including molecular modelling, solving the x-ray crystal stmcture of the 

FcyRHa-pep-C7Cl complex, mutagenesis studies and the generation of directed phage 

display peptide libraries for panning on FcyRHa. Ultimately, the design of non-peptide, 

small molecule inhibitors based on these peptides would be useful as therapeutics to 

treat the diseases, rheumatoid arthritis, systemic lupus erythematosus (SLE) and 

immune thrombocytopenia purpura (ITP), with which FcyRHa has been associated. 
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